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DEDICATION: To Wim Mook
Bravo, Wim!

Thanks, Wim, for all you have done. Especially for this 16th Radiocarbon Conference.
We in Tucson and your Groningen colleagues have dedicated this record of the conference to you,
the primary conference host. A conference such as this one is many things to many people. In addition to embracing good science, seeing old friends and meeting new ones, we saw in this conference
a clear imprint of the renowned Dutch organizational skills as well as the characteristic regional
sense of humor.

Of course, others have hosted very successful and well-received radiocarbon conferences without
such special recognition, and it is not this journal's intent to set a precedent. However, as the conference coincided with your retirement, we see this dedication as a special case, emblematic of a career
achievement award. The radiocarbon community contains many high-achiever specialists, but few
high-achiever generalists, such as you.
As you and I and a few others know, the work is far from over on the evening of the final day of the
conference. This post-conference editorial work is at least as critical to the quality of the final product as is the initial planning. You and Hans took very active roles in the reviewing and editing process. Your extensive experience and knowledge in carbon geochemistry of the atmospheric, oceanic
and terrestrial environments, your active applications of radiocarbon to geology, hydrology and
archaeology, as well as your practical experience in the physics and technology of radiocarbon dating, served you well during all stages, and really shows here. I am sure that everyone else will agree
that the quality of the final product strongly reflects your care and efforts.
Austin Long
May 1998
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FOREWORD
After 38 years, the radiocarbon community returned to Groningen to hold its 16th International
Radiocarbon Conference. It is the unfortunate but natural course of life that more and more members
of the "old gang" are no longer with us, either by retirement or by their sad decease. The old spirit,
however, is still there and many young and active scientists have succeeded their predecessors. The
changing composition of the conference participants was particularly evident in the shift from North
American attendance to participation from Eastern Europe and Asia, a development already noticeable in Glasgow. Thanks to generous donations by a number of 14C laboratories, the financial problems of many colleagues from these countries could to a large extent be solved; 39 participants were
subsidized, primarily students and colleagues from countries with currency problems.
The conference featured a total of 245 registered participants and 22 registered accompanying persons. A grand total of 216 abstracts were submitted. Of these, only a maximum of 57 could be admitted to oral presentation since the organizers decided against parallel sessions; 149 papers were simultaneously exhibited as posters during the entire week and presented at special poster sessions. Only
a few papers were cancelled at the last minute. For the selection procedure we had the valuable
advice of the members of the Scientific Advisory Committee. Final decisions were made primarily
on the basis of the suitability of the contributions for either type of presentation, rather than considering the potential impact of the paper (contrary to the general impression).
Finally, the conference proceedings contain 111 accepted papers, their selection assisted by the
invaluable help of many colleagues in reviewing the manuscripts. The editors took great effort to
carefully and conscientiously exercise their responsibility to have as many papers published as possible, at the same time maintaining the standards of RADIOCARBON and the previous international
conferences. The editors took pride in editing the relatively large number of manuscripts from colleagues with less experience in publishing in the English language.

Some papers needed more additional attention than was available in the strict schedule of publication
within one year after the conference. Some papers were directed to a regular issue of RADIOCARBON;
the dendrochronological calibration papers have been diverted to a special Calibration Issue
expected to appear later in 1998.
We have chosen to publish the proceedings "within one year after the conference". This put pressure
especially on the reviewers (the authors are used to writing their papers at the last minute anyway).

However, we know that the community itself will be the first to benefit. The scientific editors want
to express their high appreciation for the skills and devotion of the RADIOCARBON staff editors in Tucson, David and Kim, with whom they had such frequent, efficient and pleasant cooperation and who
managed to replace Renee so well.

At the Groningen Centre for Isotope Research the conference will be long remembered, especially
by one of the organizers who almost at the same time celebrated the end of his career. His part-time
early retirement allowed the institute the organization of such an event, which otherwise could not
have been realized. Also essential were the devotion of the entire staff of the laboratory, especially
shortly before and during the conference, something truly heartwarming for the organization committee.

A final thanks to the radiocarbon community for trusting us before, making our life easy during, and
obeying our rules after the conference, but primarily for being there in June 1997. For us, it was a
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tremendous pleasure and we hope that our friends in Jerusalem will have the same experience in the
year 2000.

Iim Mook
Hans van der Plicht
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The 17th International Radiocarbon Conference has been scheduled for June 18-23, 2000, outside
of Jerusalem, Israel. Please see the full-page announcement at the back of this issue for full details.

GRONINGEN, A FEW MONTHS AFTER...
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We made it! Finally we have worked our way through the more
than 100 conference contributions. Our desks are clean (more-

less).
The staff at RADIOCARBON is now very happy (presumably)
because they received work for many months to come... make
your breast but wet, you may now wash this little pig. In retrospect we sincerely want to share our experiences with the community.
Not that we want to look for nails on low water, but there were
many contributions where we could not bake any chocolate
from. They come mainly from countries which we failed to conquer in our golden age. We once had a little eye fallen on St.
Petersburg-remember, Czar Peter the Great was one of our first
allochtone citizens. His house north of Amsterdam is still open
for visits. Australia, Ceylon and Indonesia were ours to keep, and there was even a Dutch pope ruling
the planet. That little mouse will definitely develop a little tail in due time. In Decima we learned the
Japanese a medieval version of Double Dutch. Sort of what they still speak today in South Africa,
Belgium-West and Holland, Michigan.
King Billy held what is now the UK as our territory. In some provinces overthere they still celebrate
this sensitive fact by running around in funny orange clothing, which the real Dutch only still do
when they are playing football (I mean soccer). But, for a still unknown reason we traded Harlem,
Flushing and Brooklyn for Aruba, Langetabbetje and Stoelmans-island.
But that appeared to be a cat in the sack: the British sold us turnips instead of lemons. Just think of
it: if our ancestors did not shine the plate there in New Amsterdam, Dutch would be the world number one language! There would be windmills in Arizona, the Mexicans would be milking cows for
ages now and wear wooden shoes, and the Americans would all go to work on their bicycle. There
would be plenty of dikes all along Florida. Hans Brinkers would be president and is in serious trouble because of the Windmill-gate scandal. Football would be soccer. The eleven city skating tour
would be much more interesting. Saint Nick is travelling over the roofs on a white horse. No problems with yards, pounds per square inch and imperial gallons. Chicago has a traffic-circulation plan
like Groningen. One could go from NYC to LA with a strippen-card.
But, best of all: RADIOCARBON would be printed in Dutch!!

Unfortunately it walked out of hand due to the oystrich version of the poldermodel of our ancestors.
It is me what. The world is a pipe of cinnamon, one sucks on it and gets one's proper share. The next
best thing we could do, of course, is to send isotope people around. They are now settled in Seattle,
Kiel, Lower Hutt, Sydney, Mainz, Kyoto, Pretoria, Toronto, Oxford and a few places we keep secret.
Only these selected few will be able to fully apprehend this writing.
So there we are. At the Groningen conference everybody had to speak English or rather American,
including the Russians, the Chinese, the Japanese, the Frisians from the lab and even the French.
Throw it but in my slof! Serious shit on the marble!
1This essay arrived mysteriously in Tucson with a Groningen postmark. We determined that it was composed in an ancient
dialect formerly spoken on a North Sea island halfway between Den Haag and Harwich, but the translator that we hired committed suicide before completing a version in modern English. We therefore present it as received. --RADIocARBoN editors
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Groningen, a Few Months After

The editors, very Dutch in origin, had to read and try to understand all the papers. And Groningen
became soon a remote missionpost of Tucson. The dogs do not like the bread of it. After the tenth
paper we began to see cactus growing in the rain, and an occasional rattlesnake got crushed under
the tires of my bicycle. I saw ships sailing in the canyons. But we have to admit that our knowledge
of the English language became enriched considerably. History finally cought up with us. We
received a cookie from our own dough, and there were many new things hanging from my bicycle.
A short flower reading from our new vocabulary: we learned about the power of peat, figure captains, skill decays, rocky archaeology, palaeosteam, tessalized datasets and gibbon clay. Only the
latter remains sort of a mystery. The best we could make of it is the double-dutch expression "ape
cabbage". This one broke my wooden shoe, and I fell from my little stick. Some authors are really
sniffed from the rats! Consequently, I was ready to give my portion to Fikkie, hang the lute in the
willowtrees and choose eggs for the money. The real hamquestion is how we managed to keep the
faith. Our secretary knew: when we were depressed she started declamating from the postmodern
classic "A Typical Day in the Lab" by Meyer Rubin (RADIOCARBON 34, no. 3 (1992): ivv) and that
made us go on. In Eastern Europe, brown could not pull the conference fee so this was all settled in
the form of Vodka. That was a big help for becoming a drinking organ. Like binding the bacon on
the cat. Oops, now I fell through the basket. I made it all soldier. We like there well porridge from!
Editing was like an elephant in the China cabinet.
This was the second Groningen Radiocarbon Conference, following 1959. Being a believer in cyclic
phenomena, the next Groningen conference will be in 2035 cal AD in Groningen, Suriname (indeed,
not so far from Langetabbetje). One of us will then be in his eighties, the other one more than a century old. I would then finally get my free T-shirt (no yellow please).

What can we expect more? An annual calibration curve back to The Odderade (now renamed as The
Stuiver) will just be finished. There is a heated debate to rename the Last Glacial Maximum to the
Mookien. All calibration programs will be finally debugged for the millennium disaster which happened more than three decades ago.
The 14C standard year will be shifted by one unit to 1951. That is easier to remember because Hans
was born in that year. The Groningen 14C chief analyst, then in his nineties, is approaching GrN100000. In Scandinavia, the FD (Future Dryas) has just begun, cancelling the sea level rise threatening the Groningen Martinitower (predicted in the 1997 conference T-shirts). And the RADIOCARBON Office has been moved to the Borgmeren in Harkstede after the retirement of David and Kim.
But the best news is that the 29th Radiocarbon Conference will definitely be held in Dutch, with
simultaneous translation (only at very special request). Dutch became the new official language for
the USE, the United States of Europe. This happened when the Germans decided on a new grammar
reform, and discovered that they were actually speaking a form of Dutch. Pennsylvania can be
happy. To us, personally, it will all be sausage.

The final conclusion: we indeed have a little stitch loose and yes, we did receive a blow from the
windmill! Otherwise we could not have organized a conference like we did. We sincerely hope that
we will not make the readers of the proceedings glad with a dead sparrow, or that somebody's paper
fell between the wall and the ship... we are going to knap a little owl now, and give the pipe to Martin. Excuse me, to Austin of course.

Nazdarovje, see you in Jerusalem, and best refards to your stuff! !

Hans van der Plicht
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AMS AND MICROPROBE ANALYSIS OF COMBUSTED PARTICLES IN ICE
AND SNOW
S. R. BIEGALSKI, L. A. CURRIE, R. A. FLETCHER, G. A. KLOUDA

Surface and Microanalysis Science Division, National Institute of Standards and Technology
Gaithersburg, Maryland 20899 USA

and
ROLLAND WEISSENBOK

Institute for Radium Research and Nuclear Physics, University of Vienna, Wahringerstrasse 17
A-1090 Vienna, Austria
ABSTRACT. Ice cores and snow pits of the cryosphere contain particles that detail the history of past atmospheric air compositions. Some of these particles result from combustion processes and have undergone long-range transport to arrive in the
Arctic. Recent research has focused on the separation of particulate matter from ice and snow, as well as the subsequent analysis of the separated particles for 14C with accelerator mass spectrometry (AMS) and for individual particle compositions with
laser microprobe mass analysis (LAMMA). The very low particulate concentrations in Arctic samples make these measurements a challenge. The first task is to separate the particles from the ice core. Two major options exist to accomplish this separation. One option is to melt the ice and then filter the meltwater. A second option is to sublimate the ice core directly,
depositing the particles onto a surface. This work demonstrates that greater control is obtained through sublimation. A suite
of analytical methods has been used for the measurement of the carbon in snow and ice. Total carbon was analyzed with a carbon/nitrogen/hydrogen (CHN) analyzer. AMS was used for the determination of carbon isotopes. Since source identification
of the carbonaceous particles is of primary importance here, the use of LAMMA was incorporated to link individual particle
molecular-structural patterns to the same group of particles that were measured by the other techniques. Prior to this study,
neither AMS nor LAMMA had been applied to particles contained in snow. This paper discusses the development and limitations of the methodology required to make these measurements.

INTRODUCTION

Since the industrial revolution, the concentrations of anthropogenically produced atmospheric constituents have risen dramatically to the point where industrial and motor vehicle emissions, and residential activities such as wood burning, now dominate the natural biogeochemical cycling in many
urban, and to some extent, rural and remote environments. Many of the anthropogenically produced
materials introduced into the atmosphere, like polycyclic aromatic hydrocarbons (PAHs) and their
derivatives, are of great interest due to their toxic and carcinogenic properties (Sarma 1995). The
impact of atmospheric pollution is most readily perceived by visibility degradation (Pilinis and Pandis 1995). Carbonaceous aerosols are major contributors to light absorption. Changes in light scattering and light absorption affect Earth's albedo and are directly correlated to global stratospheric temperature changes (McElroy 1994). Most important, anthropogenic emissions into the atmosphere
must be delineated from natural components and the sources of these anthropogenic components
must be determined. Reliable scientific data on anthropogenic emissions are crucial for the institution of applicable policies and establishing reasonable control strategies of man-made emissions.

Investigations of total carbon and elemental concentrations in Arctic snow and ice have been performed in the past. Chylek et al. (1987) surveyed snow samples for aerosol and graphitic carbon
content from southern New Mexico, west Texas, Antarctica and Greenland. Black carbon concentrations were determined for ice core samples from the Greenland Dye-3 core covering the time
period 3380-100 BP (ChMek, Johnson and Wu 1992). Black carbon concentrations were also determined from the Greenland Ice Core Project 2 (GISP2) core (Chlek et a1.1995). Cachier and Pertuisot (1994) reported values for particulate carbon in Arctic ice. Peters et al. (1995) determined the
Proceedings of the 16th International 14C Conference, edited by
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depositional trend of polycyclic aromatic hydrocarbons (PAH) and elemental carbon to the Agassiz
Ice Cap, Ellesmere Island, Canada. Carbon dioxide trapped in ice cores has also been used to date
ice cores via AMS (Wilson and Donahue 1990; Wilson 1995).
We discuss here the application of accelerator mass spectrometry (AMS) and laser microprobe mass
analysis (LAMMA) to the analysis of carbonaceous particles in snow and ice. These measurements
are targeted to obtaining source information from the samples. Specific application of these techniques to carbonaceous particles in snow and ice has not been performed before. These methods are
first tested on snow from an urban environment where carbon concentrations are higher. LAMMA
is also applied to snow collected at Summit, Greenland.
METHODS

Particle Separation from Snow
The AMS and LAMMA analysis techniques do not accept aqueous samples, so particles must be
separated from the snow or ice samples. Techniques for particle separation include filtration, sublimation and evaporation, among others.
Filtration is the predominant method used for separation of particles from snow and ice (Chlek et
al. 1987; Chylek, Johnson and Wu 1992; Cachier and Pertuisot 1994; Chylek et al. 1995). The procedure is simple and large samples may be filtered quickly. For carbon analysis, quartz filters are
normally chosen due to their low carbon content. Quartz filters may also be heated to high temperatures (above 900°C) to remove any carbon contamination. The biggest disadvantage to particle filtration is the particle collection efficiency. Although the filters are better than 99% efficient in trapping particle sizes of interest, some particles adhere to the filtration apparatus and are not deposited
on the filter. Chylek et al. (1987) achieve particle collection efficiencies of 66-85% for aluminum
oxide particles on quartz filters. These filtration efficiencies are consistent with results obtained
when urban dust (both SRM 1648 and 1649) was mixed with crushed ice, melted, and then filtered
through quartz filters. Although the filtration efficiency was less than desirable, the reproducibility
of the filtration efficiency proved to be even less satisfactory. For filtration, snow and ice samples
must be melted. This may cause a problem because prolonged time (greater than a few hours) at elevated temperatures allows biological growth in the sample (Chlek et al. 1987). To decrease melting
times, both microwaves (Chylek, Johnson and Wu 1992) and external heat sources (Cachier and
Pertuisot 1994) have been used. While this may reduce sample melting times, the microwave or elevated temperatures may affect sample chemistry. Other negative aspects of filtration include the
possible addition of extra contamination sources, and the limitation of available filtration media for
particle deposition.
Sublimation offers an alternative to filtration for the recovery of particles from snow or ice. With
sublimation, one may achieve good particle recovery, introduce only minimal sources for sample
contamination, deposit particles on any type of surface, and maintain the sample in a frozen state
during the process. The negative aspects of sublimation are the need to purchase or build an expensive freeze dryer and the relatively slow sublimation process. Sublimation has been used to recover
gases from snow and ice (Wilson and Donahue 1990; Wilson 1995). However, it is not used often
for particle recovery. At NIST, we use a Labconco FreeZone® model 775301 freeze dry system for
1Commercial equipment, instruments, materials and software are identified in this report to specify adequately the experimental procedure. Such identification does not imply recommendation or endorsement of these items by NIST, nor does it
imply that they are the best available for the purpose.
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sublimation. Within the drying chamber, we use an additional buffering device to enhance particle
recovery. Without the buffering device, particle recovery is only ca. 60%. When a snow or ice sample is placed within the buffering device, particle recovery is 100%. Figure 1 illustrates the sublimation buffering device. It slows the sublimation process, thus reducing the turbulence around the sample and subsequent particle loss. The disadvantages of using the sublimation buffer is that sample
size is limited to ca. 100 ml (due to the size of the sublimation buffer) and that sample sublimation
time is increased by ca. 50%

Evaporation may be used, however infrequently, for particle separation from snow and ice. Even
though evaporation may seem simple and inexpensive, particle loss is difficult to control and evaporation at higher temperatures may cause changes in particle chemistry.

Analysis of 14C in Snow Particles with AMS
Clayton et al. (1955) introduced the idea of
using atmospheric radiocarbon to discriminate
between fossil and biospheric sources. This
idea relies on the absence of 14C in fossil fuel
and the presence of 14C in the biosphere. The
radioisotope, 14C, is employed as a tracer for
vegetative emissions such as forest fires, field
and slash burning, and natural emissions. The
AMS revolution brings the state of technology
to the point where only micrograms of carbon
are required for analysis (Currie et a1.1994). In
recent years, this method has been utilized to
determine the contemporary sources of aerosol
carbon in urban areas (Currie et al. 1994; Cooper et al. 1981; Hildemann et al. 1994). This
work is the first attempt to apply AMS measurements to particles contained in snow.

quartz filter

clamp
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uath.i,i44
Fd

}

N

Lr

"'

St}'.

aa

Snout

substrate for
particle deposition

Fig 1. Buffer used to eliminate particle loss during

sublimation

For a feasibility study, two urban snow samples were analyzed for 14C. The snow was collected in
Gaithersburg, Maryland after a large snowfall on January 8, 1996. The purpose of this exercise was
to test the procedure on a snow sample with large amounts of particulate carbon before moving to
samples from remote areas with smaller carbon particulate concentrations. Table 1 shows the sample
size, mass of particles recovered, and the mass of total particulate carbon recovered. The Urban Dust
SRM (SRM 1649) was run in parallel with the samples for quality control purposes. A blank Al foil
sample was also run. Note that the carbon mass recovered for AMS in the Al foil blank is higher than
the mass of carbon determined by the CHN analyzer. This indicates that the CO2 trapping process
adds carbon to the total blank. Optimizing the seals of the trapping system can reduce this value.

The procedure started by using sublimation to deposit particles on Al foil from Gaithersburg snow.
Silica disks, Al foil, Sn Foil, Ag foil and Fe foil also were investigated as suitable substrates for particle deposition. We found Al foil to be a good medium. It is inexpensive, easily handled and can be
cleaned to the point where the carbon blank is small with respect to other media. Sublimation of the
snow from the particles was performed in the sublimation buffer, described above, within the drying
chamber of the freeze dryer. Snow was sublimed for each of the two samples (25.7 g and 22.7 g).
After sublimation, the Al foil was folded several times to prevent the loss of any particles. Sample
handling was performed in a clean bench utilizing tweezers to minimize the chance of sample con-
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Sublimation of Gaithersburg, Maryland Snow for 14C Analysis
Mass of snow

Sample
1

2

1649 SRM
Al foil blank

(S)

25.7±0.1*
22.7±0.1
N/A
N/A

of particles
(µ8)
470±2
531±2
N/A
N/A

of carbon
(µ8)

mass
recovered for AMS
(µ8)

1.5

1.0

±0.1

2.9

±0.18

*Uncertainties reflect the authors' best estimates of 1-Q uncertainty bounds,

tamination. The Al foil, both before and after sublimation, was weighed so that the deposited particle mass could be determined.

The samples were analyzed for total carbon with a Fisons CHN analyzer model EA 1110 (CE Instruments 1996). First, the CHN analyzer combusts a sample at temperatures in excess of 1500°C to oxidize all carbon in a sample. Qualitative oxidation is achieved by passing the combustion gas mixture
through an oxidation catalyst (Cr03) zone (1.5 cm diameter by 9.5 cm long) at a flow rate of 1 ml
s-1. The combustion gas mixture is then passed through magnesium perchlorate (0.2 cm diameter by
8 cm long) to remove water and then eluted and separated by a Porapak® PQS column. A thermoconducibility detector then detects the CO2 as it emerges from the column. Upon exit from the CHN
analyzer, the CO2 gas is trapped with liquid nitrogen. The liquid nitrogen trap only has a 97% trapping efficiency. However, mass spectrometry results indicate that minimal isotope fractionation
occurs. The CO2 gas is transferred to reduction tubes and AMS targets are prepared utilizing the
method developed by Verkouteren (Verkouteren, Klinedinst and Currie 1997; Klinedinst et al. 1994;
Verkouteren and Klouda 1992; Verkouteren et a1.1987).

AMS was performed on the snow particle samples at the Institute for Radium Research and Nuclear
Physics in Vienna, Austria. Results show that the fraction of modern carbon (fM) in the Gaithersburg
snow is Ca. 1.2. This should be taken as a demonstration of method feasibility and not as absolute
characterization of the fM in Gaithersburg snow. This fM value suggests active residential wood
burning during the snow event. This snow event was very large, so the vehicular traffic source of
carbon should be very minimal. Currie et al. (1996) indicates that a fM value of 1.2 would result
from the burning of ca. 20-yr-old trees.
The use of this procedure on urban snow demonstrates the feasibility of applying this technique to
snow from more remote locations. Sample size possibly will be a limiting factor, so future research
will focus on reducing the carbon blank.

Analysis of Particles in Snow Utilizing the Laser Microprobe Mass Spectrometer
The laser microprobe used is the LAMMA 500 (Denoyer et a1.1982; van Vaeck et al. 1993; Kauf
mann 1986). Applications for particle analysis have been reported (Wieser et a1.1981; Wieser and
Wurst 1986; Otten, Bruynseels and van Grieken 1987; Bruynseels et a1.1988) and particle source
apportionment (Currie et a1. 1989; Surkyn et a1.1983). The LAMMA 500 is composed of a dual
laser system coupled to a time-of-flight mass spectrometer through an optical microscope. The sample is viewed optically and a particle is selected for analysis by aiming a co-aligned pilot laser beam
spot (from a HeNe laser) onto the particle. The ionizing laser is a high power, pulsed, frequency quadrupled, Nd:YAG laser that provides pulsed UV radiation (266 nm). It is focused on the sample by
an optical microscope objective. All ions generated are accelerated to uniform translational energy
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and mass-separated by time-of-flight (TOF) mass spectrometry. The arrival of the ion packets at the
end of the drift tube is determined by a secondary electron multiplying detector.
The instrument has transmission geometry that is optimized with the laser beam and the mass spectrometer in-line. The laser microprobe has 1-5 µm spatial resolution, high-detection sensitivity and
detection capability for either positive and negative ions produced during the laser ionization. In
most sample matrices, the alkali metals are most easily detected and are reported to have a detection
limit on the order of 1019 g (Kaufmann 1986). Most other elements have detection limits between
10'17 and 1019 g, allowing detection of minor and, in some cases, trace elements from a single particle with micrometer dimensions and picogram mass.

Particulate samples were prepared by the sublimation of snow onto fused silica coverslip substrates
that can be mounted directly into the laser microprobe. The LAMMA 500 requires optically transparent substrates or thin films because the beam must penetrate through the substrate to ionize the
sample. Gaithersburg snow was analyzed first to determine the feasibility of using LAMMA for
snow particle analysis. Small amounts of the Gaithersburg snow provided substantial particle deposits (by LAMMA standards). Only ca. 3 g of Greenland snow was needed for the LAMMA analysis.

For the snow samples from Summit, Greenland, individual and groups of particles were analyzed.
Both positive and negative ion mass spectra were obtained. The resulting positive ion mass spectra
contained peaks that indicated the presence of Li+, C+, Na+, Mg+, Al+, Si+, K+, and Ca+. In the negF', Cn', C,.Hm', Cl', N03' and
ative mass spectra, peaks were observed that correspond to
SinOm'. Carbon was found in the negative ion mode in conjunction with hydrogen forming the
CnHm complex indicative of pyrolyzed organic compounds or hydrogenous carbonaceous soot. No
identifiable organic molecular ions were detected. Sulfate, for the most part, was not observed to be
present. Carbonate may be present at m/z 60; however, there is a mass interference from CS' and
SiO2. Si related peaks can be derived from either the particles or from the silica substrate. A summary of the cations and anions determined in Greenland snow is reported in Table 2.

0,

Examples of time-of-flight spectra are presented in Figure 2 for positive ions and Figure 3 for negative ions. The positive ion spectra are very similar to that reported by Bruynseels et al. (1988) for
North Sea aerosol. The peak assignments for the larger m/z peaks are consistent with their work, but
inconsistent with our negative ion results since no sulfate or carbonate was conclusively found. The
negative ion spectra illustrate the presence of hydrogen-containing carbonaceous particles.
TABu 2. Frequency of Occurrence for Cations and Anions in the Laser

Microprobe Mass Spectra for Summit, Greenland Snow

Cation
Li+

Na+
Al+
Mg+
Si+

K+
Ca+

Times
observed

spectra
analyzed

11

17

4

17

6

13
14

8

8

17
17
17
17

10

17

9

17

2

observed

spectra
analyzed
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Fig. 2. LAMMA positive ion time-of-flight spectrum (snow sample from Summit, Greenland). Note that these
are not absolute assignments and could be other ions.

CONCLUSION

Our study has demonstrated that carbonaceous particles in snow can be analyzed for 14C. However,
carbon levels in Arctic snow and ice may require the use of filtration rather than sublimation for particle recovery from snow due to the large volumes of ice or snow required in obtaining sufficient particles for carbon analysis. The specific application of the AMS sample preparation methodology presented here is currently best suited for analysis of snow from regions more polluted than the Arctic.
Depth profiling of ice cores from lower latitude glaciers would be ideal for this methodology. Filtration of Arctic snow samples and the subsequent analysis for 14C by AMS are reported by Currie et al.
(1998). The sample mass required for LAMMA is very small, indicating that this technique can provide good time resolution in ice cores, and also serve as a soot carbon screening method for larger
samples. LAMMA analyses of particles contained in Greenland snow produced results for multiple
ions in the time-of-flight spectra. We project that source apportionment techniques, such as those
used by Currie, Fletcher and Klouda (1989), may be applied to LAMMA results on snow particles to
attain information on the origin of historic Arctic aerosols.
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Fig. 3. A. Full LAMMA positive ion time-of-flight spectrum (snow sample from Summit, Greenland). B.
LAMMA negative ion time-of-flight spectrum zoomed into the region between 20 and 60 m/z (snow sample
from Summit, Greenland). Note that these are not absolute assignments and could be other ions.
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"C DATING OF BONE USING y-CARBOXYGLUTAMIC ACID AND
a-CARBOXYGLYCINE (AMINOMALONATE)
RICHARD R. B URKY,1 DONNA L. KIRNER,1 R. E. TAYLOR,1,2 P. E. KARE3 and
JOHNR. SOUTHON4
ABSTRACT. Radiocarbon determinations have been obtained on y-carboxyglutamic acid [Gla] and a-carboxyglycine (aminomalonate) [Am] as well as acid- and base-hydrolyzed total amino acids isolated from a series of fossil bones. As far as we
14C values have been measured preare aware, Am has not been reported previously in fossil bone and neither Gla nor Am
viously. Interest in Gla, an amino acid found in the non-collagen proteins osteocalcin and matrix Gla-protein (MOP), proceeds
14C values
from the suggestion that it may be preferentially retained and more resistant to diagenetic contamination affecting
in bones exhibiting low and trace amounts of collagen. Our data do not support these suggestions. The suite of bones examined showed a general tendency for total amino acid and Gla concentrations to decrease in concert. Even for bones retaining
14C
significant amounts of collagen, Gla (and Am extracts) can yield 14C values discordant with their expected age and with
values obtained on total amino-acid fractions isolated from the same bone sample.

INTRODUCTION

Discussions concerning the reliability of radiocarbon-based age determinations on bone have
occurred essentially from the beginning of 14C research. Libby (1952) commented on the problematical nature of this sample type for 14C analysis even before the first measurements on bone were
undertaken. The long-term difficulties with bone in 14C studies have borne out his concerns and reservations. Despite the great amount of attention given to the exclusion of contamination by isolation
and purification of specific chemical and molecular fractions of bone, there continues to be a tradition of skepticism concerning the general reliability of 14C values on bone (e.g., Brown 1988; see
Taylor (1987,1992) for literature).
Despite this tradition, for samples containing significant quantities of wellpreserved collagen, it is
now generally agreed by 14C laboratories working with bone that appropriate physical and chemical
pretreatment can, in most cases, effectively isolate and purify the in-situ residual collagen, and accurate 14C age estimates can be obtained. Many laboratories now have a series of explicit acceptance/
14C age
rejection criteria to determine which bones can and cannot be expected to yield accurate
specimens. These criteria currently include the proportion of the original collagen remaining
(Hedges and Law 1989), the degree to which a bone exhibits a collagen-like amino-acid pattern (Taylor 1992) and the presence of anomalous concentrations of certain amino acids (Long et al. 1989).
For well-preserved bone samples, the isolation of a total amino-acid fraction has become widely
employed along with the use of chromatographic methods to remove humate compounds (Stafford
et a1.1987,1988; Gillespie 1989; Long et a1.1989; van Klinken and Mook 1990). Another approach
adds an ultrafiltration step designed to exclude low molecular weight components under the
assumption that most of the exogenous contamination will be contained in this fraction (Brown et al.
1988). Still another strategy, originally developed to purify collagen for stable isotope analyses,
involves the use of collagenase, which preferentially isolates peptides of known length from the surviving collagen fragments (DiNiro and Weiner 1988).
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In contrast to the various techniques generally employed successfully to purify collagen where it is
retained in appropriate quantities, a continuing problem is the challenge of obtaining reliable
14C-based age estimates on collagen-degraded bone. For many regions, including many temperate
and most tropical areas, some of the most interesting archaeologically related bone exhibits low
(<5%) or trace (<1%) amounts of collagen. Currently, no consensus exists on which biogeochemical
methods can be used on these types of bones to distinguish indigenous amino acids, peptides and
other products of collagen diagenesis from external contamination from various sources.

Approaches to 14C Dating of Collagen-Degraded Bone
Because of the difficulty of identifying and isolating non-diagenetically affected or autochthonous
organics in collagen-deficient bone, several researchers have suggested targeting one or more major
(>1%) non-collagen components of bone. Sometimes characterized as "matrix proteins," they
include osteocalcin, osteonectin and other phosphoproteins, proteoglycans, and sialo- and glycoproteins (Gundberg et al. 1984; Hauschka and Wiams 1989). Other non-collagen components include
blood proteins such as hemoglobin, serum albumin and the immunoglobins (Long et al. 1989;
Gillespie 1989; Nelson et al. 1986; Masters 1987). The UCR Radiocarbon Laboratory has previously been involved in examining the biochemical and isotopic integrity of osteocalcin 14C values
in fossil bone.

Also known in the biomedical literature as "Gla-containing protein" and "bone Gla protein" (Termine
1988), osteocalcin was isolated as part of the search for the source of y-carboxyglutamic acid (Gla), a
calcium-binding amino acid (Hauschka, Lian and Gallop 1975; Hauschka 1977; Hauschka and Gallop 1977). Hauschka (1980) was the first to suggest the potential usefulness of osteocalcin in the dating of fossil bone. Osteocalcin is a low molecular weight protein (5200-5900 daltons) with 46-50
amino-acid residues per molecule, which contains 2 or 3 (depending on species) residues of Gla per
molecule. Human osteocalcin has 2 Gla residues of Gla per molecule (Poser et a1.1980). In structure,
Gla is similar to glutamic acid (Glu) except that it has an additional carboxyl group (-COO-) attached
to the gamma carbon atom (Fig. 1). Osteocalcin is formed with Gla and the carboxyl groups are added
later enzymatically under the influence of vitamin K (Hauschka 1977). Another protein containing
Gla-the Matrix Gla Protein (MGP)-with a molecular weight of 9000-11,000 daltons has also been
identified in bone (Hauschka et a1.1989).
COOH

H2N-C-H
H-C-H
H

COOH

H2N-C-H
COOH

-C-COON

COOH

G la

Am

Fig. 1. Structure of gamma-carboxyglutamic acid (Gla)
and alpha-carboxyglycine (aminomalonate) (AM)

Several properties of osteocalcin offered the possibility that it would be a potentially useful protein
for 14C dating of collagen-degraded fossil bones (Hauschka 1980). First, osteocalcin appeared to
bind tightly to the hydroxyapatite crystals, the major mineral component of bone. In this bound
form, it was argued that the protein should be well protected from biochemical degradation due to
the buffering action of hydroxyapatite [Cas(P04)30H] and the decreased accessibility to exogenous
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proteinases. Poser and Price (1979) reported that they could not decarboxylate Gla in its protein
while it was attached to a hydroxyapatite crystal. Second, Gla has not been detected above instrument baseline levels (>0.2 residues of Gla 10001 residues of Glu) in any potential contaminants
including other vertebrate and plant proteins or bacterial cell cultures (Hauschka 1977). Finally, it
has been retained in bone of significant geological age. Ulrich et al. (1987) examined the osteocalcin
content of six bovid bones recovered from geological contexts ranging in age from the Miocene (ca.
13 Myr) to the late Pleistocene (ca. 12 ka), and found that the osteocalcin antigen as well as its Gla
residue remained detectable in all of the samples.
14C meaThe studies previously reported in Ajie et al. (1990,1991,1992) undertook osteocalcin
surements, and some aspects of the results were interpreted to suggest that osteocalcin was a promising means of dating collagen-degraded bone. However, our current understanding of the earlier
data plus the data reported here indicate that the use of osteocalcin for the dating of fossil bone poses
many more problems than heretofore recognized. This should not have been unexpected since
hydroxyapatite crystals have been noted for their ability to attract and hold anionic proteins. The
g-1
surface area of such crystals in bone is immense-estimated to be in the range of 100 to 200 m2
of apatite (Newesley 1989; Weiner and Price 1986). Bada (1985) suggested that this affinity for
acidic amino acids and proteins may cause bone to attract such compounds from the environment
and be a partial cause of degraded bone giving a non-collagen amino-acid profile. Weiner and Price
(1986) even suggested using bone apatite crystals as the stationary phase in chromatographic columns because of their propensity to attract anionic compounds.

'Dross et al. (1989) studied bones collected over a 10-yr period, and reported that matrix proteins
and collagen both decreased at roughly the same rate in test bones. However, the authors suggested
that the loss of matrix proteins may have been more of a function of the extraction techniques
employed-antibody recognition and electrophoeresis-rather than the intrinsic matrix proteins
levels. In another study involving leaching experiments in water, King (1978) found that Gla, like
collagen, went through an initial rapid decrease and then continued decreasing at an essentially constant rate. King suggested using the loss of Gla as a measure of the leaching history of a bone. In a
later study of 12 well-dated bones, King (1980) clearly showed a relationship between collagen and
retained Gla amounts. Ten of the 12 bones showed either a collagen profile with some Gla or a
non-collagen profile and no Gla. One non-collagen bone contained a slight amount of Gla, while
another with a collagen profile contained no Gla.
The earlier studies determined that in many fossil bones, osteocalcin typically exists as, or can only
be extracted primarily as, polypeptide fragments rather than as an intact protein. In one case, concordant 14C determinations were obtained on osteocalcin and collagen (extracted as gelatin) fractions
from the same bone where the collagen was relatively well preserved. However, in other bones, there
14C values with age offsets tending to
were significant discordances in the osteocalcin/collagen
increase as a function of the decreasing amounts of extractable collagen occurring in the bone. For all
but one of the bones examined, the extractable collagen contents were depressed but amino-acid
composition and C/N data indicated that the collagen was still largely intact (Ajie et a1.1992).
14C values that were signifiInterestingly, in several cases, the discordances involved osteocalcin
14C
data and previously obtained 14C evidence
cantly older than expected based on both the collagen
of age for the skeletal series. The typical expectation is that environmental or diagenetic contamina14C
tion would cause the apparent osteocalcin age to be younger than expected. That the osteocalcin
for
required
procedures
values tended to be older led to the suggestion that the extensive extraction
have
perhaps
may
reagents,
the isolation of the osteocalcin, including the use of several types of
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been, in some manner, responsible for the anomalous 14C results. This was the stimulus and context
for the work reported here to isolate and obtain 14C determinations on Gla as the characteristic
amino acid of osteocalcin, by a process which should be less susceptible to contamination introduced during the processing of samples.

Extraction of Gla and Aminomalonate for 14C Dating
The extraction of Gla was carried out by base hydrolysis followed by separation on a cation
exchange column using Dowex-50W resin. Base hydrolysis is required since acid hydrolysis converts Gla to Glu. The Gla was identified by comparing the position and timing of its elution peak
with that of a commercial Gla standard (Sigma No. C3767) on an HPLC chromatogram. Additional
verification of the identity of Gla was attempted by applying a thermal decarboxylation test (Hauschka et a1.1980). Unexpectedly, both glutamic acid and glycine resulted from the decarboxylation
of the eluted product. If only Gla were present in the elutant, there was the expectation that decarboxylation would have yielded only glutamic acid. The first buffer of the HPLC system was
adjusted to a lower pH to lengthen the elution time. When the elutant was rerun, two separate peaks
were resolved, indicating the presence of two separate amino acids.
By adjusting the cation exchange column elution procedures, it was possible to separate the elutant
into two amino-acid solutions. Decarboxylation of one yielded only glutamic acid, indicating it to be
Gla. The decarboxylation of the second elutant yielded glycine. Based on the previous work of
Hauschka et al. (1980), it was suggested that the second peak contained Am. To test this possibility,
Am was produced by base hydrolysis of both diethyl aminonomalonate hydrochloride (Sigma No.
D7144) and acetamidomalonic acid diethyl ester (Sigma No. A6384). The product was applied to
our ion-exchange resin and eluted in a single peak that had a reproducible characteristic retention
time. No other peaks were observed. The second elutant exhibited the same characteristic retention
time. The presence of Am in base hydrolysates of bone was not expected since Hauschka et al.
(1980) had previously reported that an examination of various proteins and tissues had yielded no
evidence of this amino acid. Details of our extraction procedure for all fractions and process of characterization of Gla and Am will be presented elsewhere (Burky et al., in preparation).
We note that the measured concentration of Gla in our modern bone standard was 545 nmol g-1
while the concentration of Am was measured at 438 nmol g-1. King (1980) had previously reported
a Gla concentration of 1100 nmol g-1 in modern bone. This is about a factor of 2 larger than what
we measured. One possible explanation of this discrepancy is that King used a HPLC system and
procedures in which Gla and Am co-eluted in the same peak. Other factors, including incomplete

hydrolysis, might also be partially responsible for the discrepancy.

Gla and Aminomalonate 14C and Composition Values
We have obtained a suite of 14C values from Gla and Am fractions isolated from a suite of bone samples from a series of localities ranging in age, previously estimated or directly determined by various
means, from ca. 2.5 ka to >50 ka. In most cases, from the same sample, total amino-acid fractions
obtained by both acid and base hydrolysis were also isolated and 14C analysis undertaken (Burky
1996). Four samples of human bone, all of Holocene age, were included in the series. The expected
age for each sample was estimated by various criteria including geological context, previously
obtained 14C data, and, in one case (UCR-3353), by a suggested historic association with a destruction layer dated to 612 BC at the late Assyrian site of Nineveh in Mesopotamia. Table 1 summarizes
the expected and measured 14C ages of these samples listed in order of decreasing expected age.

14C
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Expected Ages (ka) and Measured Ages (14C yr BP) of Different Fractions Isolated
from Bone Samples from Archaeological and Paleontological Contexts
TABLE 1.

Measured 14C age (ka BP)
Expected
age (ka)

Location

Abri Pataud, Les Eyzies, Dordogne, France
Abri Pataud, Les Eyzies, Dordogne, France
Titaluk River, North Slope, Alaska
La Brea Tar Pits, Los Angeles County, California
Colorado Creek Mammoth, Alaska
Burning Tree Mastodon, Allen County, Indiana
Dent Mammoth, Colorado
Spirit Cave, Fallon County, Nevad4
Wizard Beach, Pyramid Lake, Nevada$
Haverty (Angeles Mesa), No. 4,
Los Angeles County, Californiat
Mosul (Nineveh), Iraqi

31.8*
20.8*

20t
15.5*
15.1*

11t
10.8*
9.4*
9.2*

4.0-5.2*
2.56§

Total

AA/acid

AA/base

31.1
18.8
21.0
15.6
16.4
11.0
10.8
9.5
9.3
2.5

31.1
19.3
21.1
15.7
16.3
10.9
11.0
9.3
9.2
5.0

2.6

14C

values
*Based on previous
tBased on estimated age from geological association
$Human skeletal sample
§Based on historical association (destruction layer at Nineveh dated to 612 BC)
#Range in values for two duplicate analysis

The original strategy of this study was to examine Gla 14C values in bone samples containing significant amounts of collagen from a variety of environments and then analyze an equal number of Gla
values in bones containing low or trace amounts of collagen. For reasons explained below, only the
first segment was completed. Of the 15 bone samples selected for this study, 3, all bone from Clovis
age sites in the U.S. Southwest (BLM, Blackwater Draw and Naco mammoths), contained <1%
modern total amino-acid concentrations and no detectable amounts of Gla or Am. Of the remaining
12 bone samples (Tables 1 and 2), all but 2 of these bones exhibited Gly/Glu ratios >4 and all but 2
exhibited total amino acid content >25%. Previous studies have indicated that Gly/Glu ratios can be
used as one means to characterize the degree to which bone samples have retained a collagen-like
amino-acid pattern (Hare 1980). With the determination of the existence of Am in most of the bones
examined, 14C and compositional data were determined for this amino acid as well. Table 2 summarizes the total amino acid, Gla and Am content obtained on the bones used in this study normalized
to the amount found in our modern bone standard.
In many cases, 14C determinations on the Gla and Am extracts required the use of a series of
mass-balanced standards and backgrounds for the AMS-based measurements since, in several
instances, the sample sizes were <0.3 mg of carbon. The requirement for mass-balanced samples
results from observations, first examined in detail by Vogel, Nelson and Southon (1987), that for cat14C levels
alytically reduced graphitic carbon, there are significant increases in background blank
14C
activity
for submilligram samples weights for samples <0.5 mg of carbon as well as decreasing
in contemporary standards. As a result of previous UCRILLNL CAMS collaboration, significant
reductions in 14C activity in our sample processing blanks have been achieved. These currently
range from ca. 0.15 pMC for >0.1 mg (>100 µg) of graphitic carbon to 0.5 pMC for 0.02 mg (20 µg)
samples obtained on wood from Pliocene sediments (Kirner, Taylor and Southon 1995; Kirner et al.
1996; Kirner et a1.1997).
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TABLE 2. Total amino acids (total AA/acid hydrolysis), Gla and Am content and compositional data

for bones used in study listed in order of decreasing expected age (Table 1). Total AA/acid, Gla and
AM content expressed as percentage contained in our modern bone standard.*
AA/acid
Location
(% mod)t
(x mod)t
mod)t
Abri Pataud, Les Eyzies, Dordogne, France
30
38
Abri Pataud, Les Eyzies, Dordogne, France
63
<1
Titaluk River, North Slope, Alaska
104
La Brea Tar Pits, Los Angeles, California
79
Colorado Creek Mammoth, Alaska
109
Burning Tree Mastodon, Allen County, Indiana
101
Dent Mammoth, Colorado
28
Spirit Cave, Fallon County, Nevada
119
Wizard Beach, Pyramid Lake, Nevada
93
Haverty (Angeles Mesa) No. 4, Los Angeles
2
County, California
Mosul (Nineveh), Iraq
9
Three samples-ELM, Blackwater Draw and Naco Mammoth bone-contained

65
38

42

<1
34
80
52

<1

<1% modern total amino acids and no
detectable amounts of Gla or Am.
tModern bone used as standard for 100% total amino acids, Gla and Am with Gly/Glu = 4.1. Our modern bone standard exhibits same Gly/Glu value as that used by Hare (1980).

We note that standard screening tests of the resin used in our ion-exchange procedures identified a

potential source of 14C contamination by resin bleeding if rigorous cleaning protocols were not followed. While the uncleaned resin itself exhibited a 14C activity indistinguishable from our Pliocene
wood blank, elution tests on the resin revealed the presence of significant levels of contamination.
A 50-ml elution was made from a 12-cm resin column using only ultra-pure water. The 50-ml elution was evaporated to dryness and combusted according to our standard procedures. We obtained
the equivalent of 70 µg of carbon that exhibited a 14C activity of ca. 10.5 pMC [apparent age: 18,110
± 110 BP] (CAMS-25401). A larger elution (150 ml) yielded the equivalent of 120 µg of carbon with
a 14C activity of ca. 9.7 pMC [apparent age: 18,770 ± 110] (CAMS-25402).
Before the nature of the resin contamination problem was identified and more stringent resin cleaning and storage procedures employed, three 14C determinations had been completed. Current protocol for the cleaning of the resin involves heating in 3M HCl at 80°C for several hours, discarding the
acid and adding clean 3M HCI, agitating, and then repeating this process until the acid solution is
clear. Resin is stored in 3M HCI. When needed, it is placed in a column and washed with 4-5 bed
columns of ultra-pure water brought to pH 1.5.
DISCUSSION

In the bones we have examined, Gla tends to decrease in fossil bones in concert with the total aminoacid concentration, which, in general, reflects reductions in collagen content (Fig. 2). The suggestion that there would be a preferential retention of Gla in fossil bone is not supported by this data.
There is no correlation with age, rather the Gla content and total amino acids as a percentage in our
modem bone standard were, in general, highest in bones from environments characterized by constant cold and dry conditions regardless of age. We lack data on effective soil pH, but this also could
be an important factor. In our suite of samples, the best preservation of Gla and collagen occurred in

bone from a naturally desiccated early Holocene human "mummy" recovered from Spirit Cave,
Nevada. The lowest concentrations were in human skeletons [Haverty No. 4 (California) and Mosul
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Fig. 2. Relationship of total amino acids and Gla
concentrations in a series of fossil bones expressed
as a percentage of total amino acids and Gla in a
modern bone standard.

% modem bone Gla concentration

(Iraq)], where the burial environments were probably characterized by alternating wet and dry conditions. Interestingly, Am concentration typically exceeds that which is characteristic of modern
bone, sometimes, as in the case in a bone of Middle Pleistocene age from Medicine Hat, Alberta,
Canada, by a factor of >20. This pattern suggests that Am is produced as a breakdown product, perhaps through several diagenetic mechanisms.
To examine the effectiveness of our extraction procedures, a series of duplicate extractions were carried out on a sample of bone collected from sediments associated with the Yarmouth interglacial
stage at Medicine Hat, Alberta, Canada. Since the assigned age of this deposit is Middle Pleistocene,
bone from these sediments should be 14C "dead," i.e., exhibit 14C activity indistinguishable from our
background blanks. (As previously noted, these currently are at the level of the equivalent of ca.

52,000 BP (0.15 pMC) for >100 µg to ca. 42,000 (0.5 pMC) for 20 µg samples.) Although the Gly/
Glu ratio is depressed (2.8), the Medicine Hat bone contains ca. 50% of the total amino-acid concentration of our modern bone standard and thus appreciable amounts of collagen have been
retained. Although we were able to achieve >50,000 BP on four duplicate preparations in total AA/
base extractions and achieved close to 50,000 BP on a total AA/acid extraction, other preparations,
particularly of the total AA/base fractions, exhibited apparent ages ranging down ca. 40,000 BP.
Factors contributing to this variability perhaps included continuing problems with small but still
detectable resin contamination not entirely removed by the extended resin cleaning and storage procedures described above.
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The age offsets reflected in the Gla and Am 14C values indicate significant age anomalies reflected
in these fractions (Table 1 and Fig. 3). Assuming that contamination is modern, Gla extracts experienced a greater degree of contamination than was reflected in the Am 14C values. The same patterns
in 14C age offsets among total AA, Gla and Am extracts continue in all of the fossil bones examined
where all three values were obtained.
Figure 3 plots the differences in 14C ages between Gla and Am fractions compared with the total
AA/acid fraction. The most serious discrepancy was found in the oldest bone sample from Abri
Pataud where Gla and Am values were >15,000 yr younger than the total AA/acid and base fractions. The most concordant total AA and Gla 14C values were obtained on bone from the La Brea Tar
Pits. Presumably, this is due in part to the atypical protected biochemical environment of this site.
Abri Pataud

Abri Pataud
Titaluk River
La Brea Tar Pits

IA

Colorado Creek

IS

Burning Tree

AS

Dent

A

Spirit Cave

Gla
Am

Wizard Beach
Mosui
I

20

10

-0 (yr x 103)

0

(,

I

l,
10

l

i

l

20

+d (yr x 103)

Fig. 3. Age offset (in yr x 1O) between Gla and Am and total amino acid fractions

CONCLUSION

There now appears to be a general consensus among investigators concerning the reliability of bone
"C values: first, where appropriate biochemical purification procedures are employed, generally
accurate 14C estimates can be obtained on bones retaining significant amounts of intact collagen;
second, that bones seriously depleted in their original protein (mostly collagen) content can yield
seriously anomalous 14C values. We have examined the suggestion that a non-collagen amino acid,
y-carboxyglutamic acid (Gla), might be protected from diagenetic contamination in fossil bones
characterized by low and trace amount of collagen. 14C data on Gla obtained from a series of bones
of varying age and degree of collagen retention does not support this suggestion. Discordant 14C val-
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ues on Gla (and on Am, newly identified as occurring in fossil bone) were obtained from bones
retaining significant amounts of collagen. Also, in the bones we studied, Gla concentrations
decreased in concert, or even more rapidly, with collagen depletion. Am concentrations increased,
indicating that it is a breakdown product. Thus, we conclude that the proposal that stable Gla content
and protection of isotopic integrity of Gla might be exhibited in fossil bone, regardless of collagen
content, has not been confirmed.
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THE INFLUENCE OF PRETREATMENT ON HUMIC ACID YIELD AND
CAREX PEAT
G. T. COOK,1 A.

14C AGE

OF

J. D UGMOREZ and J. S. SHORE 1

ABSTRACT. The object of the study was to assess the effects of a range of pretreatment/extraction schemes on the yields of
humic acid and humin obtained from peat and the subsequent radiocarbon ages. We analyzed peat from Fl6kadalur in northern
Iceland, collecting material from a profile containing seven visible tephra horizons in the upper 3 m, whose form and extent
indicated little disturbance to the section over the last 4000 yr. The results of a range of pretreatments demonstrated that time
rather than the strength of alkali is the more important factor governing the extraction of humic acid. An increase in alkali
molarity did not correspond to any systematic increase in yield, whereas an increase in time did, implying that the extraction
is kinetically controlled. We found no evidence of variability in 14C age due to pretreatment scheme or between different
geochemical fractions of the peat. Further implications from this study are that bog stability and ecological simplicity produce
a favorable environment for 14C dating.

INTRODUCTION

Peat is one of the most commonly dated materials used for palaeonenvironmental reconstruction
because it contains an excellent palaeoecological record that details natural and anthropogenic environmental changes (e.g., pollen and plant macrofossils). It is possible, however, that anomalous ages
may be inferred from 14C measurements made on peat because radiocarbon dating of associated
material and different physical and chemical fractions of the peat itself have been found to produce
significantly different results (Dresser 1971; Olsson 1986; Shore et a1.1995). It is important that the
reasons for these anomalies should be identified so that chronologies based on 14C dating of peat can
be as accurate as possible.
14C

laboratories generally regard peat samples as comprising three operationally defined fractions
that are essentially the products of the humification process, namely, 1) humic acid-the alkali soluble, acid insoluble fraction; 2) fulvic acid-the acid and alkali soluble fraction; and 3) humin-the
acid and alkali insoluble fraction. In practice, the humin fraction may contain many components
unrelated to humification. The commonly dated fractions are humic acid and humin, and opinions
differ as to their suitability, with one of the concerns being possible humic acid mobility. It is widely
accepted that fulvic acid removal is essential as this fraction is acid soluble and generally considered
to be mobile (Shore et a1.1995). In this paper, we consider pretreatment techniques and their influence on humic acid yield and assess the implications for 14C dating.

Contrasts in Pretreatment and Possible Implications for

14C

Ages

The pretreatment which peat samples undergo in order to isolate particular fractions and/or to
remove potential contaminants can vary significantly between 14C laboratories. One approach is to
restrict pretreatment to an acid wash to remove the fulvic acid component but this could lead to
incomplete fulvic extraction through protonation of the carboxylic acid groups. A different
approach is to follow the acid wash with one of alkali solution, to extract the humic and fulvic acids.
Acidification of the extract precipitates the humic acid, leaving the fulvic acid in solution. The
humic acid fraction and/or the remaining humin fraction are then dated. Several different techniques
can be used for the isolation of these fractions, ranging from a straightforward alkali/acid treatment
to more elaborate schemes. In addition, concentrations of the alkali and acid and the duration of the
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extraction can also vary. It is often assumed that these factors do not affect the results but the possibility exists that pretreatment may introduce a variable bias to the dating of peat.
Williams (1989), having noted inconsistencies between stratigraphic and 14C date sequences in
freshwater peat, assessed the effect of alkali molarity and duration of extraction on the 14C activity
of the resultant humin and humic acid fractions. The results indicated that the soluble fractions
(humic acid) were mainly, but not exclusively, younger than the solid fraction (effectively humin)
but there was no systematic variation between the two fractions. On the basis that the solid fraction
gave less variable results than the humic acid, he concluded that the former was more suitable for
14C dating. Because the number of different pretreatment schemes used was extensive, only one
sample was used for each pretreatment, so there were no replicate results to test for internal variability. Similarly, Hammond et al. (1991) concluded from their study of peats and organic silts from
gley podzol environments that dates of 12 ka BP and older are contaminated by younger, more
mobile carbon, such as fulvic and some humic acid fractions.
Alternatively, a case can be made for dating the alkali-soluble humic-acid fraction as this is the
removal of an operationally defined acid insoluble fraction from an acidic environment. In contrast,
the humin fraction is less well defined and there is greater potential for the inclusion of material
which is unrelated to the initial formation of the peat, such as rootlets from later vegetation growth.
This view is supported by our 14C dating of peats constrained by the independent alternative dating
control of isochronous horizons of volcanic ash, or tephra (Dugmore et a1.1995). We have analyzed
peat samples of the same age but derived from different parent vegetations and formed under different geochemical and environmental conditions (Dugmore et a1.1995) but have no evidence of the
type of variability which Williams (1989) and Hammond et al. (1991) have observed. There is, however, a significant and perhaps critical difference in the separation of the humic acid from humin
which we employ where: 1) the peat is acid washed for a minimum of 3 h in hot molar hydrochloric
acid (HC1); 2) the acid is decanted off, the sample neutralized and the peat heated to ca. 80°C with
molar sodium hydroxide (NaOH) solution for ca. 3 h to extract the humic acid fraction; and 3) the
humic acid solution is filtered off, acidified, heated to coagulate it and then filtered and dried.

Our concern is therefore whether any deviations from this method during routine dating might induce
age anomalies. To address the problem of potential variability in age, we carried out a similar type of
study to that of Williams (1989) on peat collected from Flokadalur in northern Iceland where we had
dated deposits of both the Hekla 3 and Hekla 4 tephra. The object of the study was to assess the robustness of a range of pretreatment/extraction schemes with regard to the yields of humic acid and humin
and the 14C ages which are subsequently produced. We used a range of alkali molarities, on the basis
that a pretreatment comprising a short extraction time with a low molarity might dissociate the carboxylic acid groupings on the humic acid, thereby solubilizing it, whereas a higher molarity used over
a longer period might significantly change the overall organic matter structure, thereby removing a
rather different fraction. Thus, the fractions which would be produced might vary in terms of chemical lability and could therefore be subject to varying degrees of movement within the peat profile.
METHODS

A block of peat, measuring ca. 30 x 20 x 20 cm, was broken down by hand and oven dried at 50°C.
The peat was then sieved through a 1.18-mm mesh and homogenized. The vegetation within the peat
comprised mainly of Carex and did not change throughout the block. Therefore, any changes in the
yield of humic acid or 14C age could not be due to vegetational or stratigraphic differences. We
weighed the peat into 40-g sub-samples and treated them with 500 mL of a range of molarities of
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NaOH solution (0.25 to 2M). We also varied the pretreatment time from 15 to 120 min. Following
treatment with NaOH, the samples were centrifuged for 20 min at 3 x 103 rpm. The humic acid solution was decanted off and the pH adjusted to 2 by the addition of 4 M HCI. This was digested at ca.
80°C to coagulate the precipitate of humic acid, which was then centrifuged. The precipitate was then
washed with distilled water, collected by filtration, oven dried and weighed. Figures 1 and 2 show the
results. The samples were then converted to benzene and analyzed for 14C according to the method of
Begg (1992). Conventional 14C age measurements and g13C values are presented in Tables 1 and 2.
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DISCUSSION

From Figures 1 and 2, it appears that although there are some discrepancies, time rather than the
strength of alkali is the more important factor governing the extraction of humic acid. An increase
in molarity does not correspond to any systematic increase in yield whereas an increase in time does.
This would imply that the extraction is kinetically controlled. In general, the data indicate that, for
this material at least, an extraction time of at least 1 h is required to remove a reproducible humic
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acid fraction. The plots within Figure 1 do not necessarily indicate that all the humic acid has been
removed; they are more likely to be saturation curves, since it can be demonstrated that successive
extractions will remove more humic acid.

16) and S13C Measurements (%o) on Humic Acid and Humin
Fractions Extracted from Carex Peat Using Different Pretreatment Schemes
TABLE 1.14C Ages (yr BP ±

14C

Sample

Time
(min)

NaOH
(M)

HCl
(M)

Ages
(humic acid)

14C ages

613C

(humic acid)

(humin)

(humin)

±50
±50

±50

50

50

5
9
13

15
15
15
15

0.25
0.25
0.25
0.25

4
4
4
4

2
6
10
14

30
30
30
30

0.5
0.5
0.5
0.5

4
4
4
4

3

60

1.0

4

60
60

1.0
1.0

4
4

2.0
2.0

4
4
4

0.25

4
4

0.5

4
4

±50
±50
±50

1

g13C

14C

±50
±50

50
50

50
50

±50
50
50
50

50
50

50

4
8
12

120

30

50
50

50
50
50

50
50

50

21
22

30
120

1.0
1.0

4
4

50
50

50
50

23
24

30
120

2.0
2.0

4
4

t 50

50

50

25

180
180

None
None

6

26

8'3C
(whole
peat)

50

±50
±50

7

ages
(whole
peat)

50
50
50

1

1o) and 813C Measurements (%o)
for Replicate Measurements on Carex Peat
Mean humic
NaOH
Time
age
acid age
molarity
(min)

TABLE 2. Mean 14C ages (yr BP ±

15

0.25

1780 ± 37

30

0.5

1750 ± 30

60

1.0

1790 ± 25

120

2.0

1838 ±25

All data

1795 ± 19

±25
±25
±35
±25
-29.1
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The results given in Tables 1 and 2 demonstrate that there are no significant differences in the age
measurements made on the humic acid samples, indicating that, for this material, removal of a nonreproducible fraction of the humic acid does not affect the final age. Also, there are no differences in
14C age between the humin samples, no differences in age between the humic acid and the humin frac-

G. T. Cools A. J. Dugmore and J. S. Shore

26

tions and no differences between any of these and the age measurements made on samples which were
simply acid washed (Table 1). Table 2 combines the replicate measurements which were made within
this study and demonstrates that they are reproducible. The average of all the 14C measurements made
on the humic acid is indistinguishable from the average of the measurements made on the humin.
The robustness of the techniques that we have evaluated contrasts with the inconsistencies observed
by Dresser (1971), Williams (1989) and Shore et al. (1995). There are several possible explanations.

Our site included seven visible tephra horizons in the upper 3 m (Fig. 3). These layers are coherent
over a horizontal section of >50 m exposed by ditch digging shortly before we carried out our samFlokadalur Profiles
Prf.1

Prf. 2

Key
Basic-Intermediate Tephra
Silicic Tephra

rim

0.5
1

1.0 ±

2.5

Hekia

4`1

Hekia 3

Depth metres

Fig. 3. Flokadalur profiles. The monolith used in this
study was collected from between 80 and 110 cm depth
within profile 1.
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pling. In the sampled section, tephra makes up <4% of the total profile, with individual horizons
ranging from 0.5 to 3 cm thickness. The tephra are not of a sufficient number or scale to cause significant, long-lasting effects on bog ecology and development, and their form and extent indicates that
there has been little disturbance of the sequence. Accumulation of the peat has been rapid (ca. 15 cm
a'1) and this contrasts with the profiles from northern England investigated by Shore, Bartley and
Harkness (1995), where accumulation varied from >500 cm a'1 to <30 cm a'1 and where significant
differences in the 14C ages were identified on humic acid and humin peat fractions. The biota of the
Icelandic bogs is less diverse than that of the British Isles (Love 1983), being effectively a subset of
the northwest European biota (Buckland et al. 1995; Steindbrsson 1962) and it may be that complexity in the biota somehow contributes to these dating anomalies. Thus, rapid accumulation, bog stabil14C dating.
ity and ecological simplicity may contribute to a particularly favorable environment for
CONCLUSION

The results of this study demonstrate that 14C dating of peat is not always a complex issue in which
different fractions and extraction techniques produce different age measurements since, for this site,
we have produced a suite of results which are entirely consistent. Selecting a site in northern Iceland
has enabled us to control some variables in order to focus on the effects of pretreatment and so provide effective reference data against which other factors may be evaluated. In this instance, the site
in question is of limited floral diversity and includes fine-grained narrow tephra horizons, indicating
that the site is undisturbed. The implication is that elsewhere, floral diversity and/or post depositional disturbance may play a key role in generating 14C age anomalies within peat. It also indicates
that this type of environment is particularly suitable for 14C dating and that the Icelandic source
areas are one of the best places to date the tephra layers that have dispersed throughout the northeast
Atlantic region (Dugmore, Larsen and Newton 1995).
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PREPARATION OF INORGANIC AND ORGANIC CARBON FOR
FROM A SINGLE MARINE SAMPLE

14C ANALYSIS

SHEILA GRIFFIN and ELLEN R. M. DRUFFEL

Department of Earth System Science, University of California at Irvine, Irvine, California
92697-3100 USA
ABSTRACT. We have developed a technique using a single apparatus to recover the inorganic and organic carbon from a
small (few milligrams) aliquot of dried marine material for radiocarbon analysis. The main advantages of using a single apparatus are: 1) less sample is required, 2) decreased handling reduces contamination, and 3) less time and materials are used.
Blank values of ..5.tg and 19-44.tg are obtained for the inorganic and organic carbon extractions, respectively. e14C results
from sinking particulate organic and inorganic carbon are presented for samples collected in deep-sea sediment traps
deployed for 10-30 day periods at 650 and 100 m above bottom (mab) in the northeast Pacific Ocean.

INTRODUCTION

Sampling Site
Our area of study was a single site (Station "M", 34°50'N, 123°00'W, 4100 m depth) located 220 km
west of Point Conception, California, in the northeast Pacific Ocean. Samples used in this study
were collected from deep sediment traps moored at station "M". Traps were deployed on June 24,
1992 (Pulse 12 cruise) and February 23, 1993 (Pulse 16 cruise). These cruises were part of larger
programs that studied the cycling of carbon in the water column (Druffel et al. 1996) and the coupling between near-bottom pelagic particulate organic carbon (POC) fluxes and benthic processes
(Smith, Kaufmann and Baldwin 1994).
METHODS

Sediment traps were used to collect sinking POC and sinking particulate inorganic carbon (PlC) at
650 and 100 mab. The traps were Teflon®-coated fiberglass cones (120 cm long, 57 cm diameter)
with a mouth opening of 0.25 m2 (Bruland et al. 1981). Collections were for 10-30 days at each
depth, and mercuric chloride was used in all trap deployments as a poison of biological activity.
Sinking POC was concentrated by gentle vacuum filtration. Ca. 0.7 L trap liquid was filtered
through an acidified, combusted (550°C) all-glass filter holder onto a precombusted, 45 mm diameter, 0.8 µm pore diameter (550°C), quartz fiber filter (Whatman type QM-A). A GAST Laboratory
Oilless Piston Vacuum Pump and Compressor was used to eliminate contamination of the sample
with pump oil. There are usually two filters obtained per trap cup, but depending on the amount of
POC, up to six filters have been collected. The filters containing the sinking POC and PIC were
placed in acidified, combusted (550°C) glass jars and promptly frozen to -20°C.
In the lab, the filters were removed from the freezer and allowed to thaw. One filter was weighed in
a clean beaker and a portion of the wet sample was removed with a cleaned spatula. Aliquots of the
samples were then dried to a constant weight at 50°C.
The dried sample was put into a cleaned glass vial and crushed using a glass rod. A small (10-20 µg)
aliquot was subsampled and measured for CHN content on a Carlo Erba 200. The percent organic
carbon (OC) and percent inorganic carbon (IC) values were salt-corrected by subtracting the amount
of salts that remained in the sample based on a salinity of seawater of 34.6%. Based on the total percent OC, an amount of sample that would generate 3 mL of CO2 at STP (ca. 1.5 mg OC) from the
POC fraction was weighed on acidified, combusted aluminum foil.
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Fig. 1. Drawing of apparatus used to
acidify and combust the sinking POC
and PIC samples used in this study

The sample was transferred into an acidified, combusted 12.5 mm OD quartz combustion tube (150
mm long) with a fire-polished rim (Fig. 1). Attached to the combustion tube via a stainless steel'inch Ultra Ton Union joint is a 12.5 mm OD Pyrex piece of tubing (105 mm long) with a 18/9 0ring ball joint on one end and a fire-polished opening at the other. A side arm is attached (12.5 mm
OD tubing and 40 mm long at its base, at 35°) ca. 35 mm up from the fire-polished edge. Into this
side arm fits a Vacutainer serum tube stopper. Since the Ultra Tons, stoppers and syringe cannot be
cleaned using our traditional methods (which include combustion in a muffle furnace for 1 hr at
550°C), they are cleaned of inorganic and organic carbon by scrubbing with hot soapy water then
rinsing with hot tap water, methanol, and tap water. The equipment is then soaked in a 10% solution
of HCI. After the acid soak, all parts are rinsed very well with deionized water, the metal parts are
dried in a 50°C oven and the plastic and rubber parts are allowed to dry, loosely covered on cleaned
aluminum foil in a chemical fume hood overnight.

The combustion tubes containing the samples and the side-armed tubes were joined together with
the Ultra Ton fittings and attached to a manifold with ten 18/9 glass socket joints and pumped to
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high vacuum. Each individual sample reaction apparatus was then closed off to the pump and
allowed to sit for ca. 5 min to test that all seals were leak tight. After each apparatus was determined
to be leakproof, 2 mL of 3% H3P04 was injected through the rubber septum using a Hamilton
Gastight Syringe with a Hamilton point style 5 needle with a side hole, which minimizes septum
coring. The samples were then left on the vacuum line to acidify overnight. A vortex mixer was used
to vibrate the base of each sample tube after 30 min of acidification and again at ca. 30 min before
the end of the acidification.
The CO2 evolved from the sinking PIC fraction was transferred from the apparatus by opening a
stopcock leading to a 50 mL finger flask cooled with liquid N2 for 2 min. All non-condensable gases
were pumped off of the frozen sample, the pump turned off and then a dry ice/isopropanol slush was
placed onto the finger flask to retain the large amount of water in the frozen mixture. After ca. 30
min the CO2 was again transferred to another finger flask with liquid N2. The sample was dried
again with a dry ice/isopropanol slush before volumetric measurement of the CO2 gas. This volume
of CO2 was split into three fractions: ca. 2.0 mL for AMS 14C analysis, 0.10 mL for 13C analysis, and
the remaining CO2 was archived in a flame-sealed tube.
The reaction tube, now containing only the sinking POC fraction in an acid solution, was dried in a
desiccator under vacuum for ca. 24 hr. Cu0 (wire form) and Ag foil were added to the sample tube,
and a 9 mm OD quartz flanged-to-12.5 mm OD quartz tube was attached to the 12.5 mm OD sample
tube. This step enabled us to use a #11 Ace threaded joint with a Teflon bushing at one end and an
18/9 0-ring glass ball joint at the other, to attach the sample tubes to a vacuum line for additional
pumping to remove the last traces of water from the samples. Warm water was used to heat the tubes
to aid the elimination of water, since a trace of water in the tube can cause it to explode during combustion. After ca. 36 hr of pumping, the sample tubes were flame-sealed at a pre-made constriction
on the 9 mm tube and combusted at 850°C for a minimum of 1 hr. Within 3 days of combustion, the
tubes were cracked on a vacuum line, and the CO2 transferred through two U-shaped dry ice/isopropanol slush traps and collected into finger flasks. The CO2 was split into three fractions as described
above for the sinking PIC CO2.

The CO2 from sinking POC and PIC was converted to graphite targets using reduction of CO2 onto
cobalt at 615°C with H2 gas (Vogel, Nelson and Southon 1987) at the University of California, Irvine
(UCI). &4C was measured at the Center for AMS Research at Lawrence Livermore National Laboratory.14C measurements are reported as &4C (%o) for geochemical samples without a known age
(Stuiver and Polach 1977). Total uncertainty (laboratory plus statistical) for individual AMS e14C
measurements range from ±6 to ±15%o. 014C values are corrected for blank CO2 added during acidification and combustion of the samples as well as blank CO2 added during production of the graphite. The blank CO2 volumes were obtained from individual "blanks" (empty sample apparatus prepared exactly as for a sample). Blank values generated from the acidification step were small
(4.9 ± 2.4 µg C, N=54), an average of 0.6% of the average PIC sample. Combustion blanks ranged
in size from 19-44 µg C (with an average of 26 ± 8µg C, N=45), and comprised 1.3-1.9% of the
POC sample CO2 volumes. The acidification blanks were combined, as were the combustion blanks,
to obtain enough CO2 for AMS targets. A single acidification blank e14C value of +350 ± 20%o was
used to correct the 014C of the PIC samples. An average combustion blank &4C value of -323
± 100 %o (N=3) was used to correct the &4C of the POC samples. 813C measurements were made
on each sample at the Woods Hole Oceanographic Institution using a VG Micromass 602E isotope
ratio mass spectrometer with an overall uncertainty of ±0.10%o.
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RESULTS AND DISCUSSION

Yields of the POC and PIC samples (Table 1) were determined by comparing the manometric measurement of CO2 obtained during the combustion and acidification steps with the amount of OC and
IC, respectively, that were determined from the Carlo Erba CHN measurements.

Two sets of calcite standards were run, one set before and one set after the samples were run. The
first set of calcite standards had a lower average yield (79 ± 11%, N=3) than that for the second set
(103 ± 7%, N=3). This is likely the result of weighing inaccuracies in the first set. As it was difficult
to obtain accurate weights for standards and samples, we have since changed our procedure by
weighing the samples in a small Ag foil boats. The combined boat and sample are placed into the
combustion tube. This decreases the amount of static electricity in and around the tube, which scatters the sample. It also helps prevent the very fine particles of sample from being pumped away during evacuation of the sample apparatus.
TABLE 1. e14C and Related Data for Samples Analyzed as Part

of This Study

Midpoint
Sample
no.

of

UCID
no.

no.

2220

37174

(days)

collection

1

2
3

4
5

6
7
8
9
10

2151

2152
2153
2154
2155
2156
2157
2160
2161
2159

2162
2163
2253
2256
2257

Sinking

A14C%o

A14Co

Calcite
(mab)

yield

A14C%o

83

Calcite
37256
37213
37214
37215
37216
37217
37218
37178
37219
37220
37221
37179
37222
37180
37224
37225
37223
37226
37227
37175
37176
37177

Sinking

Calcite

2221
2222
2144
2145
2146
2147
2148
2149

cup
number

Calcite
7/15/92

30
30
30
30
30
30
30
30
30
30
30
30
30
10

10/15/92
7/15/92

10
10
10
10

4/20/93
5/20/93

1216,1
1216,1

8/15/92

1216, 2

9/15/92

1216,2
1216,3
1216,3

8/15/92

1216, 4

1216,1
1216,1
1216, 2

95
83
101
85
92
96

101

93
102
*

12

103
85

11

9/13/92

1216,3&4
1216,3&4

100
100
100
100

3/30/93

1619,4
1619,4
1619,6
1619,9
1619,9

650
650
650
650
650

1216,2

Calcite
Calcite
Calcite

111

103
97

-22.0

-16

0.9

25

-22.0

-23

1.6
1.5

3

-3

-22.0

7

1.2

21

111

*
*
*

2.2

6

*

99

-22.0

-24

650
650
650
650
650
650
650
100
100

-8

-21.9
-9

1.7

-21.9

1

1.2

-5

-22.3
40
38

0.5
1.0

-22.5
41

-989
-991
-990

1.0
3.7
3.8
3.3

*Yields were very low due either to sample loss during transfer of sample to combustion tube or a loss of sample CO2. These
values were not included in the averages stated in the text.

The percent yields of the PIC samples (Table 1) for which there were values averaged 94 ± 11
(N=6). S13C values of the PIC (average = +1.3 ± 0.5%o, N=8) are typical of planktonic foram tests
that lived in surface waters of the Sargasso Sea (Deuser and Ross 1989).

The percent yields of the POC samples for which there were values averaged 98 ± 4 (N=7). S13C
results of the POC samples are remarkably similar (average = -22.1 ± 0.2%o (N=8) and are equivalent to the values for marine sinking POC that had been measured at this site (-21.5 ± 0.7%o, N=31)
during the 18-month period just prior to the collection of our samples (Druffel et a1.1996).
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&4C results for the POC samples (range from -24 to 12%o) are lower overall than those for the PIC
samples (-9 to 41%o) (Table 1 and Fig. 2). All of the samples collected from the 650 mab trap (#14, 8-10) had POC A14C values that were lower by 26-41%o than the PIC A14C results. All POC and
PIC &4C values were lower than the surface dissolved inorganic carbon (DIC) &4C values, which
ranged from 49-85%o over a 5-yr time period at Station "M" (Masiello et a1.1998).
The Gulf of Alaska data from a single 6-month deployment of a sediment trap at 400 mab showed
POC 014C values that were higher than the surface water DIC values and the PIC A14C values. This
indicated that there was a source of terrestrial (post-bomb) organic carbon to the deep sea in this
region (Fig. 2; Druffel et al. 1986). At Station "M", however, the POC i14C values are generally
lower than the PIC and surface DIC e14C values, indicating that there is a source of "old" organic
carbon to the deep sea (Druffel et al. 1996). The lowering of PIC 014C values with respect to the
DIC 014C values may reflect two processes: 1) the presence of fine particles of calcium carbonate
that are resuspended from the sediment surface locally or at the shelf/slope region and laterally
transported via jets and eddies, and/or 2) the source of carbon for the CaCO3 tests is from depths
deeper than the mixed layer from which DIC &4C samples were collected (25 and 85 m).

A
150

POC 650mab "M"
PIC 650mab "M"

R Gulf of Alaska

POC 100mab "M"

"PAPA"

0

PIC 100mab "M"

POC 400mab PAPA

100

e14c

PIC 400mab PAPA

LI

%o

ELI LI

Station "M" (this study)

50

A

p

AAA
o

pQ O e

A

A
AA
Sample #

-50

1

2

3
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5

6
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8

9

10

,

Fig. 2.014C results for the POC and PIC samples. e14C results from the Gulf of Alaska (50°N, 145°W, 400 m
depth, collected March 1984). Samples were wet-sieved into 3 size-fractions and are shown for comparison
(Druffel et al. 1986).

CONCLUSION

This paper reports a new technique for extraction and analysis of 14C in both the organic carbon and
inorganic fractions of a single marine sample. This technique will be useful for studies that are limited in terms of sample size, time and materials. Reduced handling of these small samples is a distinct advantage of this technique as far as reducing blank levels.
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METHODOLOGICAL ISSUES IN THE 14C DATING OF ROCK PAINTINGS
R. E. M. HEDGES,1 CHRISTOPHER BRONK RAMSEY,1 G. J. VAN KLINKEN,1 P. B. PETTI1T,1
CHRISTINA NIELSEN11tiARSH,1 ALBERTO ETCHEGOYEN, 2 J.D. FERNANDEZ NIELLO, 2
M. T. BOSCHIN3 and A. M. LLAMAZARES3
ABSTRACT. Chemical and isotopic analyses have been made of pigment samples from two separate rock art sites in Argentina. The purpose of the study has been to establish the feasibility of extracting carbonaceous material from the samples which
will permit reliable radiocarbon dates for the time of painting. The two sites, Catamarca and Rio Negro, present quite different
problems. Most of the paper is concerned with Catamarca, and here we have shown that the paint pigments contain very little
or no organic binder; but they do contain calcium oxalate derived from local cacti, and calcium carbonate derived probably
from local plant ash. We describe a method to purify carbon extracted from the calcium oxalate, and present the dates obtained
on both components. We show that, though rare, natural deposits containing both calcium oxalate and calcite do occur, but
that they are very distinct in both 13C and 14C compositions; and we argue that they are very unlikely to contaminate the pigments to such an extent that the 14C dates are altered. For the Rio Negro site we show that the ground for the paint pigments
contains carbon derived from fires burnt inside the cave, and discuss how analytical methods provide information to develop
a strategy for extracting material, from both ground and pigment, for more reliable dating.

INTRODUCTION

Rock paintings are among the most difficult archaeological artifacts to date reliably and directly
using radiocarbon, because their composition is generally unpredictable and complex, and their
large surface areas are deliberately exposed to the environment. Also, the availability of material for
experimental purposes is usually very limited. Furthermore, rock art is hardly ever clearly associated with other material that could be reliably dated for comparison.

The most favorable case, so far, is when microscopic pieces of charcoal, recognized in the SEM
from their morphology, can be recovered and pretreated by standard methods (for charcoal) (Valladas et a1.1992; McDonald et al. 1990), but these are exceptions. Attempts to extract and date biomolecules (e.g., protein) putatively used in binders remain controversial (Loy et al. 1990; Nelson
1991) and are undoubtedly technically extremely difficult to perform satisfactorily. Where massive
quantities of the paint survive well, as in the lipids present in beeswax, samples can be reliably pretreated to exclude subsequent contamination (Nelson et al. 1995). Diagenetic deposits, such as
oxalates, where they underlie later paint layers, have also been "dated" in situations where the
internal stratigraphic consistency of dating can be tested (Watchman and Campbell 1996). Finally,
techniques have been reported (Russ et a1.1990) which oxidize the most labile carbon using a glow
discharge in 02 gas, and which apparently give dates in accordance with archaeological expectations.
We undertook the work described here in order to assess how well rock painting materials would
lend themselves to chromatographic separation and direct 14C on-line measurement of the separated
peaks. Too little is known about the potential of rock paintings for chromatography (either gas phase
of volatile derivatives, pyrolysis, or liquid phase) for this to be carried out without a great deal of
preliminary work. As a rule, most paint pigments are likely to be inorganic (elemental carbon is an

exception), restricting 14C dating to the surviving traces of organic binders, which probably were

1Oxford Radiocarbon Accelerator Unit, Research Laboratory for Archaeology and the History of Art, Oxford University, 6
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protein or carbohydrate based, rather than lipid-based. However, in the attempts to understand the
materials used, the dating attempts described in this paper have not been on binders, but on the pigment itself or on stratigraphically related organic material.
In any case, in any reliable dating of rock painting it is necessary to 1) identify a carbonaceous component which can be extracted and which has an obvious chronological relationship to the act of
painting, and 2) show that the extraction and purification techniques avoid or remove contaminants.
The exposure of surfaces containing organic materials to the elements for millennia almost certainly
leads to the inclusion of fungi, algae, lichens and microbes, as well as including insect deposits,
plant exudations, soil soluble organic matter, and so on.

This paper describes work on rock art at three sites. One (Apollo 11 in Namibia (Wendt 1976)) did
not involve actual sampling of the material (believed to be charcoal drawing on portable sandstone
slabs and loosely associated with features dated at ca. 27 ka BP). However, experiments involved in
assessing its potential for dating are of interest, and are described in the Appendix. The other two
sites (here referred to as Rio Negro and Catamarca, from their provinces) are both in Argentina, of
comparatively recent age, but present very contrasting problems. Most work has been done on the
Catamarcan sites, and this is described first.

Catamarcan Rock Art Sites
Several rock art sites from the eastern slope of the Sierra de Ancasti or El Alto in the Ancasti department are known (de la Fuente 1979; Segura 1988). These site are located 80-90 km from San
Fernando del Valle de Catamarca, the capital of Catamarca province, 500-900 m above sea level
(asl), corresponding to the biosystem known as Bosque Subtropical Chaqueno (Marchetti and Prudkin 1983). Archaeological research has so far identified 25 sites in the area, 23 with rock art as the
only archaeological remains, and 2 with stone constructions (Llamazares).
In general style, some rock paintings unmistakably resemble the incised patterns of pottery of the
Aguada culture (dated by 14C from ca. 500-900 cal AD), which flourished in several valleys of the
Northwestern region of Argentina. Many of the rock art sites in the Ancasti area consist of granite
boulders, weathered by aeolian forces to hollow shells, which act as small shelters or caves. The pigment is thickly applied to a very rough surface, and therefore can be obtained in large samples (up
to 300 mg of material). The site most studied here, called La Candelaria Cave (28°41'16"S,
65°27'40"W) is in fact a water-worn cave in metamorphic rock. In all cases, the pigments are predominantly white, or grey or buff, contrasting with the darker color of the granite. The incisions in
the black-fired polished Aguada pottery are filled with pigment whose main component, on the
strength of one analysis, is calcite.4 Therefore, not only the designs, but also the colors in the pottery
decoration are reflected in the rock paintings. Many sites contain apparently separate designs, and
could have been worked over many centuries. In some cases figures overlap.

Chemical and Isotopic Composition
Preliminary work on two samples of white pigment showed that, following routine acid-base-acid
treatment of the bulk material, they contained 1-2% carbon, and gave a 14C date of Ca. 1000 BP. (In
retrospect (see below) most or all of the carbon should have been removed by such treatment; the
fact that it was not shows that the routine acid treatment had not dissolved all the oxalate present.)
Of particular interest was the 813C value of the combusted pretreated material of -119%. Given that

4Collection under study by Ines Gordillo, at the Ethnographic Museum of the University of Buenos Aires
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carbonates would have been removed by the pretreatment, this implies that most of the remaining
carbon is derived from a C4 photosynthetic pathway. CAM plants are in abundance in the region,
and therefore are likely to be involved directly, or via a food chain. Prickly Pear (Opuntia spp.) is
very common in this area and, more than other succulents and cacti, contains mucilaginous tissue
which in modem times is added as a binder to pigments and inorganic extenders to make a paint. We
concluded that a similar usage could account for the S13C value found here.
Fresh samples as well as other non-pigment deposits were obtained, including a non-anthropogenic
white deposit accumulating around a water seep. The pigments and natural deposits were analyzed
by infra red (IR) spectrometry. This showed that all the pigments contained gypsum (calcium sulfate), whewellite (calcium oxalate) and quartz in varying proportions. Many also contained calcite
(calcium carbonate). The main features of the non-paint deposits were carbonates and quartz, but the
spectra (both IR and Raman) were complex and difficult to interpret.
No detectable lipid material was obtained from extraction with methanol/chloroform, and pyrolysisGC/MS on the bulk material produced no useful signal. After careful treatment with dil HCI, to
decompose calcite and dissolve whewellite, the residue contained < 10% of the original carbon content. Therefore, if any substantial portion of the carbon content was present as binder, it was lost or
rendered soluble during treatment with dilute HCI. Further work is necessary to see if any material
ascribable to binder, such as prickly pear mucilaginous tissue, can be identified. IR spectrometry did
not disclose any signal ascribable to purely organic material in the pigment.

Using standards, the estimates of oxalate and carbonate content as provided by IR are in fair agreement (-30%) with the estimate based on the carbon extracted chemically. Carbonate and oxalate
could account for up to 90% of the total carbon, and certainly account for 50% (the uncertainty is
due to potential losses in collecting carbon from carbonate and oxalate) (Table 1). It is likely that
there is some unaccounted carbon that analytical methods so far have failed to discover.

The Occurrence of Whewellite (Calcium Oxalate)
Calcium oxalate is precipitated as kidney stones and as raphides in plant cells, and can be produced
by algae and lichens. The occurrence of calcium oxalate layers on exposed rocks, frequently limestone, is well known (Russ et al. 1996; Watchman 1990) and is presumably due to metabolic processes on photosynthetically derived Krebs cycle metabolites in algae or lichens. In general, the
S13C of oxalic acid resembles that of
the bulk photosynthesizing material, or may be somewhat
heavier (cf. the 14C NOX standard with that for a C3 plant). However, the range of oxalate S13C values recovered from lichens can be quite large (-35%o to -14%o as quoted in Lange and Zeigler
(1986)).
For consideration for 14C dating, the questions to be asked are:
1. Is the whewellite deliberately collected to compose the pigment, or is it deposited naturally?
2. If deliberately collected, is it extracted from plants, or collected from a natural deposit?
3. Could the pigment contain a subsequent addition of naturally deposited oxalate?
4. How can the oxalate component be selectively extracted, leaving behind possible contaminants
as humic acids, detritus, etc.?

Two non-painting white deposits were also sampled from the cave, one (called LC1) clearly still
forming from an evaporating water seep. The other has given results (not discussed here) that suggest it may be an obliterated painting. Analysis of LC1 showed it to contain some carbon (mainly as
carbonates), but 50 times less whewellite than in the pigment samples. The isotopic composition is
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also completely different. Therefore, whewellite can form naturally in this environment, but in very
low abundance, and the natural deposit can be recognized from its S13C signal (Table 1).
We conclude the whewellite was deliberately collected, most likely by processing from local cacti,
which contain abundant whewellite. Raphides extracted from a dried herbarium specimen of a local
cactus (Trichocereus terchekii) (achuma in Spanish) had a 813C value of -9.7%o, a value similar to

that for bulk tissue sampled from local cacti, including Opuntia, and also similar to that for the calcium oxalate extracted from the paint (see Table 1). While this answers questions 1 and 2 above, 3
must still be addressed. An addition of ca. 5% modem whewellite (say from a natural deposit) to
14C age of
pigment whewellite in the paint is necessary to significantly change (i.e., by >50 yr) the
the pigment. Unfortunately, such an addition would be too low to be detected with a measurement
of S13C, despite the recognizable difference (10%o) in the bulk values between natural and pigment
oxalates. However, the concentration of whewellite in the richest natural deposit we could find is 50
times less than in the pigment, while there is a complete and obvious spatial separation between the
thick application of pigment and those areas where white deposits have formed naturally. In summary, we are able to show that the two different origins of oxalate which occur at La Candelaria can
be distinguished, but their admixture cannot be detected at the level required for reliable 14C mea14C dates
surement. However, we believe the extracted oxalate from the paint will give valid
because the natural oxalate deposits contain too little oxalate and are too well spatially separated to
be able to contaminate the pigment to a significant extent.

Purification of Calcium Oxalate
Assuming that whewellite represents the carbon isotopic composition of plants contemporary with
the making of the pigment, it is necessary to extract the oxalate selectively from other carbonaceous
material. We have found the apparatus shown in Figure 1 to be effective. The system is purged with
Dilute (2M) H2S04 is introN2 at approximately atmospheric pressure and a flow rate of 1 mL
duced to the sample via a syringe and serves to release CO2 from carbonate in the sample. This can
be collected in the trapping loop if desired. Alternatively, carbonates can be removed from the sample beforehand. A 0.5 M solution of KMnO4 is then introduced, which quantitatively releases CO2
from oxalates present. Water vapor and CO2 are swept by the N2 flow through the system where
water is trapped and the CO2 collected in a GC-type transfer loop. In our case we have found it convenient to take the transfer loop to our combined continuous-flow CHN analyzer and mass spectrometer (Europa Roboprep and 20/20 mass spectrometer (Hedges et al. 1992)), where the gas is further purified, and measured in total quantity and for S13C, and collected for accelerator mass
spectrometry (AMS) dating. Using laboratory controls, this system works satisfactorily at the 1001000 µg level, with 813C values valid to at least ±1%o.

A similar system has also been used for collecting CO2 from calcite, using 1M HCI in place of permanganate and sulfuric acid. A similar chemical approach has very recently been published by
Gillespie (1997).
Isotope Results on Carbon from the Paint and Natural Samples
Only one pigment sample so far has been extensively studied. Different fractions have been examined. These comprise the whole sample (no chemical pretreatment), the acid-base-acid treatment for
the preliminary work, and carbon extracted from carbonate and from oxalate. The results obtained
are tabulated in Table 1.
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Cold

trap

Fig. 1. Schematic of the apparatus used to extract and collect CO2 from carbonates and oxalates. The system operates with
a flow of N2 at about one atmosphere pressure. The syringe delivers either HCl or H2SO4 (for carbonates), or H2SO4 +
KMnO4 solution (for oxalates) to the sample. Evolved CO2 is swept into the cold trap, which forms part of a conventional
gas chromatographic transfer loop. This can be demounted and the trapped CO2 + water, etc., is injected directly into a
CHN analyzer for purification and analysis and mass spectrometric measurements.

TABLE 1.

Results on Cave Paint Samples from La Candelaria*
Fresh sample
(LC2)
Original sample

Total carbon content
Total C 813C
Total C 14C date
A/B/A C content
A/B/A S13C
A/B/A 14C date
Calcite carbon content
Calcite g13C
Calcite 14C date
Oxalate carbon content
Oxalate 813C
Oxalate 14C date

--t

Natural deposit
(LC1)

7%
-17%o
1330 ± 50 (OxA-6942)

4%
-10%o
1000 ± 80 BP

1.6%
-239%
1310 ± 110 (OxA-6943)
1390 ± 75 (OxA-7169)
2.2%
-10.3%o
1195 ±45 (OxA-6941)

*The unusual 613C values for LC2 calcite and LC1 oxalate were replicated in separate extractions.

tData not obtained

+1%o

M (OxA-7167)

0.6%
+4.5%o

M (OxA-7168)
0.04%
-26%o

small to date
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DISCUSSION

The 14C dates of both natural sample fractions are modern, as would be expected. The b13C value for
LC1 carbonate is fairly typical for an inorganic equilibrium with the atmosphere. Clearly the oxalate
has formed from carbon derived through an entirely different pathway than that for the paint (LC2),
and its S13C value is consistent with a C3-based photosynthetic pathway, presumably due to algae or
lichens.
The three 14C dates obtained from LC2 fractions are in good agreement with each other (although
they seem significantly older than those from the original sample). It is a little surprising that the carbonate component seems to have no subsequent exchange with atmospheric CO2 in the last 1000 yr.
Because this carbonate component had a very unusual S13C value, it was extracted twice (samples
were small- ca. 100 µg of C), and isotopic measurements replicated well. Clearly, the carbonate is
not of diagenetic or geological origin. A possible explanation of the 813C value is that C3 plant ash
such as K2C03-e.g., from wood fires-was added to the pigment, and that reaction with gypsum
has produced calcite. We are not aware of any work which has characterized S13C values for plant
ash carbon, but one might expect ash carbonate to be slightly enriched with respect to plant cellulose, and a value of -23%o is therefore quite consistent with this idea. Other explanations, such as
bacterial processing from inorganic carbonates, seem very much less likely. This interesting insight
into the production of the pigment warrants further investigation.
We have presented arguments that calcium oxalate carbon can be extracted in pure form from the

paint samples, and that the calcium oxalate very likely was originally extracted and prepared from
local CAM cacti, so that the 14C date should refer accurately to the time of preparing the painting,
provided subsequent oxalate contamination has occurred. We argue that while such contamination
is conceivable, it is very unlikely to be sufficient to affect the date significantly. Furthermore, the
good agreement with the carbonate fraction argues for the validity of the dating.
We believe the results show that the methodology is now suitable for dating several parts of one
painting, paintings which have a stratigraphic relationship, and also some paintings which can be
"dated" on other evidence. (One example being an image of a horseman, and therefore post-Columbus.) Such results would properly test the validity of the method for dating. We do not know what
precision is necessary; perhaps the main phase of painting was fairly short-lived, and an accuracy of
Ca. 50 yr might not be sufficient to demonstrate the time between overlapping paintings.

It should be borne in mind that some kind of binder could well have been used, and might still be
present; the use of mucilaginous tissue from the same cactus that also provides the plant oxalate
would seem an obvious source. Such material, if it could be extracted and purified in sufficient
quantity, is to be preferred to oxalate for dating, since it should be chemically distinguishable from
possible in-situ contaminants (unlike oxalate, which here is only distinguishable on the basis of its
S13C value). However, so far we have failed to detect the presence of any such component-especially in sufficient quantity; further analysis is required. Samples of candidate plant tissues have
been collected to make comparisons using chromatographic and mass-spectrometric methods. But
the quantity of extractable binder would need to be quite large in order to obtain sufficient carbon,
even from a 300-mg sample, to produce a 14C date with sufficient precision to make a valid comparison with that from the oxalate component.
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Rio Negro Rock Art Sites
Samples were taken from only one rockshelter, Loncoman Cave (40°47'33S, 70°10'51"W).
Although there are 21 sites with paintings in the region, the short time for field work did not allow
us to visit more sites. Loncoman Cave is currently being archaeologically excavated and the stratified findings-including an important number of remains of prepared pigments that are submitted
for chemical analyses at the Buenos Aires University-provide indirect chronological data for the
assessment of both engraved and overpainted motifs. These suggest hypotheses concerning the age
the art at the site. Continuous archaeological research in the region since 1978 has been able to
determine an indigenous settlement sequence which started 2700 yr ago, according to 14C dates
(Boschin and Cuadernos 1988), and which continued to the 19th century, according to historical
sources. Both the stylistic features of the motifs engraved and overpainted and the relationship
between the art and the stratified materials suggest a late chronology. Very probably this type of rock
art was executed immediately before or contemporaneously with the Spanish conquest of South
America.
The shelter is a natural erosional feature in an outcrop of the relatively soft tuff, and the inner surface
has been engraved as well as painted. The paint is thinly applied, and contains bright pigments (purple and yellow). We know through recent historical records that the Argentine Patagonia indigenous
people elaborated their painting by adding lipids to the inorganic mineral pigments as a binding
medium. As with the Catamarcan sites, a preliminary measurement was made on acid-base-acid pretreated bulk material which contained ca. 1% carbon, and two separate samples gave 14C ages of 23 millennia BP.
On a subsequent visit to Loncoman Cave (by REMH, JOFN and Mm), it was noted that the interior
of the shelter is strongly blackened, and that the painting is essentially on blackened rock, so that
paint samples are likely to include the black rock (here called "black patina"). The black patina was
found to contain ca. 1% carbon, and so could be a significant contaminant. In any case, the black
patina essentially forms a layer covering the unaltered tuff, so that there is a stratigraphic relationship between the black patina, engravings in the tuff, and painting on the surface, which needs to be
resolved. Therefore, the question of dating the paint became one of understanding the formation and
relative chronology of the black patina.

The Composition of the Black Patina
Samples of black patina and the underlying tuff were taken and their carbon isotopic contents measured, both for total and the residue after alkali extraction. There was insufficient material to date the
alkali-soluble components (Table 2).
TABLE 2.

Isotopic Results from Samples from Loncoman Cave
Paint
Paint
sample 1
sample 2

Total C%

Total S13C
Total '4C age
A/B/A fraction: C content
AB/A fraction: S13C
AB/A fraction: 14C date

---1%
-23%o

----18%o

1540 BP

3300 BP

tuff

patina

BP

BP

BP

BP

2%
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These results show that the black patina is enriched in C with respect to the underlying tuff, which
is very porous and likely to contain humic acids. This does not rule out the possibility that the extra
carbon is derived from an accumulation of humics during evaporation. The 813C of the patina is distinctly enriched in 13C over that of the presumed humic material in the tuff, as well as having a
younger 14C date. The less soluble carbonaceous material in the tuff has an older date, which would
be expected for humic material. The reverse is the case for the black patina.
Further tests on the patina were made to identify the carbonaceous material, and to confirm that it
has the same distribution as the black coloration. Electron microprobe analyses showed that the
black patina did not differ significantly from the underlying tuff in such elements as iron and manganese (although there was increased calcium sulfate). Optical reflectance microscopy was able to
identify the dark material as largely elemental carbon in the form of vitrinite and inertinite. The
quantity observed was estimated to account for Ca. 1-2% carbon (that is, it could account for all the
carbon measured chemically). The micromorphology of the black deposits suggests both woody
particles and cooked inorganic material. The interpretation is of a low pressure thermal event
involving carbon; this almost certainly corresponds to fires in the shelter. This interpretation was
further investigated by subjecting both whole samples of the patina, and samples after treatment
with HF + HCI, to pyrolysis-GCIMS analysis. In summary, the results are somewhat surprising in
that extremely little volatile material was observed. Some aromatic carbon structures, consistent
with a firesmoke and ash deposit, were detected, but quite definitely less than might have been
expected. Possibly, the surface exposure of the material to air for some millennia can account for
this. In any case, given the anthropogenic nature of the site, the fact that the black patina is not
observed in analogous situations where fires can be ruled out, the elimination of alternative possibilities, and the clear association with a thermal carbon deposit, the conclusion that the black patina
carbon is wholly or mainly due to fire-smoke is inescapable.

Chemical (Organic) Composition of the Paint
Analysis of the paint organic composition has been difficult and is so far inconclusive. No detectable
lipid material was extracted with methanol-chloroform. One paint sample (which also contained the
black patina material) produced a weak but rich spectrum of aliphatic hydrocarbon peaks when subjected to pyrolysis-GCIMS. This included C27, C29 and C31 alkanes, indicative of higher plants.
Protein-derived material was not observed. A second paint sample, after treatment with HCI, yielded
a very impoverished spectrum from which nothing could be identified. Unfortunately, the quantity
of material available severely limits the extent to which different analytical methods can be used.
The S13C values of the bulk paint material are similar to that of the patina wood-smoke (which may
compose a substantial proportion of the carbon present anyway). Note that the sample with the highest C% has somewhat isotopically heavier carbon perhaps indicating a greater content of protein.
CONCLUSION

The dating of the cave (rockshelter) paintings in Rio Negro has first required us to understand the
carbon isotopy of the underlying substrate, the "black patina". The carbon content of the patina is
liable to be mixed with any sampled paint to an unacceptable degree. Analysis, using techniques of
reflection microscopy as applied to coalified material, combined with pyrolysis-GCIMS, of the
black patina shows that most, if not all, of it is very probably formed from fire smoke. The g13C values are consistent with carbon derived from local woody material. It should be possible to decide on
suitable chemical pretreatment to prepare samples for a 14C date of the time-averaged use of fire.
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Our preliminary result, based on the alkali insoluble components, suggests a date of ca. 1000 BPwhich implies an earlier use of fire in the cave.
Although the paint is stratigraphically above the black patina, and is therefore younger than the time
when the patina begun to form, it is not necessarily younger than when the patina stopped forming,
so that a "date" for the patina is not simply related to the date for the paint. Further careful sampling
might better elucidate the stratigraphic relationships; for example, they should allow comparison of
patina dates immediately below the paint with dates from exposed patina. The identification of
organic material in the paint is still very far from being achievedthere appears to be very little volatile material detected by Py-MS. At present the status of the two paint "dates" (they have not been
given laboratory OxA references) remains unresolved. The date of 3300 BP, which is surprisingly
old for this site, may indicate underlying older firesmoke in the sample.
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APPENDIX: RECOVERING CHARCOAL AND GRAPHITE FROM SIMULATED ROCK DRAWINGS
This exercise was stimulated by an examination of two designs, apparently in charcoal-although there is no direct evidence
for this-found on sandstone tablets at the Late Stone Age site of "Apollo 11" in Namibia. The drawings are small (ca. 8 cm
across and ca. 2-3 cm2 in total area) and, by their association, may perhaps date from 26,000 BP (Wendt 1976). Their dating
by AMS-14C was considered, and as a preliminary study, we carried out experiments to see how much of the drawing would
need to be sampled.
We measured the quantity of carbon per unit area required to produce both faint and emphatic drawings on smooth and rough
surfaces of sandstone which were chosen from a museum collection. The carbon was applied using a graphite pencil. We
measured the fraction of carbon so deposited that could be recovered by scraping the surface, and combusting the product in
a CHN analyzer. We also measured the amount of carbon recovered by scraping a "control" surface away from the drawing.
Renewed scraping of the already scraped layer gave a somewhat lower but still significant yield. The results are summarized
in the table below.

Results of Experiments to Recover Carbon from Drawings on Rock Surfaces
Unglazed terra-cotta; fine-grained and coarse-grained
Surfaces studied:
sandstones

TABLE 3.

Quantity of graphite needed to cover 100 mm2:

1000 µg carbon (when heavily shaded)

Quantity recovered from scraping 100 mm2:

300-600 µg

Quantity total scraped material from 100 mm2:

5-15 mg (only ca. 3% is carbon)

Quantity of carbon recovered from 100 mm2 of clear surface
(no graphite applied):

30-100 (µg carbon)

To discriminate graphite from surface contaminants:

Effect of pretreating with acid/alkali/acid:

30% loss of charcoal; 70% loss of surface contaminant

The quantity of carbon recovered from the "control" surfaces, which had previously been blown free of superficial dust, was
surprisingly high (Table 3). Taking this together with the quite low recovery of carbon recovered by surface scraping of the
drawing, the possibility of 14C dating of a sample only containing carbon from the drawing is evidently quite low. In the case
of the Apollo 11 material, which has the increased difficulty of a potentially very low 14C content, an area of >50 mm2 would
need to be sampled, which would cause unacceptable destruction. In any case, without differentiation from surface "dirt" carbon, the date would be meaningless, especially in the context of an dating an artifact potentially several 14C half-lives old. In
our experiments, some differentiation could be achieved by treating the scraped material with NaOH, with the rationale that
the surface dirt carbon contains more alkali-extractable material. This improved the drawing carbon/dirt carbon by a factor of
2 to 3-this is not enough to be reliably useful.

Of course, this is only one indication of the degree of superficial carbonaceous material on rock that is liable to be included
when a rock painting or drawing is sampled; the museum specimens are not necessarily representative. However, it is evidence that argues for great caution, and for careful design of control tests, when sampling and "dating" this kind of material.
It also suggests that chemical methods for differentiating charcoal carbon from the "dirt" carbon (for example, oxidation with
permanganate (Gillespie 1990) need first to be considered and developed).

EVALUATION OF WOOD PRETREATMENTS ON OAK AND CEDAR
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ABSTRACT. In a separate study, we conducted a series of high-precision radiocarbon measurements using wood from Britain and New Zealand to investigate interhemispheric offsets and possible temporal variations. To minimize variability associated with different species, the pretreatment of the oak (Quercus patraea) and cedar (Librocedrus bidwilli) was to acellulose for both. This study investigates the thoroughness of a range of pretreatment processes by the stable isotope analysis
of the products.

INTRODUCTION

To determine if observed differences between the radiocarbon dates of contemporaneous oak and
cedar samples are representative of real atmospheric differences, it is essential that the chemical pre-

treatment of each follows the same pathway. An investigation into interhemispheric offsets between
contemporaneous wood is being undertaken by The Queen's University of Belfast and the University of Waikato. A description of the project is outlined in McCormac et al. (1998). Previous calibration studies at Belfast on Irish oak (Pearson et a1.1986) have involved pretreatment to the holocellulose stage that is adequate for this species. However, when dealing with two species from
different hemispheres, the material extracted for dating must be highly pure and consistently representative of the 14C content of the atmosphere at the time of growth. To eliminate possible differences in the chemical composition of the material extracted for dating in the study, the pretreatment
of both species is taken to a highly purified fraction, namely a-cellulose.
Several researchers, notably Wilson and Grinsted (1977), Tans and Mook (1980), and Leavitt and
Long (1982) observed that the S13C of lignin is isotopically lighter than cellulose by up to 3%o. The
presence of lignin in the pretreated end product can be detected reliably using S13C values (Sheu and
Chiu 1994). Investigators, including Cain and Suess (1976), generally agree that all resin fractions
should be discarded and that the amount of contamination by material from other years of growth
depends on tree species.
Stuiver and Quay (1981) observed that on average, de Vries-pretreated wood (2% NaOH, 60°C, 2%
HCI, 60°C) was 3.8 ± 1.4%o higher in 14C activity than a-cellulose from four sample pairs (post 1942)
taken from a tree that grew from 1914-1975. Smaller differences were observed (0.7 ± 0.8%o) in 14C
activity between the de Vries-treated wood and a-cellulose of eight sample pairs, taken from the same
tree pre-1939 (the heartwood-sapwood boundary). They assert that the de Vries method does not
remove all material incorporated during the later stage of heartwood formation. They also observed
the large increase in the 14C activities of the de Vries wood after 1952 when nuclear bomb CO2 was
added to the atmosphere. They suggest that the pretreatment to a-celluose is particularly important if
samples are taken from the later stage of the heartwood of a tree that survived into the nuclear era.
In this study, six pretreatment methods are used on two sets of contemporaneous oak and cedar samples. The S13C values of the pretreated samples were measured on a VG 602E mass spectrometer
(McCormac et al. 1994). In all cases, three replicates were performed to give a measure of reproducibility.

1Radiocarbon Laboratory, School of Geosciences, Queen's University, Belfast, BT71NN, Northern Ireland
2Radiocarbon Laboratory, University of Waikato, Private Bag 3105, Hamilton, New Zealand
3Quaternary Dating Research Centre, Australian National University, Research School of Pacific Studies, Canberra ACT
0200, Australia
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PROCEDURES
Section A: Pretreatments

A wood sample is planed or chipped prior to milling in a Thomas Wiley intermediate mill (size 20
mesh). The six pretreatment methods utilized in this study are outlined in a flow chart (Fig. 1).
(A)

No ure-

(B)
HCI. (4%. 80°C. 4hrs

Soaked successively in HC1(4%.

(c)

80°C, 24hrs) NaOH (0.5%, RT
24hrs) and HCl ( 496, 80°C, 2hrs)

Combusted
to CO2 in
vycor tubes.

Samples
Bleached by the addition of
NaC102 (15g/l), HCI (6m1/l);
repeated 4 times over 24hrs
(holocxllulase)

(D)

(E)

(F)

n

8'3C
analysis

Refluxed in Soxhiet apparatus
with ethanol-chloroform
mixture (1:2 by vol) for 16hrs.

Bleached by the addition of
NaC102 (l5g/l), HCl (6m1/1);
repeated 4 times over 24hrs
(holocellulose)

Refluxed in Soxhlet apparatus
with ethanol-chloroform
mixture (1:2 by vol) for 16hrs.

Bleached by the addition of
NaC102 (15g/l), HCI (6m1/l);
repeated 4 times over 24hrs
(holocellulose)

Stirring in 5% NaOH
under N2 for 112hr,
5% HCI for 10 mins,
(re-cellulose)

Fig. 1. Procedures evaluated in this study for extracting cellulose from wood samples for carbon stable isotope analysis.
Letters in parentheses refer to the different methods (see text).

The methods differ in the use of organic solvents and the type of cellulose extracted. Method A
involves no pretreatment and the raw wood is directly combusted to CO2. Method B is a simple acid
wash, whereas method C (AAA) follows that used by Tans and Mook (1980). Method D involves
the extraction of holocellulose according to Green's method (1963). Method E (modified Green's
method) is used to see the effect on lignin removal if the process is stopped at the holocellulose stage
after extraction with organic solvents. Method F (a-cellulose) utilizes a three-step Soxhlet extraction process (ethanol/chloroform, ethanol and water). The organic solvents, which remove resins
and other mobile contaminants, will be totally removed from the pretreated end product if this
extraction sequence is followed. Subsequently, samples are converted to a-cellulose as shown in
Figure 1. Method F (more detailed description in Fig. 2) is the method used for the extraction of cellulose from the interhemispheric calibration samples.

Section B: Stable Isotope Preparation and Analysis
The pretreated samples are combusted to CO2 for S13C measurement using the technique as
described by Boutton (1991). A 5-10-mg sample is placed in a clean Vycor® tube along with 400 mg
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of purified copper oxide wire and a small piece of silver wool. This sample size range is chosen to
avoid over-pressurizing the Vycor® combustion tubes while giving sufficient pressure in the inlet
system of the mass spectrometer. The tube is evacuated and sealed. It is placed in a muffle furnace
and the temperature is raised to 950°C for 1 h. After 1 h, the furnace is allowed to cool in stages
(750°C for 1 hr and 550°C for 1 hr) before switching off. The sample tubes are cracked off-line and
the gaseous products are cryogenically separated. The CO2 samples are frozen down under liquid
nitrogen into sample cylinders and removed for carbon stable isotope analysis.
Calibration samples.

Three step soxhlet extraction
process with C2H3OH/CHC13
(1:2 by vol), C2H5OH and water.

Insoluble

I

Cellulose, lignin.

Soluble

Waxes, fats, oils, resins and other
relatively mobile fractions.

Discard

Bleaching with NaC102 mixture
followed by heating in 4% HCI to
remove excess chlorite which
interferes with mass spec peak shape.

Insoluble

Soluble
Most lignin.

Holocellulose.
Rinsing with

101

of deionised water

Discard.

Stirring in 5% NaOH whilst bubbling
N2 through for l hr. Washing with
deionised water until neutral..

Stirring in 5% HCl for 10 mins,
followed by washing with deionised
water until neutral.

Insoluble
a-cellulose
Dried and combusted to
CO2 in vycor tubes.
Fig. 2. The preferred method for the
extraction of cellulose from interhemi-

spheric calibration samples

[&anaiysis]

Soluble
Hemicelluloses
containing some lignin

Discard
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RESULTS AND DISCUSSION

Isotope variation of natural abundances are quoted relative to PDB.
S13C =
{[('3C/12C)sampie/(13C/12C)rererence}4} x 1000%o

(1)

To check the reproducibility of procedures and measurements, three replicates were carried out for

each method evaluated. Two pairs of contemporaneous oak and cedar samples were analyzed. The
results for the first pair are given in Table 1(represented graphically in Fig. 3). It can be seen that there
is up to a 1.2%o depletion in 813C between whole wood and a-cellulose in oak, whereas in cedar the
difference is 1.9%o. The results also show that the AAA method (C) is ineffective in removing lignin.
In fact, the AAA pretreated wood is slightly more depleted than the whole wood for both species.
Results of S13C analysis on two sets of contemporaneous oak and cedar
pairs (decade centers 1605 AD and 1555 AD). Methods A-F refer to the pretreatment
followed. Numbers are S13C (%o) values wrt PDB = mean of 3 replicates ± 2o.
Second pair
First pair
TABLE 1.

UB-5069
(cedar)

UB-5078
(oak)

Method

UB-5068
(oak)

A

-25.84 ± 0.09

0.14

0.09

B

-26.25 ± 0.15

0.12

0.16

C

-26.32 ± 0.12

0.06

0.13

D

-24.74 ± 0.09

0.08

0.02

E

-24.70 ± 0.11

0.06

0.06

F

-24.68 ± 0.06

0.04

0.06

UB-5079
(cedar)

The study confirms that the holocellulose extraction technique as outlined by Green (1963) is adequate for the non-resinous oak, in that it removes all of the lignin. There is no change in the 813C in
oak beyond holocellulose extraction. However, this was not found to be the case with cedar. This is
seen in the S13C values, which are depleted by ca. 0.45%o with respect to the a-cellulose. Hemicelluloses can contain up to 4% lignin and although Green's method would appear to remove all the lignin in oak, it does not in cedar. Cedar requires the use of alkali to remove the remaining lignin by dissolution of the hemicelluloses. Again from Table 1, we can see that findings were reproduced when
the measurements were repeated on a second pair of contemporaneous oak and cedar samples.

For the second oak and cedar pair, the difference between whole wood and a-cellulose for oak is ca.
1.2%o, whereas that for cedar is 1.9%o. Both of these differences agree with the results from the first
oak and cedar pair. Again, with cedar only, there is a clear difference of 0.6%o between holocellulose
and a-cellulose.
The a-cellulose measured for cedar sample UB-5079 was pretreated again using the bleach and alkali
steps of procedure F to check for complete removal of 813C-depleted lignin. Three samples of cellulose that had been processed once through procedure F and three that had been processed twice
through F (excluding the organic soxhlet extraction) were measured again. The results showed no
significant difference between the singly or doubly pretreated samples (single 813C = -21.32 ±
0.04%o, double pretreatment 813C = -21.33 ± 0.11%o). Thus, the degradation of the a-cellulose
caused by further pretreatment did not alter the S13C value, confirming that a pure a-cellulose product is obtained by process F. This confirms that the chemical pretreatment is actually removing a
depleted fraction (lignin) and not fractionating the end product by degradation of the cellulose.
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OAK

C CEDAR
24.74

24.68

-24.7

-22.9

-22.84
-22.58

-21.14

-21.11

-20.69
-20

-27

A

T

-26

-

-25

t

D

F

B

26.47

OAK

-26.2

CEDAR

25.91

-24.83

-24 +
-23

C

B

t

23.47

-23.43

-23.24

24.83

-24.75

22.03

21.99

-22 +

-21.39
-21

+

-20
A

B

C

D

E

F

Fig. 3. Two bar graphs showing the g13C values of oak and cedar sample pairs pretreated using methods A-F;
A=sample pair centered on 1605 AD; B=sample pair centered on 1555 AD.

CONCLUSION

This carbon stable isotope study has shown that lignin can remain unless cedar is pretreated to acellulose. The two species, oak and cedar, differ in that oak seems to be lignin free at the holocellulose stage, whereas cedar requires further treatment to a-cellulose to remove all of the lignin. The
enrichment that is observed on going from whole wood to a-cellulose is due to the removal of 813Cdepleted lignin and not due to fractionation in 813C of the cellulose caused by the pretreatment itself.
Each species must be treated in exactly the same way to validate any interhemispheric offsets that
are found. By following method F (a-cellulose), for both species, we are ensuring that the fraction
isolated for dating is as representative as possible of prevailing atmospheric 14C concentration at the
time of growth.
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CHEMISTRY STRATEGIES FOR ORGANIC 14C SAMPLES
G. J. VAN KLINKEN and R. E. M. HEDGES

Oxford Radiocarbon Accelerator Unit, b Keble Road, Oxford OX13QJ, United Kingdom
ABSTRACT. Pretreatment of organic samples can be achieved by removal of contaminants, or, alternatively, by isolation of
sample-specific components. We discuss the molecular aspects of these two pretreatment types, together with an assessment
of their effectiveness in relation to sample type. The main division in sample type is the one between carbohydrates and proteins, leading to opposite chemical strategies for the two sample categories. Recommendations for routine 14C chemistry of
organic samples also include the standardization of quality screening procedures using chemical, stable isotope and elemental
data that can be collected routinely during the pretreatment of each sample.

INTRODUCTION

The varying effectiveness of sample cleaning is the most important source of erroneous 14C dates on
organic samples. Apart from basic comparisons with expected ages, quality control of sample chemistry is not available: other information such as compositional or stable isotope data is not sensitive
enough to detect the presence of contaminants. Nonintuitive strategies are required to deal with contamination in a manner that is optimized for the chemical characteristics of each sample type, but
often such individualized treatments cannot be applied due to the absence of specific components in
the sample material.

Many organic materials that are routinely sampled for 14C dating (e.g., wood, bone collagen, silk,
hair, wool, mummified skin) are biopolymers. The traditional chemical cleanup (method type M) for
almost all these materials involves removal of potential contaminants by, e.g., acid, alkali, or occasionally an organic solvent treatment. Alternatively, organic molecules can be broken down into
their monomers, and these can be isolated by, e.g., solvent extractions or chromatographic means
(method type S).
Evidence indicates specific problems with either sampling strategy, problems that will vary according to sample type and will need to be addressed individually.
CHEMICAL PROPERTIES OF MACROMOLECULAR SAMPLE TYPES

Although biological macromolecules are diverse, one major division is that between carbohydrates
and proteins. Carbohydrates relevant to dating include the constituents of wood (in particular cellulose and lignin) and their derivatives (plant remains, seeds, linen and cotton, paper artifacts). They
are characterized by a monotonous arrangement of glucose molecules linked by f3 linkages, which
provide the strength and relative inertness of cellulose. Because glucose is such a common molecule
in nature, the above carbohydrates do not contain characteristic, unique subunits that could be isolated for dating.
In contrast, proteins are assemblages of many different amino acids with a relatively broad spectrum
of chemical characteristics, and their structures are highly specific, both in amino acid sequence and
in spatial arrangement. They are mostly represented in animal-derived sample types, e.g., bone,
ivory, mummy samples, wool and silk. Proteins act as ion exchangers owing to the presence of both
anionic and cationic side groups, and thus easily react with charged contaminant molecules.
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CHEMICAL MECHANISMS OF INTERACTION BETWEEN MACROMOLECULES AND EXOGENOUS
SUBSTANCES

Some contaminants (especially structural reinforcers that are introduced post-excavation to conserve samples) do not chemically interact, but are present as part of a physical mixture.

All the other types of contaminant do interact with the dated fraction. The structural variability of
potential contaminants is immense, and thus the potential complexity of the interactions. No suitable
models describe these chemical interactions in a generalized manner, although literature on diagenetic alterations exists for some sample types (gastropod shell proteins, bone collagen, bone osteocalcin and other noncollagenous proteins). Attempts have been made to describe chemical changes
during bone collagen diagenesis (Collins et al. 1996; van Klinken and Hedges 1995), but interaction
with exogenous molecules has remained obscure (but for bone see, e.g., Hedges and van Klinken
1993). Broadly speaking, complexing will be the first stage of interactions, often combined with
ion-exchange processes; the final stage will be a rearranged macromolecule where parts of exogenous origin are covalently linked to parts of the original macro molecule, becoming indistinguishable from one another within a rearranged molecule. Research into the different stages of interactions is problematic because of difficulties in determining the actual type of linkages that are
present: humic substances, which are the main type of exogenous matter, are so variable that they
have resisted adequate detailed characterization for many years (Hoering 1973; Schnitzler and Ortiz
de Serra 1973; van Klinken and Hedges 1995). In our experience, Fourier transform infrared spectroscopy (FFIR) has not been able to give detailed information about linkages in collagen-humic
complexes (van Klinken and Hedges 1995).
Complexation involves weak linkages such as hydrogen bonds. Characteristically, complexation is
a fast process (on the order of minutes), and in principle, is reversible. For instance, the complexation of proteins with polyphenolic tannins (to which humic acids bear many resemblances) can be
reversed using caffeine (Mejbaum-Katzenellenbogen and Dobryszycka 1962; Mejbaum-Katzenellenbogen et al. 1959). We experimented with a humic-collagen complex (see below), and found that
a large fraction of the humic acid had apparently irreversibly bound to the collagen, and that none of
the M methodologies succeeded in completely removing the humic acid (van Klinken and Hedges
1995). Continuous re-complexation seems to bind any released humic almost immediately.

The subsequent steps are even less well understood, and involve rearrangement reactions in which
molecules gradually merge into large, covalently linked, often aromatic, humic-like substances. Discussion of these processes is outside the scope of this paper, but it needs stressing that through these
in-situ processes contaminant carbon becomes indistinguishable from the sample carbon.
SAMPLE TREATMENT PROCEDURES

Cleaning Macromolecular Samples (M Methods)
This type of sample pretreatment is the most common for purposes of 14C dating. In essence, all
these methods are implicitly based on the assumed presence of a "core" of original, intact material,
with contaminant molecules attached during their depositional history that can be washed off. All
the conventional pretreatments employ a sequence of acid, base, bleach and solvent steps, accompanied by rinse and centrifuge steps.

When will this approach be likely to work? Three causes for success can be identified: 1) when
diagenetic effects are still relatively small; 2) when substances have been applied (e.g., for conservation purposes) that are sufficiently chemically different from the indigenous macromolecule and
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are only present as a mixture, not chemically bonded to the macromolecule, and easily separable in
a physical manner; and 3) when contaminants are present with approximately the same age as the
sample. In this last case, the extent of the chemical interactions between sample and contaminant
does not matter. However, when diagenesis or other chemical processes have led to an intimate
arrangement of both, likely to involve covalent bonds, it becomes probable that the treatment will

not be successful.

Isolating Sample-Specific Parts (S Methods)
The isolation of specific subsections of macromolecules can involve the isolation of monomers, or,
alternatively, of parts of monomers. An example of the latter is the isolation of carboxylic CO2 from
proteins, released from peptide-bonded carboxylic groups by the ninhydrin method (Nelson 1991).
This approach effectively deals with all nonproteinaceous contaminants, and because proteinaceous
contaminants in bone are generally recycled from collagen (which is used by bacteria growing
within bone), the effect of bacterial contamination on 14C dating will be negligible. The main drawback we found is the lack of reliability (mainly variable yields) that make the process less suitable
for routine use. Isolation of monomers can involve the hydrolysis of proteins, followed by the isolation of the amino-acid mixture; in the case of carbohydrate-type polymers such as chitin or wood
cellulose, it would mean the isolation of N-acetyl glucosamine, or glucose, respectively. The isolation of specific single or specific sequences of amino acids means an increasing sample specificity.
Both Stafford (Stafford et al. 1991, 1987) and van Klinken (van Klinken 1991; van Klinken and
Mook 1990) have shown that bone dates can be improved by the isolation of hydroxyproline (Hyp),
although a drawback is that Hyp is not completely unique to collagen (van Klinken, Bowles and
Hedges 1994). The isolation of the specific tripeptides GlyProHyp/G1yProAla has proved successful
in treating contaminated bone samples in our laboratory: theoretically, these peptides represent the
highest achievable specificity, and practically all bone samples can be successfully treated (with the
caveat at the end of this section).
An effort is underway to employ extracts of specific lipid fractions isolated from ancient pottery (at
the Oxford Radiocarbon Accelerator Unit, with R. P. Evershed from Bristol University). The lipids
originate from the cooked foodstuffs, and are isolated by preparative gas chromatography.

Our own main experience is with the isolation of single amino acids (especially Hyp), and with
enzymatic collagen digestion plus isolation of specific tripeptides by high-performance liquid chromatography (HPLC). Both methods are labor-intensive and, for that reason, impractical to apply to
all bone samples that are submitted for dating. Of the two, single amino-acid extractions are the least
reliable and useful in a dating context. We feel that when there are indications of contamination, and
sufficient sample is available, the tripeptide approach is the most reliable, theoretically and practically. In all S methods it is accurate to say that covalently bonded, contaminant carbon is simply discarded, in that sense these methods are absolute chemical strategies when it can be demonstrated
that no contaminant molecule identical to the sample-specific molecule is present in the sample.
Another practical consideration for 14C dating is the difference in theoretical yield between the different types of S approaches: very high yields can be expected for the isolation of monomers from,
e.g., carbohydrates, because the macromolecule consists almost completely of these monomers;
much lower yields are achievable in the case of carboxylic carbon extraction, specific amino acids
or peptides, requiring much larger sample sizes (a minimum of 50 mg collagen is needed). This
excludes some small samples from being treated with this methodology. Also, the financial demands
of these types of extractions (the investment in equipment that is needed, and the high actual costs
per sample due to labor-intensive procedures) are not negligible for most laboratories.
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But even a theoretically perfect strategy does not always work. When the collagenase method was
applied to bog body tissue and bone, very little G1yProHyp could be extracted, although the enzyme
digestion still showed a considerable release of that tripeptide. It turned out that simultaneous with
the breakdown of the bog body collagen, the G1yProHyp (a small molecule) instantaneously complexed with the humic substances that were released by the enzymatic reaction. It was now part of a
complex with the humic acids as the smaller molecule and thus co-migrated with these during the
chromatographic separation. If this re-complexation could be inhibited, the G1yProHyp could be
isolated. Unfortunately, we have so far been unable to achieve this.
STRATEGIES FOR SAMPLE-SPECIFIC OPTIMIZATION OF CHEMISTRY

What are the Criteria for an Effective Chemical Strategy?

>5-10% of samples. This number is rather arbitrary, obviously, but reasonable when we want to curb "overkill" on one hand (e.g., tripeptide extraction
of all bone samples is very costly and time-consuming if only a small percentage of bone samples is contaminated and would gain from such a treatment), and ineffectiveness on the other
(samples come through the chemical cleanup stages insufficiently cleaned).
2. An adequate mechanism to detect problematic samples needs to be implemented. Non-'4C
parameters are not sensitive enough to detect low-level contamination. However, in certain
cases, a particular parameter, or especially combinations of parameters, can be quite effective:
C/N ratios for proteinaceous samples, seeds, charred seeds, and chitin; combined % collagen
yield, %C content of collagen, C/N ratio, and S13C for bone samples; S13C and %C for wood
and charcoal samples can detect most of the contaminated samples. All this data is routinely
generated during sample combustion in a CN analyzer-mass spectrometer combination, and
does not require extra efforts above the ones needed for straightforward sample preparation.
Moreover, the Oxford 14C database is optimized to routinely generate quality control details for
each sample after chemistry and combustion.
3. A distinction needs to be made between the Gaussian distribution of repeat dating results that is
expected as a result of chance effects, and the effects of contamination, but in many cases that
distinction is not easy to make. Contamination resulting in shifts <1 Q between measurements
on chemically differently treated aliquots of the same sample is indistinguishable from measurement uncertainties. When shifts resulting from improved cleanup amount to 3 a or more the
presence of contamination is obvious. Unfortunately, a "gray area" exists between the two categories, and this is the hardest category to deal with. A given shift of 2 a between two duplicates
can be caused by contamination, but can also be a chance effect. In other words, if a true duplicate measurement had been made, similar discrepancies could have occurred. Investigations
such as these need more than just a few measurements to find the causes for 14C discrepancies.
1. The strategy needs to be useful for

Which Methods are Suitable for Which Samples?
We now return to considering the initial divide we made between the different sample types. Carbohydrates generally do not contain components that are sufficiently specific to be isolated for dating.
Only chitin derived from insect, crab and other arthropod exoskeletons consists of arrays of molecules that are themselves sufficiently specific. This means that wood, and similar sample materials
such as paper, plant remains, cotton and linen-in short, all samples that rely on the dating of some
form of cellulose-are not suitable to be treated with S methodology. This is also the case for charcoal and other charred plant remains, but here there is no remaining specific molecule present in the
amorphous carbon of these samples, and only M methodology is possible.
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Proteins are mainly derived from animal and human remains, and are the most suitable class for S
methodology, using a whole range of approaches from the isolation of specific amino acids to the
isolation of large (peptide) subunits. Enzymatic cleavage can be carried out with many different
enzymes that are currently available on a commercial basis. The problem with many non-bone (noncollagenous) samples is that they are usually not supplied in sufficient numbers to warrant the developmental effort. Plant seeds might contain either sufficient protein or specific lipids to isolate specific fractions from; specific lipids are also an option for some plant-derived materials, and also for
burnt bone.

Quality Control of Chemical Pretreatment
In our opinion, most plant-derived materials can be treated only with M methods, the effectiveness

of which may differ from case to case. In addition, a sample quality screening procedure based on
chemical, stable isotope, and other combustion data cannot detect contamination with sufficient sensitivity to an absolute level. However, the development at ORAU of such a screening procedure is
proving quite successful in earmarking suspect samples, especially when a combination of indicative parameters can be employed. The procedure is incorporated into the functioning of our laboratory database, and functions in a semi-automatic manner.
CONCLUSION

of completely removing contamination.
When diagenetic condensation reactions have advanced to such an extent that there is no clear
chemical divide between macromolecule and contaminant within the rearranged molecule, interactions become irreversible. These conditions might occur very locally within macromolecules.
Isolation of specific components (S methods) leaves damaged parts of the sample molecule
behind. In many cases, the cleanup is absolute, depending on how sample-specific the isolated
fraction is (there is no theoretical chance of contaminants ending up in the dated fraction).
Carbohydrate sample types are much less amenable to isolation of sample-specific components
than are proteinaceous samples.
As a workable alternative, for each individual sample type, a suite of quality control criteria can
be developed that will be capable of indicating the presence of contaminants in most but not all
cases. These procedures are especially effective when a combination of criteria can be employed,
and can be incorporated into a laboratory data management system and thus automated.
The detection of contamination through the use of a repeat 14C measurement (for instance, after
an extra cleanup step is added to test its effect) is capable of detecting only the serious cases
(>3 0). It is impossible to distinguish between chance and the presence of contamination when
the discrepancy between two duplicate measurements becomes <2 a.

1. Conventional chemistry (M) methods are not capable

2.

3.
4.

5.
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ATTEMPT TO AFFECT THE APPARENT 14C AGE OF COTTON BY SCORCHING IN
A CO2 ENVIRONMENT
AUSTINLONG
Department of Geosciences, Gould-Simpson 208, The University of Arizona, Tucson, Arizona
85721 USA
ABSTRACT. One explanation for the radiocarbon dates on the Shroud of Turin being younger than the time of Christ is that
the heat from a fire, which scorched a portion of the Shroud, may have affected the 14C content (dates) on the shroud by affecting molecular exchange between the fabric and atmospheric carbon. This report describes a laboratory test on the susceptibility of cellulose, in the form of cotton, to incorporate carbon from CO2 while it is heated in a closed tube with carbon dioxide
until the cotton considerably darkened. To maximize the effect of this hypothetical process, we simulated the shroud material
with cotton that had a 14C level of 0.55 modern (55 pMC, equivalent to 4800 yr), and the atmosphere with pure C02, which
had a 14C level of 1.3 modern (130 pMC). No measurable 14C transferred from the gas phase to the solid phase. The implication of this test is that scorching is an unlikely mechanism to affect the apparent age of cellulose-like material.

INTRODUCTION

Even before the accelerator mass spectrometry (AMS) dating of the Shroud of Turin (Damon et al.
1989), some people were concerned that fire or heat or scorching might affect the radiocarbon dating
of textiles, allowing carbon from atmospheric CO2 to become incorporated in the scorched portions,
thus increasing the 14C level and reducing its apparent age. Only recently has a specific mechanism
been proposed that might allow this to happen (Kouznetsov, Ivanov and Veletshy 1996). Jull,
Donahue and Damon (1996), in response to Kouznetsov, Ivanov and Veletshy (1996), performed
textile heating experiments that revealed no contamination effect. The work reported here was stimulated by discussions with Dr. Garmon Harbottle of the Chemistry Department at the Brookhaven
National Laboratory (Upton, Long Island, New York). The experiments were performed in July of
1986, in anticipation of the actual dating of the Shroud, in order to allay any fears of problems with
the Shroud dating, and dating of any scorched natural fabric material in general, which had been
subjected to heating long after it grew.
METHODS

Materials consisted of cotton grown in 1984 during a United States Department of Agriculture
(USDA) enhanced CO2 experiment in an atmosphere rich in "dead" C02, The cotton was kindly
donated by the USDA.
The present test was set up to optimize the contact of heated cotton with CO2 of "post-bomb" 14C
activity. The cotton was extracted five times overnight in the petroleum-based organic solvent xylene
to remove oils that coat unprocessed cotton. Five grams of the cotton was cut with clean scissors into
8 samples, weighing from 0.55 to 0.78 g each. Split "A", weighing 0.68 g, was cut into 5 pieces;
0.35 g of this was placed into a 30-cm long, 9-mm outside diameter Pyrex® tube, taking up ca. 15 cm
of its length. The tube was evacuated in a high-vacuum system, removing virtually all oxygen.
After evacuation, and while still on the vacuum line, CO2 from combustion of the NIST oxalic acid
14C dating standard (OxII) was added to a pressure of ca. 300 mm. The tube was then sealed with a
torch and removed from the vacuum line. Heating was performed with a Master Appliance Corp.
Model HG 130112-amp heat gun. Different portions of the tube were heated until the enclosed cotton reached different degrees of darkness. The resulting colors ranged from black to light tan; one
cotton plug remained uncharred. The total heating time was 15 min, 10 of which was spent on the
darkest portion of the cotton samples. The temperature ranged up to 350°C. After cooling, the tube
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was broken and the cotton was separated into four fractions according to their degree of scorching.
Each fraction was analyzed for 14C on the TAMS facility.
RESULTS AND CONCLUSION

The 14C contents of the four cotton samples are shown below.

pMC

Lab no.

Appearance

A-4596
A-4597

Darkest Sample, nearly black
"Dark toast" color
Light tan colored
Virtually
no darkening

A-4598
A-4599

Although A-4599 appears lower in
other three samples.

14C

0.551

0.001

0.537

0.014

0.554

0.009
0.009

0.526

than the others, its value is within 2 Q of the average of the

This heating test was unable to add measurable 14C to the cotton. Based on this "worst scenario"
attempt to affect the 14C level in cotton during intense heating, it seems unlikely that the 14C age of
scorched linen or other cellulose (which may have burned long after the plant that produced it grew)
would have been measurably affected by the scorching process.
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AN EXPERIMENT TO REFUTE THE LIKELIHOOD OF CELLULOSE

CARBOXYLATION'
R. E. M. HEDGES, CHRISTOPHER BRONK RAMSEY

Radiocarbon Accelerator Unit, Research Laboratory for Archaeology, 6 Keble Road
Oxford, OX13QJ, United Kingdom

and
G.-J. VAN KLINKEN
Max-Planck-Institut "r Biogeochemie, Sophienstrasse 10, D-07743 Jena, Germany
ABSTRACT. To test the hypothesis that cellulose in linen can be carboxylated at high temperatures in the presence of C02,
water and silver, we heated two aliquots of cellulose extracted from old wood in glass ampoules, adding Ag powder to one
to test its potential action as a catalyst for the carboxylation reaction. AMS measurement of the heated aliquots showed no statistically significant difference in 14C content from the "uncarboxylated" cellulose. We conclude that carboxylation is not a
systematic source of error in the dating of cellulose-containing materials such as the linen in the Shroud of Turin.

INTRODUCTION

Controversy has been recently created by the claim of Kousnetsov, Ivanov and Yeletsky (1996) that
cellulose, in the form of a linen textile, can be carboxylated in the presence of carbon dioxide, water,
and silver at elevated temperatures. This has obvious reference to potential systematic errors in the
radiocarbon dating of the Shroud of Turin (Damon et al. 1989) since the Shroud was known to experience conditions that might have resembled those investigated by Kousnetsov, Ivanov and Yeletsky
(1996). While it is not credible that carboxylation can occur to the extent that it would add or replace
enough original carbon atoms of the Shroud to alter the question of its authenticity (ca. 50% of
atoms would need to be replaced at the time of the Chambery fire to change the date from 600 BP to
2000 BP), the case that it might cause a significant systematic error, not necessarily with the Shroud
date, but also with other dates on cellulosic materials, is worth consideration. The chemical processes proposed are not regarded by all chemists as infeasible. Therefore, we carried out the experiment described below to test as sensitively as possible whether carboxylation might be induced
under the most favorable conditions we could contrive.

The experimental conditions are not a replication of those by Kousnetsov, Ivanov and Yeletsky
(1996) because it is impossible to know how exact the replication must be. We have tried to carry out
an experiment that would give a definite result on its own, but which is relevant to that of Kousnetsov, Ivanov and Yeletsky (1996). The experiment not only invalidates their claims with respect
to the Shroud dating, but also makes a very strong case that the carboxylation mechanism, if it
occurs at all, is very unlikely to make a significant change to the carbon composition of cellulose.
THE CARBOXYLATION EXPERIMENT

We took 5 mg of cellulose extracted from wood known to be growing >45 ka BP. Two aliquots were
taken, one having added a few mg of Ag powder, since this is claimed to have catalytic properties
for the carboxylation reaction. Both aliquots were sealed in glass ampoules in an atmosphere of

1This note was not presented at the Groningen conference, but the editors felt it was an appropriate complement to the pre-

ceding paper on cotton scorching by A. Long.
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modern (14 =130 pc) C02 (2 bar pressure) and H2O (1 bar), and kept at a temperature of 200°C for
24 hr. Slight charring took place. The 14C content of the product was then measured by accelerator
mass spectrometry (AMS), with the following results:
Sample 1: 14C content = 0.33 ± 0.2 pMC
Sample 2 (including Ag): 14C content = 0.41 ± 0.1 pMC
14C content
Previous dating of the extracted cellulose (i. e., before "carboxylation") gives values of
= 0.2 ± 0.1 pMC. The dates of the treated samples are not younger in a statistically significant sense.

DISCUSSION

Under these conditions, without any additional pretreatment of the "carboxylated" cellulose, the
fraction of added or exchanged carbon content from the CO2 was not detectable, the limit being ca.
0.2 pMC. These represent extreme conditions (certainly in terms of CO2 concentration), so that
more likely occasions when cellulose is liable to be in contact with hot CO2 water vapor-with or
without silver-would presumably be less liable to exchange carbon between cellulose and the
atmosphere. It seems that the proposed mechanism can be entirely discounted as a detectable source
of contamination and therefore a systematic error source in 14C dating, not only for the Shroud, but,
more importantly, for many other potential dating situations where cellulose and a degree of conflagration are involved. Similar results, albeit of less sensitivity, from experiments that are basically
similar in their chemistry, have been reported by Jull, Donahue and Damon (1996).
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MICROSCALE AMS 14C MEASUREMENT AT NOSAMS
ANN PEARSON, ANN P. MCNICHOL, ROBERT J. SCHNEIDER, KARL F. VON REDEN
National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) Facility
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543 USA

and
YAN ZHENG

Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York 10964 USA
ABSTRACT. Techniques for making precise and accurate radiocarbon accelerator mass spectrometry (AMS) measurements
on samples containing less than a few hundred micrograms of carbon are being developed at the NOSAMS facility. A detailed
examination of all aspects of the sample preparation and data analysis process shows encouraging results. Small quantities of
CO2 are reduced to graphite over cobalt catalyst at an optimal temperature of 605°C. Measured 14C/12C ratios of the resulting
targets are affected by machine-induced isotopic fractionation, which appears directly related to the decrease in ion current
generated by the smaller sample sizes. It is possible to compensate effectively for this fractionation by measuring samples relative to small standards of identical size. Examination of the various potential sources of background 14C contamination indicates that the sample combustion process is the largest contributor, adding ca. 1 µg of carbon with a less-than-modern 14C
concentration.

INTRODUCTION

The development of techniques for 14C analysis by AMS has greatly reduced carbon sample size
requirements compared to what is needed for beta counting. The 0.5-1.0 mg of carbon now used to
make routine 14C measurements has allowed many fields to take advantage of the opportunities provided by AMS, but there are still some classes of oceanographic and environmental samples that
cannot meet this carbon requirement. At the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility we are seeking a reliable protocol for the analysis of samples that supply
less than a few hundred micrograms of carbon (tgC); this paper describes in detail our approach to
analyzing samples containing no more than 150 tgC.

Although sample size problems can potentially be resolved by adding sufficient diluent carbon of
known isotopic composition, an analysis of the uncertainties associated with this approach suggests
it may not yield results at a useful level of precision. The mass balance equations
mxFx = m5F5 + mdFd

(1)

mx=ms + and,

(2)

and
(where m designates mass, F the 14C fractional abundance, and x, s, and d are the composite, the
sample, and the diluent) can be rewritten as
FS = rxFx

- (rx-1)Fd

,

(3)

where r, = mx/ms is the dilution factor. Propagation of error then results in the following equation,
where a is the standard deviation and measurement precision P E Qm/m:
02Fs =

r zQFx + (1-rx)2OFd + (FX-Fd)2(2P2)r2X
a

b
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Term a dominates the result; the other two terms can be manipulated toward zero by 1) the use of a
14C-"dead" diluent (OFd approaches zero in b), 2) choosing a diluent of isotopic composition identical to the sample (F-Fd goes to zero in c), and/or 3) optimizing measurement precision, P, in c.
Choosing optimal realistic values of P = 0.01, FS - Fd = 0.5, 0Fd = 0.004, 0Fx = 0.005 at 500 µgC,
14C content of the origand QFx = 0.010 at 100 µgC, Figure 1A shows that the calculated error in the
inal sample, 0Fs, is inversely related to sample size, rendering dilution least practical in the size
range where it would be most useful.

Detailed examination of equation (4) clarifies the potential as well as limitations of dilution.
Whereas term c is always small due to the P2 multiple, and term b can be kept artificially small, it is
evident that in a precise formulation of this equation, Q2Fx in term a is a function of the size of the
composite. This creates a potential situation in which the increased uncertainty due to the dilution
factor is partially offset by the better precision obtainable when measuring the larger sample. Figure
1B highlights QFs for a representative 10 µgC sample diluted over a range of rx, where the size
dependence of QFx has been approximated as QFx = 0.06e-0o18Mx and the other variables of equation
(4) are given the same values as in Figure 1A. The improved measurement precision at larger sample
size makes dilution by a factor of 10 just as precise as 5-fold dilution, but uncertainties Ca. 100%o
remain impractical for most applications. Dilution may still be the option of choice, however, for
extremely small, irreplaceable samples for which the risks involved with uncertain graphitization
and AMS performance are too great.

At NOSAMS, we have been working to achieve precise, accurate analysis of small carbon samples
without requiring the addition of a diluent. Here we report our method for preparing graphite targets
containing microgram quantities of carbon along with the results of AMS analyses of standard materials (HOxI, HOxII, Johnson Matthey Electronics (JME) graphite powder, and IAEA C-1 Carrara
marble carbonate) having known-fraction modern carbon (fm), and we discuss the complex issue of
evaluating background carbon contamination during sample preparation and analysis.
METHODS

HOxI and HOxII Standards
At NOSAMS, large batches of CO2 are prepared from NIST Oxalic Acid I (HOxI, fm =1/0.95) and
Oxalic Acid II (HOxil, fmHOxII/fmHOxI =1.2933 ± 0.0004) standard reference materials (SRM 4990B
and SRM 4990C: Currie and Polach 1980; Stuiver 1983) once every two or three years. These standard gases have a minimal associated processing blank due to large batch preparation, and are used
for routine preparation of AMS standards. Subsamples of the 1992 and 1995 batches of these gases
were used to prepare all the HOxI and HOxII small graphite targets discussed in this paper.

Hydrolysis of Carbonates
Six aliquots of CO2 were prepared from a single chip of IAEA C-i carbonate (fm = 0.0000 ± 0.0002
(Rozanski et al. 1992)) to use in evaluation of background carbon added during the graphitization
and target preparation procedures. The CO2 was prepared by H3P04 hydrolysis of a single HCletched C-1 chip and six subsamples were taken of between 1.7 and 4.0 µmol carbon. Because our
interest was in determining the amount of background carbon added during graphitization and target
preparation, a large amount of carbonate was hydrolyzed (>1 mg) relative to the subsamples of gas
taken for analysis. In this way the contribution of the hydrolysis processing blank was minimized
and the CO2 generated is the "dead" analogue to our "modern" HOxI and HOxII bulk standard ref
erence gases.

Microscale AMS 14C Measurement at NOSAMS
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Fig. 1. A. Calculated error 0F, for dilution to a conventional sample size of 500 µgC (a) and for dilution to
100 µgC only (b). B. Calculated error QFs for dilution of a 10µgC sample up to rx =10 using a variable 0Fx
= 0.06e'0018Mx. Increased precision in 0Fx partially offsets the dilution error.
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Combustion Blanks: JME and HOXI Powders
To determine the contribution of blank carbon added to organic samples that must be combusted to
obtain C02, two small aliquots of HOxI powder and five of JME pure graphite (median fm = 0.0002,
>68 kY) were converted to CO2 by standard methods. The CO2 obtained was reduced to graphite
and its fm was compared to the standards' original values. In addition, numerous empty tube com-

bustion blanks were prepared in an attempt to measure directly the organic carbon combustion blank
size and fm.

For combustion, 9-mm diameter Vycor® combustion tubes containing 2 g CuO and 100 mg Ag crystals were pre-baked at 850°C for 5 h. The tubes were loaded with weighed HOxI or JME powder, or
left empty in the case of blanks. The tubes were evacuated, flame-sealed, and converted to CO2 by
a second, identical combustion step. The CO2 obtained from the HOxI and JME samples was purified by passing through an isopropanol/dry ice water trap and was converted to graphite according
to the methods described below.
CO2 from the "empty" blank tubes was quantified for each tube using a variety of methods. The
majority were cracked open and their CO2 purified and quantified on a special micro-manometer

vacuum system. Using this approach, enough gas was obtained to prepare two "pooled blank"
graphite targets, one containing ca. 25 µgC and the other containing ca. 20 µgC. The carbon in six
additional samples was quantified on a HP 5890 Series GC system equipped with a flame ionization
detector (FID). The CO2 from these samples was released into the GC after being trapped on a Porapak® column under pure 02. Helium was the GC carrier gas, and carbon was detected as CH4 by the
FID. Finally, the contents of eight more combustion blanks were analyzed on a Dycor Residual Gas
Analyzer (RGA).

Graphite Preparation
We have adapted the standard reduction procedure as described by Vogel, Southon and Nelson

(1987) for the preparation of graphite samples containing microgram quantities of carbon.
CO2 samples are introduced into small-volume graphite reactors that have geometries similar to the

NOSAMS automated systems, but that have been scaled down to accommodate 6-mm diameter tubing. Graphite is formed in a horizontal 50-mm-long Vycor® tube, while a 75-mm vertical Pyrex®
cold finger is kept at ca. -40°C. The average total reactor volume is ca. 3.5 mL. An excess of H2
(2.5-3.5 H2:CO2) is added to the reactors, and the CO2 is reduced to graphite on twice-cleaned
(400°C for 0.5 h under 0.7 atm. H2, twice), 325 mesh, spherical cobalt catalyst. Co, rather than dendritic Fe, was chosen because it provides a minimum catalyst surface area to volume ratio. This
increases the physical size of the small samples by allowing a Co:C mass ratio of 20-100, the larger
ratios corresponding to the smallest samples. Reaction temperature for reduction varied between
595 and 645°C, until 605°C was chosen as the optimal reaction temperature (see discussion below);
individual temperature controllers regulate each reactor. Reactions are allowed to continue for a
maximum of 6 h, and gas pressure is monitored throughout. Conversion to graphite is calculated as
a percent yield based on the original and final gas pressures within the reactor.
The mixture of graphite and Co is pressed into aluminum AMS targets that have been drilled with
1.0-mm diameter holes. The holes are top-loaded with a compression pin, a layer of silver powder,
and then the graphite mixture.
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RESULTS AND DISCUSSION

Between September 1994 and September 1996 we analyzed a total of five small sample wheels at
NOSAMS, one of which was composed almost entirely of standards containing s150
µgC, for the
purpose of evaluating AMS performance in the analysis of microgram-sized targets. The rest of the
wheels each contained 10-20 specially prepared small HOxI and HOxII standards spanning the
range of sample sizes being analyzed, in place of the usual 1 mg standards. We therefore have raw
data for a total of 51 small HOxI and 32 small HOxII standards with which to assess AMS performance within this size range.

Optimization of Graphite Production Reaction

-

There are many variables that could potentially control the outcome of the CO2
C(gr) reduction;
our goal was to identify and optimize reaction conditions for the most critical of these factors. The
percent conversion of CO2 to graphite was used as a direct index of reaction performance. Preliminary examination of the reaction yield data showed that production of high-quality small samples is
highly sensitive to minor variations in reaction conditions, but the scatter exhibited in the results and
the large number of variables precluded the use of standard regression analysis methods.

Verkouteren and Klouda (1992) have previously demonstrated the utility of bi-level factorial design
analysis in unraveling the complexities associated with graphite preparation. A preliminary inspection of our data suggested which variables were likely to be the most significant controls on the
graphite reaction. A two-level, 23 factorial design was applied to determine the relative dependence
of reaction yield on temperature (T), carbon:cobalt ratio (R), and H2:C02 ratio (H). The assumption
had been made that a fourth variable, the sample quantity (Q), has a positive correlation with reaction success-large samples are easier to reduce. To test this assumption, we added the effect of size
on reaction yield, creating a 24 factorial.
The 23 matrix [T x R x H] and the 24 matrix [T x R x Q x H] were calculated using a table of contrast
coefficients (equivalent to Yates' algorithm) (Box, Hunter, and Hunter 1978). Data from our first
batches of small HOxI and HOxII standards were divided into two levels, (-) and (+), around the
median of the range of each variable (Table 1); data whose analytical error crossed the median were
eliminated. The 46 acceptable samples were distributed fairly uniformly among the 8 categories of
the 23 matrix (min{n1} = 3). The result of the 24 matrix is less robust due to a lack of replicate data
points for many of the 16 run categories. In both cases error bars are calculated from a pooled estimate of run variance. Results of the factorial analyses (Fig. 2) confirmed qualitative trends that had
been observed in the data: reaction yield improves at lower temperatures and larger samples favor
better yields. Cobalt-catalyzed reduction appears to be more successful at temperatures below
608°C, lower than the 625°C normally employed when using dendritic Fe. Since this discovery, we
have adopted 605°C as our reaction temperature when preparing small samples on cobalt. Yields are
routinely >90% under these conditions. We have no direct evidence of the mechanistic effect the low
temperature has on the system, but one possibility includes partial inactivation of the catalyst surTABLE 1.

Factorial Analysis Parameters
Median

Variable

Temperature (T)
Carbon : Cobalt (R)
H2: CO2 (H)
Quantity (Q)

608°C
59.2 µgC/mg Co
3.20 (mol: mol)
40 µg C

(-)
s606
s58.8
s3.16
s39.6

240.4
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studied,
face at higher temperatures. Variation in H is not significant over the small range of values
and the slight negative dependence on R is probably unimportant as well.
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Microscale AMS 14C Measurement at NOSAMS

67

AMS Performance of Small Samples
Since we are interested in determining AMS performance under conditions of reduced carbon ion
beam intensity, all the isotope ratio data reported here have been compared to measured 12C ion current (I12) rather than sample size. The I12 beam is measured in a Faraday cup after the 110° spectrometer magnet, after being chopped by a factor of ca. 95. The currents shown are electrical currents of
the 12C3' ions; particle currents would be 1/3 of these values. Figure 3 shows that I12 is a reasonable
proxy for sample size, and we believe that the precision of the measured isotope ratios is likely to be
related more directly to I12 than to the overall sample size. Both I12 and measured isotope ratios are
also found to be time-variant within the accelerator as discussed below, a further indication that bulk
sample size is not as informative a performance index as is the measured I12
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Fig. 3. Observations showing that the 12C current measured for small samples varies with size,
according to the approximate relationship I12 = 0.9M. M = mass of carbon in micrograms; I12 =12C
current in nanoamperes.

Figure 4 shows the dependence on current of the "C/12C ratios obtained for small standards. Individual time-point measurements obtained for each target are compared to the average isotope ratios
of HOxI and HOxII standards of regular (1 mg) size that were included in the small-sample wheels.
These data represent an average of 4 min per point (roughly 103 counts), with 3-6 points recorded
per standard. Three samples that failed to generate any stable, measurable current have been
excluded. These contained <10 µgC, and are defined as "AMS failures". Both HOxI and HOxII
small standards show a characteristic decrease in "C/12C below 100 µgC, a relationship that has
been observed previously by Klinedinst et al. (1994), Brown and Southon (1997), and other groups.

Concurrent AMS measurement of the 13C/12C ratio for small standards also shows apparent fractionation at lower sample currents, although the relationship is somewhat less pronounced for 13C than
for 14C. It is possible that instrument tuning affects 13C detection differently than it affects 14C, and
therefore generates a slightly less uniform relationship between 13C and I12. Figure 5A shows the
difference between the AMS-measured S13C for small HOxI and HOxII standards and the pre-
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graphite S13C values of the CO2 from which they were prepared (measured on a VG Prism stable isotope mass spectrometer). The difference is expressed as D813C = 813C 5 - 813Cvo. The VG Prism
S13C values for HOxI are -19.0 to -19.3%o and for HOxII, -17.6 to -17.7%o.
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Fig. 4. Dependence of the measured
samples on the generated 12C ion current. Ratios have been normalized to average values
obtained for HOxI and HOxil standards of conventional size.
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Fig. 5. A. 13C fractionation of HOxI and HOxII small samples as a function of the generated 12C
ion current for all discrete time points. B. A813C and 112 variation within samples as a function of
elapsed measurement time.

There are several potential reasons for the observed isotope ratio dependence on sample size. Explanations that invoke fractionation or contamination during the graphite production step are among the
more popular candidates. Van der Borg et al. (1997) showed that fractionation can occur during the
graphitization process: reactions that failed to reach completion produced graphite that was depleted
in 14C and 13C, and left residual CO2 that was isotopically enriched. However, examination of our
yield data indicates there is no apparent correlation between percent conversion of CO2 to graphite
and the isotope ratios subsequently measured during AMS analysis. This argues against a fraction-
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ation effect induced during any phase of the sample preparation. Similar results have also been
obtained by McNichol et at. (1992).

Another possible explanation for the decrease in isotope ratios is the addition of a background carbon contaminant during graphite production or during analysis of the AMS targets. Data published
by Brown and Southon (1997) for a very similarly behaving suite of small standards indicate that
our source of contamination, if any, may be independent of sample size. They suggest carbon contained within the catalyst matrix or residual carbon in the AMS ion source. At NOSAMS, 14C"dead" graphite measured immediately following modem samples fails to show significant sample
crosstalk or other problems inherent to the source. We believe it is also unlikely that the isotope
ratios are being altered by the presence of large amounts of background carbon within the Co catalyst. This is based on observation of instances when isotope ratios and 12C currents co-vary within
individual samples (Fig. 5B). If background carbon were incorporated within the sample during processing or were contained in the Co matrix, a time-series plot would be expected to show a constant
or randomly varying isotope ratio over the course of analysis, not the systematic decrease in isotope
ratio we have observed for these and many additional samples. The OS13C and I12 changes in Figure
5B appear to be a function of elapsed measurement time. These data suggest that the effective fractionation we have observed is primarily a function of machine conditions, not the result of isotopically light carbon incorporated uniformly within the sample during preparation.
Support for this hypothesis comes from consideration of the differing beam dynamics at high and
low current levels. Instrument tuning is always carried out using 1-mg standards. The current beams
generated by these large targets have a correspondingly higher beam divergence than do beams generated by small samples, due to increased Coulomb repulsion in the presence of higher space charge
density. The instrument is tuned to compensate for the fractionation induced within the large sample.
Because Coulomb repulsion affects lighter isotopes more strongly, it is possible that 12C detection is
less efficient relative to 14C detection for large samples, but that the detection difference may be less
pronounced for low-density small samples. The net effect would be an apparently lower 14C/12C
ratio for small samples. While this argument is qualitative, it provides a physically plausible mechanism for the observed effects. (Details of the beam dynamics model can be found in von Reden et
al. (1998).)
At NOSAMS, we have found different explanations for the sources of background contamination
and fractionation than have previously been identified by some of the AMS groups mentioned in the
above discussion. This points to the need for individual AMS facilities to conduct independent and
thorough evaluations of their analytical procedure, because it is likely that the results will display
characteristics unique to each facility.

Compensation for Machine-Induced Fractionation: Accuracy of HOXI and HOxII fm Results
It is apparent from the preceding discussion that machine-induced fractionation effects are an

important constraint on the accuracy of small-sample measurements. The significant correlations
between I12i14C/12C and AS13C might allow a 14C correction factor model based on 112 and/or M13C.
For example,14C/12C could be corrected using the assumed exponential relationship to I12, but the
true relation is clearly more complex and remains unknown. Instead we have attempted to assess the
level of precision and accuracy that can be achieved by matching samples with identically prepared,
size-matched small standards to provide machine-based compensation for isotopic effects. The standards and adjacent samples are expected to behave similarly with regard to time-variant machine
conditions and tuning. The fm values calculated relative to these standards no longer show a sizedependent fractionation.
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To confirm that this approach is effective, 28 HOxI and HOxII standards ranging from 2 to 71.tgC
were analyzed in descending order of size on a single AMS wheel devoted to assessing small standard performance. Their 14C/12C ratios relative to 1-mg standards are part of Figure 4, where isotopic fractionation is apparent.

The data from the wheel were then reanalyzed by the NOSAMS automatic data analysis program
(Seguin et al. 1994) by carefully rotating the 28 targets through 4 permutations of the classifications
"sample" and "standard". Analysis #1 computed fm values for 17 "samples" relative to 11 designated HOxI and HOxII "standards" chosen randomly throughout the wheel. Analysis #2 computed
fm values for "samples" relative to a different subset of randomly selected HOxI and HOxII "standards". Analysis #3 designated all 8 HOxII targets as "standards", while analysis #4 designated 8
similar HOxI targets as the "standards". This scheme was implemented to remove as much bias as
possible from the analysis procedure, while generating at least two, and usually three, fm values for
each target. The NOSAMS data analysis program made this possible through built-in flexibility that
allows any AMS target to be designated a "standard" if desired.
The fm results from this approach were averaged for each sample (Fig. 6). The error bars shown are
the standard deviations of the multiple results for each sample, unless this value is smaller than the
Poisson error calculated based on the number of 14C counts, in which case the Poisson error is
shown. The HOxI targets yielded an average fm =1.048 ± 0.018; the HOxII targets averaged fm =
1.363 ± 0.018. Neither set of standards, when analyzed in this way, shows any apparent size dependent fractionation effect. Based on this outcome, the NOSAMS facility has begun routinely analyzing microgram samples relative to size-matched small standards to minimize size-related fractionation effects.

The three samples that "failed AMS" as defined above are not included in Figure 6, as they gave no
measurable ion current. At NOSAMS, very few conventional filamentous graphite targets containResults For HOxI and HOxU Small Standards
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Fig. 6. Results obtained for HOxI and HOxII small standards when fm values are calculated relative
to adjacent small standards of similar size. A = sample for which Poisson error was used.
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ing <10 µgC have generated a sustained ion current, and when current is produced the isotope measurements are greatly affected by the internal fractionation effects mentioned above. For this reason
we try to maintain a minimum sample size of 15-20 µgC to increase the probability of a successful
measurement.

Contribution of Background Carbon in the Analysis of Small Samples
To evaluate further the contributions of background carbon, and to increase our confidence that the

machine effects discussed above were not due to carbon contamination, we performed several additional analyses.

Machine or Source Blank
Measurement of pure JME powder is routine at NOSAMS for assessing and correcting for machine
background on every wheel that is run. The JME data on average indicate a machine background 14C
level of 0.0002 fm. This value represents the total number of scattered particles such as 13C2+, 7Li2
dimers, and true 14C3' ions from internal contamination, all normalized to I12 output. A "memory"
effect between samples has never been seen. 14C "dead" standards measured between modern samples show no contamination, nor was any effect observed when samples containing five times modern 14C concentration were inadvertently run on the machine.

Graphitization Blank
Background carbon added during graphite production can be ascertained by preparing small graphite samples from large batches of CO2 (Vogel, Nelson and Southon 1987). In this way, sample processing blanks are minimized and the CO2 used in graphite preparation is assumed to reflect the true
composition of the standard reference material. This principle was applied for preparation and analysis of the HOxI and HOxII standards discussed above. The observation of intra-sample isotopic
variability in the HOxI and HOxII targets argues against a large 14C dead blank being uniformly
incorporated during sample processing. Because it is also possible that a substantial modern carbon
equivalent bank is incorporated during graphite preparation, six IAEA C-1 samples were included
on the wheel devoted to analysis of small standards. These targets were the "dead" carbon analogues
to our "modern" HOxI and HOxII small targets. Within the precision of the determination, the
cumulative blank associated with cobalt-catalyzed reduction and AMS target preparation is ca. 0.12
µgC equivalent modern carbon (Fig. 7). This is nearly indistinguishable from one of our two JME
graphite powder reference materials (JME D24B28).
Combustion Blank

Most small samples that we anticipate analyzing are from organic carbon sources and require combustion to CO2 prior to graphite preparation. This represents an additional processing step that could
contribute significant amounts of background carbon to the samples. We have taken several
approaches to assessing both the quantity and fm of the carbon introduced during the combustion
process.

The first approach involved preparation of a bulk combustion blank for direct analysis by AMS. The
CO2 obtained from combustion of multiple "empty" Vycor® tubes was quantified using a small-volume vacuum line and manometer. The tubes yielded 0.16 ± 0.09 µmol gas on average (range 0.080.33) for batch #1, prepared in 1995; and 0.08 ± 0.02 µmol gas on average (range 0.05-0.14) for
batch #2, prepared in 1996. The gas in batch #1 likely contains a large fraction water vapor, as the
vacuum line was flushed with H2O-saturated N2 between cracking three of the individual tubes.
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Fig. 7. Graphitization blank as measured for IAEA C-1 carbonate.

Those three tubes subsequently yielded an average of 0.23 µmol gas each. Multiple water traps were
used for purifying the samples in the second batch, and the vacuum line was allowed to pump down
at room temperature for 45 min between cracking each sample. The largest difference between the
gas collected in the two batches is probably the average amount of water vapor contained in each.
For each batch, the CO2 was then combined to form a bulk combustion blank sample containing ca.
20 µgC for batch #1 and 25 µgC for batch #2. While this method of measuring the 14C content of the
combustion blank obscures variability between samples, its advantage is that it allows a direct,
rather than modeled, estimate of the blank's fm. AMS analysis of the graphite prepared from these
samples in both cases indicated that the combustion blank is not primarily composed of modem carbon. Batch #1 had a composite fm = 0.379 ± 0.012 and batch #2 had fm = 0.250 ± 0.013.
Because manometric determination of the gas obtained from the individual combustion blank tubes
was considered uncertain, especially on the first set of attempts (batch #1), two additional
approaches were taken to assess the size and chemical composition of the combustion blank. The
C02 from six tubes was measured by gas chromatography as an alternative, carbon-specific method
of determining the combustion background. Quantification was based on the ratio of peak area to
that of a standard volume CO2 injection. The six samples yielded 0.08 ± 0.02 µmol C, in good agreement with the more precisely prepared manometric batch #2 samples. The total gas composition of
eight combustion tubes was also examined using a Dyror RGA, since it is reasonable to assume CO2
and H2O are not the only products of the combustion process. The results indicated that in addition
to CO2 and H2O, minor amounts of CO and N2 may contribute to the total gas generated in an empty
combustion tube.

A completely independent approach to assessing the organic carbon blank is possible through combustion of small quantities of standard materials of known isotopic composition. Toward this goal,
we have combusted a few small HOxI powder and JME graphite samples and converted the CO2
into graphite for AMS small-sample analysis. The graphite prepared from these small-batch com-
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bustion standards appears to confirm that the combustion blank is not primarily composed of modern carbon. The fm measurements of these targets are not significantly different from values predicted by a simple mass balance model that incorporates the 0.08 µmo1C, 0.25 fm blank carbon
contribution. Model curves can also be fit to the data to provide an independent estimate of the blank
contribution. However, accurate determination of the appropriate fm may be difficult using this
approach, as the measurement error increases greatly for samples smaller than 20 µgC.
CONCLUSIONS

At NOSAMS, preparation and AMS analysis of samples containing 10-150 µgC has exhibited an
encouraging level of success. These results have promising implications for several oceanographic
and environmental research areas, including the pore water carbon cycle, oceanic dissolved organic
carbon studies, and molecular-level 14C analysis. All are areas in which available sample size has
been the main limitation on the use of 14C AMS.

of CO2 can be converted reliably into high-quality graphite for AMS. Reduction is carried out over cobalt catalyst at 605°C in small-volume reactors. The reaction appears
especially sensitive to temperature, showing a decrease in reaction yield at high temperature.
2. AMS targets containing s150 µg C are prone to machine-induced isotopic fractionation, which
appears directly related to the lower levels of carbon ion current generated by these samples.
This may be caused by inherent limitations in the instrument design and tuning capabilities of
the NOSAMS accelerator.
3. Carbon contamination within the NOSAMS source does not appear to be significant enough to
affect the outcome of small-target analyses; neither does addition of modern-equivalent carbon
during the graphitization process. Time-variant data for HOxI and HOxII targets is evidence
against the addition of a large amount of "dead" carbon during graphitization, although
amounts equivalent to less than the machine fractionation effect may be present. Carbon added
during the combustion of small organic samples is still under investigation, but preliminary
work indicates this blank is ca.1 µg and has significantly less than modern 14C concentration.
4. It is possible to compensate effectively for machine fractionation and blank carbon contributions by measuring small samples relative to size-matched small standards. There are two possibl options for preparation of the small standards: reduction of small splits of a large, homogeneous gas standard, or combustion and subsequent reduction of individual small aliquots of
the original standards. When analyzing small, combusted organic samples relative to small
HOxI and HOxII standards, choosing the first option requires a subsequent blank correction to
the sample fm, while the second option would eliminate this correction. Because it is more difficult and less\time-efficient to prepare individually combusted standards of precise mass, we
continue to perform our routine analyses with small splits of a large standard and then apply a
separate combustion blank correction. Small HOxI and HOxII standards measured relative to
each other using this approach no longer show a size-dependent isotopic fractionation.
1. Small quantities
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AN ATTEMPT AT ABSOLUTE 14C DATING
JACOB SZABO,1 ISRAEL CARMI,1 DROR SEGAL2 and E UGENIA MINTZ2
ABSTRACT. The accepted state-of-the-art 14C dating method relies on calibration curves to determine initial 14C levels in a
sample. The paper reconsiders the basis of 14C dating and offers a possible alternative that eliminates the need to employ calibration curves. The idea is to measure the level of radiogenic nitrogen atoms retained in the sample molecules after 14C
decay. The practicality of this alternative method still has to be proven.

-

INTRODUCTION

Despite the spectacular achievements of 14C dating in the past and present, it looks like future development of the technique will reach an impasse. The true age of many samples will not be known,
even though the most advanced technology and the most rigorous working procedures are
employed. The reason lies in the erratic behavior of the calibration curve, which in many cases may
transform a narrow 14C age range into a broad one, or even into several different age ranges. This
phenomenon is inherent to the accepted, state-of-the-art dating method, and no amount of procedural refinement can eliminate it. This limitation led us to reconsider one of the cornerstones of
today's method, the very need to employ a calibration curve.
THEORY OF 14C ABSOLUTE DATING

It is well known that other isotopic dating methods (such as U-Th) have no need to determine the initial radioactive isotope level and therefore do not employ a calibration curve. By using the daughter
(D) to parent (P) isotope ratio at the present time, CD/CP, the age of a sample is easily determined
by the formula

Age = 1Qn 1+CD

(1)

P

where the only assumption is that no daughter isotope was present at time zero (Fig. 1).
The use of absolute dating can solve the particular problems encountered in several age ranges, most
notably during Iron Age I (Pearson and Stuiver 1993). Notice in Figure 2 the 12% difference
between the values of CD/CP at the beginning and the end of that problematic period.
There is, however, a "minor" problem that has to be solved before we can give up so easily on the
14C calibration curve. The daughter isotope
of 14C is 14N, one of the most abundant isotopes on Earth
and also a gas. These facts make it seemingly impossible to determine the level of the radiogenic
nitrogen (14N atoms in a particular sample originating from 14C), assuming that they did not leave
the sample altogether long ago. However, nature does offer us a glimmer of hope. Due to the relatively low energy involved in the 14C 3-decay, there is a good chance that the 14N atom will remain
bound to its parent molecule. The recoil energy, ER, associated with 1- emission is given by

E= E(Ms2M+ Mo) <6.9 eV
R

'

(2)

R
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where

E = the energy of the

particle (up to 155 keV for 14C);
M = the relativistic mass of the particle;
Mo = the rest mass of the 3 particle;
MR = the mass of the recoil 14N atom.
f3

1

To assess whether the kinetic energy of the recoil might be sufficient to cause bond rupture, we compare listed carbon atom bond energies, which are usually higher than 2 eV, to the internal motion
recoil kinetic energy EK, which is inversely proportional to the molecule mass M.
(
EK = ERmM14C)<

14

6.9M

.

(3)

Wolfsberg (1956) treats the subject rigorously, concluding that the kinetic energy of recoil may be
insufficient to cause bond rupture in many compounds. On the other hand, bond rupture may be
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caused by disturbances in the arrangement of the orbital electrons. Theoretical calculations of bond
rupture probabilities by quantum-mechanics methods become more difficult as the number of atoms
in the molecule increases. Raadschelders-Buijze, Roos and Ros (1973) conclude, after some general
computer simulations, that the electronic part of the transition probability from parent to daughter
molecule is almost independent of the molecular structure and of electronic factors like aromacity.
On the other hand, the direct environment seems to be a significant factor in determining the bond
rupture probability. For purposes of the following discussion, we define retention probability (RP)
as (1- the bond break probability).
We found that 19 different molecules have been tested for bond rupture and all of them showed significant RP's (Table 1). The results seem to support the conclusion that RP is independent of molecular structure. Thirteen out of the 19 were measured at the Radionuclidencentrum at the Free University in the Netherlands in the mid-1970s. Since then, this not very well known area of radiation
chemistry has been dormant. The experimental method, described in Wolfgang, Anderson and Dod-

son (1956), includes double labeling of compound molecules by two radioactive atoms, one of them
14C and the second either 14C or tritium. The compound is then placed in storage for several years to
allow for significant decay of 14C. The daughter molecules are then separated and quantified by
counting their 14C or tritium activity.

Measurements of 19 Molecules Tested for RP
RP
Parent compound Retention product (%) Reference
Wolfgang, Anderson and Dodson 1956
47
Methyl amine
Ethane
Snell and Pleasonton 1958
81.4
(NO2)+
Carbon dioxide
Manning and Monk 1962
96
Aniline
Toluene
Manning and Monk 1962
N-methyl aniline 80
Ethylbenzene
Nefedov et al. 1963
65
Glycine
Succinic acid
Skorobogatov and Nefedov 1966
58
Pyridine
Benzene
Den Hollander, van der Jagt and van Zanten 1975
49
Pyridine
Benzene
Den Hollander, van der Jagt and van Zanten 1975
50
Ethylamine
Propane-114C
Den Hollander, van der Jagt and van Zanten 1975
57
Dimethylamine
Propane-214C
Den Hollander, van der Jagt and van Zanten 1975
47
Ethylene imine
Cyclopropane
Den Hollander, van der Jagt and van Zanten 1975
52
Piperidine
Cyclohexane
Two naphthalene molecules
van der Jagt, Den Hollander and van Zanten 1975
95

TABLE 1.

82

van der Jagt, Den Hollander and van Zanten 1975

90

van der Jagt, Den Hollander and van Zanten 1975

59

van der Jagt, Den Hollander and van Zanten 1975

48

van der Jagt, Den Hollander and van Zanten 1975

92

van der Jagt, Den Hollander and van Zanten 1975

92

van der Jagt, Den Hollander and van Zanten 1975

67

van der Jagt, Den Hollander and van Zanten 1975

Four tetrahydronaphthalene molecules

Two decahydronaphthalene molecules
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FROM THEORY TO PRACTICE

In theory, then, even though we are dealing with a very difficult to detect daughter isotope, by
searching for the daughter molecule instead, we may still be able to quantify it. With the theory quite
well established, we attempted to determine its practicality. First, we realized that the amounts of
material we are searching for are at the very limit of the latest detection capabilities. Even assuming
100% RP, because the ratio 14C/'2C is on the order of 1012, the concentration of daughter molecules
in the tested material will be on the order of 1013 to 1012. (The exact value is obviously age-dependent.) Second, at such low levels background control becomes crucial and definitely not trivial. It is
this second point that we decided to investigate first. To determine N background levels, we tested
two of the most popular sample materials, cellulose and calcite. By standard procedures we prepared
two samples of calcite from land snails, one ca. 5000 yr old and one modern. The modern snail was
Levantina caesarea, which is known to have a relatively low organic fraction (canchiolin). Sodium
chlorite was used on both, to remove all organic material. The cellulose sample was taken from the
TIRI cellulose supplied by the IAEA (Rozanski et al. 1992).

The samples were submitted to a gas chromatography (GC) detection system. We used the most
advanced nitrogen detection system available in Israel, the model 610 nitrogen analyzer, a product of
the Thermo Electron Corporation. In the "nitroso mode" the system can detect all molecules containing NO. As feared, both samples showed levels much higher than 10'12 of NO-containing molecules.

Next, we tested the calcite samples in the Weizmann Pelletron® accelerator. By focusing on a specific NOx ion, we were hoping to rid ourselves of the high neutral NO-containing background. We
measured the concentration of NO and N02 ions, while the test of N03 concentration was set for
a future date. Again, the concentration of NO, ions in the calcite was found to be much higher than
10'12. Atmospheric NOX contamination was the probable cause.
In our last experiment, we analyzed crude petroleum in search of exotic molecules created by the f3decay of 14C in common molecules. The hypothesis is that during the genesis of petroleum, spanning
many millions of years, there are 3-decays in 14C atoms, but the new structure is stable enough to
allow for an unchanged path of genesis. Hence, we may again expect the ratio of molecules containing radiogenic nitrogen to the common molecules in crude oil to be on the order of 1013 to 1012. A
good review of the origin and formation of organic matter in sediments is given in Huc (1980). The
general term for N-containing molecules in petroleum is "nitrogen bases" or azaarenes. A thorough
process of identifying nitrogen bases was performed in several laboratories, and the result points to
an order of magnitude of 10'4 for the overall concentration of these molecules in petroleum. This
number suggests a direct path for the genesis of nitrogen bases from the N-containing proteins of
decaying dead organisms' bodies.

For our analysis, we chose naphthalene, a common petroleum molecule (2% w/o) and the N-containing parallels, quinoline and isoquinoline. Quinoline is one of the more abundant nitrogen bases,
whereas isoquinoline is apparently absent (Schmitter et a1.1984). This means that quinoline originates from proteins whereas isoquinoline, if present, is below the detection limit. In that case, any isoquinoline molecules are probably the daughter product of a 14C-containing naphthalene structure.
Because isoquinoline is such a rare molecule, we were confident that background would cause no
problem.
With the aid of the same GC system, this time in its "nitrogen mode", which is used for drug detection, we determined the detection limit for quinoline as 5x1010 molecules (Figs. 3 and 4). The detection limit for isoquinoline is similar. This means that, by isolating nitrogen bases from an amount of
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petroleum containing from 5x1022 to 5x1023 molecules of naphthalene, we may reach the detection
limit for isoquinolines. The respective amounts of petroleum should be from 0.5 to 5 kg.

sec
Fig. 3. Chromatogram of pure acetone solvent
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Fig. 4. Quinoline peak shows at dotted line 1(t = 2.252 sec)

For our research, we selectively isolated the nitrogen bases from a 200-g sample of crude oil, by the
procedure described in Schmitter et al. (1983). The amount processed puts us below the detection
limit; however, in this preliminary study we were more interested in proving our ability to isolate
nitrogen bases and also in testing the performance of the GC system. As it turns out, the system, with
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its fixed settings, does not have the resolution power to discriminate between the abundant quinoline
and the scarce isoquinoline. Figures 5 and 6 show the individual peaks of the two molecules; Figure
7 shows one combined peak when they are mixed (90% quinoline and 10% isoquinoline).
w

Fig. 5. Quinoline peak at dotted line 1(t = 2.276 sec)
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Fig. 6. Isoquinoline peak to the right of dotted line 1(t = 2.600 sec)

CONCLUSION

We believe that the theoretical background for seeking the daughter products of 14C f3-decay is firm
and that it constitutes an adequate incentive for future research aimed at discovering, for the first
time, radiogenic nitrogen at natural concentrations. 14C-labeled cellulose and calcite have to be
researched to determine the daughter molecules, and analytical methods in addition to chromatography have to be adapted to detect these molecules at such low levels. An attempt should also be

made to detect the radiogenic nitrogen in meteorites. Based on Suess and Wanke (1962), there are
meteorites with a 14C activity of 56 dpm kg-1. The activity is a function of level of exposure to cosmic radiation. A meteorite having such a level of exposure for 109 yr may have a concentration of
radiogenic nitrogen 2 to 3 orders of magnitude higher than samples originating on earth. Rapid
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Fig. 7. The combined peaks of quinoline and isoquinoline at dotted line 1(t = 2.456 sec)

advances in ultra-low-level detection techniques will open the way to the detection of the array of
organic molecules containing radiogenic nitrogen. Those exotic molecules do exist and are just
waiting for the right technology to be counted. Once they are quantified, absolute i4C dating
becomes a reality.
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THE CARBONATE 14C BACKGROUND AND ITS COMPONENTS AT THE LEIBNIZ
AMS FACILITY
MARKUS SCHLEICHER, PIE TER M. GROOTES, MARIE JOSEE NADEA U and AXEL SCHOON

Leibniz-Labor "r Altersbestimmung and Isotopenforschung, Christian-Albrechts-Universitat
Max-Eyth-Str.11-13, D-24118 Kiel, Germany
ABSTRACT. After routine accelerator mass spectrometry (AMS) radiocarbon dating had been established at the LeibnizLabor with the completion of systems for CO2 production, graphitization, and target making, a systematic investigation was
conducted to find the sources of 14C concentrations observed in background materials. We quantified the contributions of the
AMS-system, the reduction, CO2 production from carbonate, carbonate contamination, and combustion. Carbonate contamination appears to be the dominating factor. Improvements in the pretreatment of foraminifer carbonate have led to the elimination of most of this contamination.

INTRODUCTION

In September 1995, the Leibniz Labor fur Altersbestimmung and Isotopenforschung accepted its

HVEE Tandetron accelerator mass spectrometry (AMS) system for 14C measurements. Since then,
>1500 unknown samples of a wide variety of materials have been measured. Our laboratory and
AMS system were described at the Tucson AMS conference (Nadeau et al. 1997). Central issues in
our laboratory over the past year have been 1) how to simplify our sample processing and increase
its output to match the required measuring throughput (see companion paper by Nadeau et al.), and
2) how to minimize sample contamination and the 14C processing laboratory blank. A low 14C processing blank is a prerequisite for measuring very old and/or very small samples. Especially, the
possibility of dropping the required sample size from the present standard value of 1 mg of carbon
to, for example, 0.1 mg, would be a great boon to paleoceanography, atmospheric trace gas studies
and the dating of archaeological materials. We therefore systematically investigated the different
contributions to our overall background as measured in our AMS system, starting with the AMS
system itself, and working back through the different steps such as reduction, CO2 production, and
chemical sample pretreatment. In this we follow procedures similar to Vogel et al. (1987) and Beukens (1990). Vogel et al. divided their AMS 14C background in three components, viz., 1) in-situ
sample contamination, 2) contamination during sample preparation, and 3) AMS system background. In addition to our current blank and background values, we will discuss the decrease in
reduction system memory that resulted from the shift to metal valves in our new system (Nadeau et
a1.1998).

Background, Blanks and Contamination
We define machine background as ions detected in the 14C window when a target containing no 14C
is being sputtered. Since we cannot know for certain if a particular background target is 14C-free,

those measurements only produce upper limits for the machine background. Blank values describe
the 14C added to a sample during the different processing steps in the laboratory. Assuming that the
amount of 14C added is a system/process property (that may be influenced by a memory of the previous sample), one can quantify these contributions by varying the amount of sample carbon. Contamination covers the admixture to the sample of carbonaceous material with a 14C concentration
different from that of the original sample material. This includes in-situ production. Careful sample
selection and proper procedures of sampling, storage, and mechanical and chemical sample treatment can minimize the contamination problem. Figure 1 shows a breakdown of the 14C concentration measured in a hypothetical "background" sample into different background, blank, and contam-
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ination components. We discuss below tests quantifying a number of these components in our
current AMS operation.

0.40 pMC
7

mg C
0.3 pMC

4mgC

0.17 pMC

0.14 pMC

0.09 pMC
1 mg C

0.03 pMC

Fig. 1. Breakdown of the background of a 14C measurement in its components, expressed as a percentage of the
modern standard 14C concentration
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Machine Background
We tested the background of the AMS system using a pure graphite

powder with a very low 14C concentration, kindly supplied by our colleagues from the Woods
Hole NOSAMS facility (cf. Nadeau
et al. 1997). This powder can be pressed directly into the target
holder, which eliminates all but storage and pressing as possible blank contributions. It consistently
gives the lowest 14C concentrations
we observe in any target, and is measured weekly to check the
level and stabilityY of the machine
background. These measurements yield a background of 0.03
0.015 pMC, equivalent to 65 ka 14C,
similar to machine backgrounds reported for other AMS systems
(e.g., Vogel et a1. 1987' Beukens
1990; van der Borg et al. 1997; Kretschmer et al. 1997; Kirner
et al. 1995; Grootes et al. 1986;
Gillespie and Hedges 1984).

t

Beam stops inserted at the mid-section of the recombinator (Nadeau
et al. 1997; Fig. 1 allow the
breakdown of this background into counts from the scattering of ions
that reach the accelerator via
the mass-12 or mass-13 path, and ions that follow mass 14 (12CH2, 13CHj
, under otherwise normal
operating conditions. No counts were observed in the detector over a
40-min period when the mass
13 and 14 paths were blocked, while a normal 12C- beam was injected
into the accelerator. This puts
an upper limit of 0.0013 pMC, equivalent to 90.5 ka 14C if one
count had been observed, to the combined background contributions of mass-12 charge exchange/scattering
and electronic noise. Blocking only the mass 14 beam, four counts were detected in a 67-min
period, resulting in a background
of 0.0031 pMC and equivalent age of 83.4 ka. This is similar to the observations
of Beukens (1990).
The observed 0.03 pMC machine background is thus for ca. 90% made
up by contributions from
mass-14 charge exchange/scattering and true 14 C. These contributions
appear to be of similar magnitude but will vary with the degree of contamination of the ion source.
As stated above, the 0.03
0.015 pMC is an upper limit for the machine background, since the
carbon
powder may also contain
some residual 14C, and additional 14C may have been introduced during
storage and target pressing.
Blanks: Reduction System and CO2 Extraction from Carbonate

t

To determine the blank contribution of our reduction and carbonate
systems (Nadeau et al.1998
we converted varying amounts of Carrara marble (IAEA standard C-i;
8-45 mg) into CO2. From
each extracted CO2 gas sample, an amount corresponding to ca.1 mg of
carbon was ra hitized in
the reduction system and pressed into a target under identical conditions.
From a linear fit of the

measured 14C concentrations versus the inverse of the carbonate mass
(Fig. 2), we obtain a y-axis
intercept of (0.091 0.009) pMC, equivalent to the reduction system blank
+ machine background
for an "infinitely large" sample, assuming that the Carrara marble is a true background
material. The
resulting graphitization contribution to the blank is 0.06 0.02 pMC (equivalent
to an age of 60 ka )
or 0.6 µg of C assuming the
th contamination to be 100 pMC. The measured 14C content of (0.14
0.02) pMC for a Carrara marble sample containing 1 mg carbon, combined
with the 0.091 PMC
intercept, indicates a blank from the carbonatesystem of 0.54 0.05)µg
(equivalent to 0.054 pMC
(
and 60 ka BP). The analysis shows that, for samples containing at least 1
mg of carbon, contamination during graphitization and during carbonate hydrolysis is normally
negligible. System blanks
pose a problem for samples containing 0.1 mg or less. Similar observations
were made in other laboratories (e.g., Vogel et al. 1987; Beukens 1990; Gillespie and Hedges 1984).
Blanks: Organic Combustion

t

t

t

t

Organic samples are combusted in quartz ampoules with copper oxide and
silver wool. Prior to use
the quartz ampoules, copper oxide, and silver are heated in air at 900°C.
Combustion of coal back
ground material typically yields values of ca. 0.3 pMC (equivalent to ca. 47
ka) for a sample con-
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1
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fractions
and
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the
in
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a
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duced after hydrolyzation,
during hydrolyzation.
((0.54 0.05) µg modern carbon) introduced

t

t

we find that the
taming 4 mg of carbon. Considering the blank contribution from graphitization,
contribute ca. 10 µg of
combustion and the extraction of the CO2 from the combustion ampoule
is currently underway.
modern carbon. A systematic investigation of the sources of this carbon
Memory Effect

of the CO2 sample
Adsorption of CO2 on the walls of the reduction system may lead to a memory
our reduction sysof
version
first
The
reduced before, and therefore to a variable blank contribution.
reduction system
present
Our
(0.6%).
tem (Nadeau et al. 1997) showed a significant memory effect
to minimize the
BK)
(Nupro
seat
Kel-F
(Nadeau et a1.1998) uses metal bellows-sealed valves with
test where
accidental
an
in
memo effect. A numerical value for our current memory was obtained
contamitwo
after
immediately
Carrara marble background was prepared in two reduction units
0.26 and
of
values
observed
14C
The
concentration of ca. 22 times modern.
having a
nated samples
.
of
memory
system
a
indicate
0.29 PMC compared to our normal Carrara blank result (0.14 pMC)
with
agreement
in
memory
(0.006 0.0012)%. A test using modern samples showed no significant

t

this result.
Contamination of Foraminifera

foraminifera samples.
Most of the carbonate samples measured in our laboratory are mono-specific
old and have no meaka
>100
be
should
which
(unsorted),
We therefore use Eemian foraminifera
and structure as
history
similar
a
with
14C
material
background
concentration, to provide a
surable
half of 1997
first
the
in
obtained
measurements
Eemian
53
the unknown samples. The mean value of
(8
of carbonmg
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to
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obtained
ate). The difference with the 0.14 pMC
Thomsen (1992), who
of the Eemian foraminifera. A similar difference was found by Gulliksen and
used as background
measured 0.32 PMC for foraminifera and 0.18 pMC for Icelandic double spar
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material. Foraminifera shells may contain, in addition to the desired sample carbonate, coccolith
carbonate shells and carbonaceous sediment debris, trapped in pores or inside the shell and possibly
encrusted by secondary carbonate (Fig. 3B), organic shell material, and adsorbed atmospheric C02A good sample pretreatment should remove all secondary carbonates and CO2, while leaving the
foraminiferal carbonate shells intact. Simultaneous removal of organics prevents trapping of secondary carbonates by organic coatings, and, at the same time, makes the sample carbonate more
accessible to the acid used to convert it to CO2. Scanning electron microscope (SEM) pictures (Fig.
3) of the inner surface of the foraminifer Globorotalia menardii, broken before pretreatment (Fig.
3A), illustrate the variety of carbonaceous material trapped inside the foraminifer shell (Fig. 3B).
Figure 3C and 3D show that most of the encrusted material is removed by ultrasonic cleaning in
dilute HCl and H202, respectively. Figure 3C indicates that HCl cleaning also damages the foraminifer shell and is therefore less desirable.
We tested the effect of mechanical cleaning by ultrasound, alone or in combination with acid leaching and/or the oxidation of organics, by measuring the residual 14C concentration. Table 1 and Figure 4 group nine different pretreatments of Eemian foraminifera and the resulting background 14C
concentrations in 3 groups, viz. acid leach, dry and wet (H2O2) oxidation of organics, and displacement of adsorbed CO2. "Weak" HCl leaching (b) (dissolving 0.4% of the carbonate) produced a
scatter similar to that of untreated foraminifera and, if anything, higher 14C. "Strong" HCl leaching
(c) (10% carbonate dissolution) greatly reduced the scatter and yielded 0.25 pMC. Though this is a
very positive result, the treatment severely damaged the foraminifera (Fig. 3c) and resulted in a loss
of material. Although organic compounds should not produce CO2 in phosphoric acid, they might
work as a trap for detrital carbonate or CO2 gas. Removing organic material by only roasting the foraminifera in 02 at 350°C (d) showed no significant reduction of the measured 14C concentration.
Ultrasonic treatment in H2O2 () gave a large scatter though a somewhat better average 14C concentration. The combination of roasting with ultrasonic treatment in H202 and a final HCl rinse (e) produced a reduction of 14C but, surprisingly, less than the same treatment without roasting (g, h giving
(0.25 ± 0.04) pMC and (0.23 ± 0.03) pMC as mean value, respectively). It appears that a reduction
in 14C contamination is not obtained by removing organic material but rather by carbonate leaching.
As the H2O2 solution has a pH = 3, it will also leach some carbonate. It is, however, less destructive
to the foraminifer shell (Fig. 3d). All the procedures described above end by drying the foraminifera.
This allows readsorption of CO2 onto the cleaned carbonate surfaces. Following a remark on good
background results obtained in Utrecht starting with wet foraminifer samples (Dr. A. F. M. de Jong,
personal communication 1997), we tested inserting the pretreated foraminifera wet in the carbonate
system ("wet attachment", i, k). The 14C results for ultrasound with H2O show, when compared with
ultrasound plus weak leaching (i: (0.20 ± 0.02) pMC versus b: (0.47 ± 0.09) pMC), that CO2 adsorption may contribute significantly to the 14C levels observed for background foraminifera. The difference between H2O and H202 plus ultrasound (i, k) may indicate the presence of some additional car-

bonate contamination removed by leaching. The ultrasound peroxide treatment with wet attachment
produced a background 14C concentration of (0.17 ± 0.01) pMC (equivalent age 51.4 ka), close to
the Carrara marble results and a surprisingly small scatter.
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Fig. 3A,B. Scanning electron microscope (SEM) pictures of the foraminifer Globorotalia menardii. This
species is part of the unsorted Eemian foraminifera used in the pretreatment test and distinguishes itself by
a very small shell aperture. A. and B. are unpretreated foraminifera, outer and inner surface (covered with
debris).
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Fig. 3C. The inner surface after leaching with HCI, and 3D. after H202 treatment, both with ultrasound. The
debris can be removed by these procedures; leaching also damages the surface of the foraminifer.
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TABLE 1. Summary

of Pretreatments Used for Removing the Contamination on Foraminifera

a age
(yr BP)
+1870
-1520
+1630

No. of
targets

14C concen.

a*

Eqv. age

Pretreatment procedure

(pMC)

(pMC)

(yr BP)

a) None

0.401

0.084

44,330

b) Weak HCl leaching (0.1% dissolution) with 1h
ultrasonic and final HCl rinse (0.3% dissolution)
c) Strong HCl leaching (10% dissolution)
with 15 min ultrasonic and final HCl rinse

0.470

0.086

43,060

d) Roasting in 02 at 350°C

0.400

e) Roasting in 02 at 350°C plus 30% H202,
1h ultrasonic, with final HCl rinse
f) 30% H202, 1h ultrasonic, no final HCl rinse

0.330
0.346

0.065

45,530

+1680
-1390

3

g) 30% H202, 1h ultrasonic, with final HCl rinset

0.247

0.043

48,220

+1550

10

10

10

-1350
0.251

0.014

48,100

+450

6

-420
0.014

44,350

+290

2

-280
0.014

45,900

+340

2

-330

-1300
h) Combined weak HCl (0.1% dissolution) and
30% H202 treatment

0.226

i) Dist. H20, 15 min ultrasonic,
(wet attachment to the carbonate system)
k) 30% H202, 15 min ultrasonic,

0.202

0.029

48,940

+1110

10

-980

0.166

0.023

0.008

49,830

+980

5

51,420

-870
+380
-370

6

(wet attachment to the carbonate system)
*a calculated from the scatter of the measurements of each test
tMeasurements on different samples of old foraminifera yielded similar results

0.75

0.65

unpretreated

dry & wet oxidation (+ leaching)

leaching

attachment'

0.55

.T

a)

b)

c)

.

d)

e)

f)

g)

h)

k)

14C concentraFig. 4. 14C concentrations of Eemian foraminifera pretreated with methods described in Table 1. The lowest
by
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down
to
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ment with "wet attachment" (k).
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CONCLUSION

Tests with the IAEA standard C-1, Carrara marble, show that the CO2 production from carbonate
and the reduction to graphite presently contribute about equally (ca. 0.05 pMC and 0.06 pMC,
respectively, for a 1 mg carbon sample) to the (0.14 0.02) pMC (equivalent to 52.6 ka) observed
as background. This allows age determinations up to 59.6 ka, using the 2-a convention and assuming a measurement on the same sample material (marble) and thus the same error. The machine
background is about half as much (0.03 pMC). The main contribution to the 14C concentrations of
ca. 0.40 pMC observed in Eemian foraminifera used as carbonate background was made by contamination of the foraminifera themselves. This contamination appears to be mainly adsorbed modern
C02, which can be greatly reduced by placing the foraminifer samples wet in the carbonate-C02
system, immediately after ultrasound cleaning. Use of H2O2 provides an additional lowering of the
14C level to 0.17 pMC (equivalent age 51.2
ka), without significantly damaging the foraminifer
shells. The initial large difference between the Carrara marble and Eem foraminifera backgrounds
demonstrates the importance of using a background material closely similar to the samples being
measured. For organic materials, the combustion is presently our main source of contamination (ca.
10 µg of modern carbon, giving an apparent background age of ca. 47 ka for a 4 mg sample). The
origin of this contamination still needs to be resolved.

t
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ABSTRACT. For very small samples, it is difficult to prepare graphitic targets that will yield a useful and steady sputtered
ion beam. Working with materials separated by preparative capillary gas chromatography, we have succeeded with amounts
as small as 20 µg C. This seems to be a practical limit, as it involves 1) multiple chromatographic runs with trapping of effluent fractions, 2) recovery and combustion of the fractions, 3) graphitization and 4) compression of the resultant graphite/
cobalt matrix into a good sputter target. Through such slow and intricate work, radiocarbon ages of lignin derivatives and
hydrocarbons from coastal sediments have been determined. If this could be accomplished as an "online" measurement by
flowing the analytes directly into a microwave gas ion source, with a carrier gas, then the number of processing steps could
be minimized. Such a system would be useful not just for chromatographic effluents, but for any gaseous material, such as
CO2 produced from carbonates. We describe tests using such an ion source.

INTRODUCTION

The AMS (accelerator mass spectrometry) system at Woods Hole utilizes a solid-sample sputter
source to produce negative carbon ions for injection into the tandem accelerator. The sputtering process uses a primary beam of accelerated cesium ions that impinges upon the surface of a graphite
sample. Secondary negative ions are ejected from the surface and extracted to form a beam that is
then accelerated. Samples are formed by converting CO2 to graphite at high temperature. We use
equal weights of carbon and iron powder in the sample-catalyst mixture. This method has been used
to obtain 14C concentrations for all of our WOCE seawater samples. The amount of graphite used for
the solid targets is ca.1 mg, and the precision is accordingly excellent (4%o). Such consistent results
are possible only when sample sizes are optimal and output currents uniform. The analyzed carbon
ion currents in this program have ranged from 20 to 30 µA.

For arbitrary samples smaller than 50 tg C, it is often difficult to prepare graphitic targets that will
yield a useful ion current. Working with materials separated by preparative capillary gas chromatography (PCGC), we have succeeded with amounts as small as 20.tg C (Eglinton et al. 1996; Pearson
et a1.1998). This seems to be a limit and involves 1) multiple chromatographic runs with trapping
of effluent fractions, 2) recovery and combustion of the fractions, 3) graphitization and 4) acceptance of reduced precision. Through such slow and intricate work, '4C ages of lignin derivatives and
of hydrocarbons from coastal sediments have been determined (Eglinton et a1.1997). Such results
are attracting considerable interest, but the technique would benefit from improvement and simplification. This could be accomplished completely by abandoning stepwise processing and creating an
"online" system in which analytes flow directly and continuously from a gas chromatograph to an
accelerator mass spectrometer capable of accepting gas-phase samples. Such a source would be useful for the analysis not only of chromatographic effluents but of any gaseous material, for example
CO2 produced from carbonates. It is hoped that this would avoid the variability in homogeneity,
size, current yield, surface conditions and catalyst ratio that are present in solid sputter targets.
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Both gas-fed sputter ion sources and true plasma ion sources have been investigated over the years.
Early work on a C02-fed sputter source at the University of Pennsylvania in the 1980s (Middleton,
Klein and Fink 1989) led to the present Oxford University CO2 ion source, which was the first successful hybrid source in routine operation (Ramsey and Hedges 1997). The gas sample is injected
into a helium stream, which flows through a hollow cathode and over a solid titanium button. A portion of the CO2 is adsorbed on the metal surface and is sputtered by a high-intensity cesium beam.
Although the resulting carbon ion beam does not exceed 10 .tA, 40-min measurements can yield
0.5% precision with 0.5% background. A commercial ion source of this general type is now produced by National Electrostatics Corporation (Graber Road, Middleton, Wisconsin, USA) in which
multiple CO2 reservoirs are coupled to multiple titanium cathodes. Analyzed carbon ion beams of 13
µA are reported (Shibata et a1.1997). In all of these hybrid sources, the titanium buttons are replaced
for each sample. Although the ion source utilizes a gas sample, it thus retains the characteristics of
batch rather than continuous flow operation.
Historically, negative ions were obtained from the plasma discharge in hot filament-excited duoplasmatron sources. By using an offset aperture, it is possible to extract negative ions from the plasma
discharge in this type of source. Usually used for H' production, it has also been used for production
of CN' ions. Before AMS was developed, mass spectrometric analyses of 14C were attempted using
a hollow-cathode duoplasmatron source with 15N2 as the carrier gas, which leads to formation of the
mass 29 negative ion 14C15N (Anbar 1978). These beams were not stable enough to be useful.
We have concentrated on a microwave plasma ion source, because of the stability and cleanliness it
offers. These positive ion sources operate with a steady, 2.45 Ghz microwave-driven plasma. The
plasma is efficiently produced from a carrier gas (such as argon) that flows into the plasma chamber
at a constant rate. The extracted beam is dominated by current from the carrier gas, so a large
dynamic range of sample sizes (which in practice would form a small fraction of the total flow rate)
is not expected to perturb the source emittance characteristics. Because it produces positive ions, an
additional alkali vapor charge exchange cell is necessary to convert positive to negative ions.

The compact, permanent-magnet microwave ion source (Wills et a1.1998) presently under development at the Chalk River laboratories of AECL (Atomic Energy of Canada Limited) shows promise
as a candidate for AMS injection. It was designed to produce high currents (40 mA) of protons, and
has recently been optimized for heavy ions. In an earlier (March 1996) collaborative experiment
(Schneider et at. 1997) we were able to obtain usable amounts of carbon ions by injecting 1-µmol
pulses of CO2 or CH4. The efficiency of producing singly charged 12C+ ions was determined to be
14%. The present account describes further tests made in February 1997. Only a limited time was
available to us, because of the imminent shutdown of the AECL accelerator facility.
METHODS

AMS is a ratiometric technique, where samples are compared with standards in a consistent protocol. It is important to present equal quantities of both in an alternating sequence, much like a stable
isotope ratio mass spectrometer. The precision of an isotopic analysis is controlled by the number of
particles collected at the detector. For the ratio R =14C/12C, we can write
(ORIR)2 = (1/N12 + 1/N14)

(1)

where a is the standard deviation and N is the number of ions collected during measurement of the
two isotopes (assuming Poisson counting statistics, a is equal to the square root of the number of
counts). Since 12C is at least 1012 times more abundant, the analytical precision is dominated by N14,
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the number of detected 14C ions. If we define E as the overall detection efficiency of the system,
(ions detected)/(molecules introduced to the ion source), then

(2)

Ni4 = mENAR

where m (moles) is the amount of sample gas introduced into the ion source, and NA is Avogadro's
number. To obtain QR/R = 0.03 (equivalent to 3O%o in the measurement of e14C), we need only 0.4
µmol CO2 if E = 0.01, a value typical for present AMS systems. Peaks of 20 sec duration and containing 0.4 µmol C can presently be generated by conventional "megabore" capillary columns (0.53
mm inner diameter, 0.5 µm stationary phase thickness) during a single gas chromatographic run.
Loadings in excess of 1 µmol C are likely to be possible with newly available "multicapillary" columns. To introduce small quantities of gas into the microwave plasma source, a carrier gas is necessary to keep the plasma ignited and steady. It is also convenient to utilize capillaries that can maintain laminar flow across pressure gradients, and in the case of silica capillaries, traverse high voltage
gradients. We chose to use argon as the carrier gas for several reasons. It will sustain the microwave
plasma at flow rates of ca. 0.2 mL min-1, it is readily obtainable in high purity and its ions are
readily discriminated from those formed from the CO2 in the sample. We constructed a test injector
based on principles developed by Merritt, Brand and Hayes (1994) shown in schematic view in Figure 1. By simply inserting the plunger, one is able to start and stop the sample gas flow, thus entraining a pulse of sample gas in the flow of argon carrier gas without causing a pressure transient in the
gas flowing into the ion source.
Sample Gas

Microwave Ion Source

Plunger

a

Mixing

Chamber

Fig. 1. Test device for injecting pulses of a sample gas into a carrier gas stream, and then into the microwave ion
source. A continuous flow of carrier gas fills the mixing chamber, which is open to atmosphere at the top. When
the plunger (a hypodermic needle) is depressed, the sample gas is mixed into the flow of carrier gas and is intercepted by the pickup capillary. Because this device is open, no pressure transient is introduced into the gas flow.
Rectangular pulses of CO2 are produced with a flow rate of ca. 0.2 mL min-1. A 75 cm length of 0.11 mm deactivated silica capillary leads to the ion source.

Before the test pulses were introduced into the ion source, they were observed with a residual gas
analyzer to verify pulse shape, permitting subsequent comparison with the shape of the resulting ion
current pulse. Figure 2 shows the negative carbon ion current pulse, resulting from the injection of
a 4-min-long pulse of sample gas into the ion source, followed by a charge exchange cell. Ca. 0.8
mL of CO2 was injected. The gas pulse had a rectangular shape, and the ion pulse showed an
extended time constant for buildup and decay.
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Fig. 2. A negative 12C ion current pulse obtained from the microwave plasma ion source, followed by a charge
exchange cell. Carbon dioxide was injected with the test pulse injector of Figure 1. The pulse duration was 4 min.

To inject sample and reference gas aliquots alternately, or in some well-defined sequence, we built
a second device which makes use of two sample loops that can be switched in and out of the carrier
gas feed. For this purpose we utilized a switching valve (Valco Instruments, Houston, Texas) that
accepts sample loops of arbitrary size, made of 0.8 mm stainless tubing. We made two loops, 10 cm
and 30 cm long, having volumes of 50 µL and 150 µL, respectively. The setup is shown in Figure 3.
We cycled the remotely actuated valve numerous times, with both argon and CO2 gas pulses. We
also varied the switching time from 30 s up to several minutes. From the analyzed spectra, we
recorded current pulses for argon, oxygen, CO and carbon. The shapes of the pulses were similar,

Microwave Ion Source

0

Capillary Column

t
Injected Pulse

Stretched Pulse

Ion Current Pulse

Fig. 3. Test device for loop injection into a microwave plasma ion source. One of two sample loops is shown; these inject
samples into the carrier gas when the valve is rotated. The capillary column, 27 m of 0.32 mm silica capillary, is used
to stretch out the pulse in time and the pressure buffer is an open split (e.g., Merritt et aL1995), which removes pressure
transients. The final capillary is 75 cm of 0.11 mm deactivated silica, as in Figure 1.
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but of course the intensities changed, according to the fraction of the total ion current carried by the
species monitored. A typical pulse shape, from a chart recorder trace, is shown in Figure 4. The ratio
of the areas under the two pulses is 2.3 to 1. The failure of the integrated ion currents to reach the
expected 3-to-1 ratio is probably caused by flow restrictions leading to pressure differences in the
two loops.
2

13

03

0

0

03

1

13

2

23

3

33

4

Time (min)
Fig. 4. Negative 12C current pulses from 50 and 150 uL sample loops, injected 2 min apart. These pulses
were recorded in a Faraday cup following magnetic analysis.

RESULTS

Evidently a significant time constant is involved for the ion current to reach equilibrium, both at the
beginning and end of the pulses. To compare the ion current pulse with the original injected gas
pulse, we superimposed the tails of the residual gas analyzer pulse and the test pulse of Figure 2.
This comparison is shown in Figure 5.
Some holdup time in the ion source would be expected. As molecules are released into the vacuum
of the ion source volume, they have a mean free path of about 1 m for CO2 and 10 m for argon.
Adsorption on the walls of the chamber would occur immediately. Sorption and desorption of sample gas within the ion source and on the surfaces within the gas handling system probably accounts
for this tailing. The longer tail associated with the plasma source indicates higher binding energies
in that device, probably due to chemisorption or transient implantation of energetic particles in surfaces within it.
We also decomposed the tail of the ion current pulse to try to determine its origin. We tried to fit various functions to it, such as exponential, and inverse powers of time. Figure 6 shows a fit with two
terms, an initial exponential decay having a 3 s time constant, and a diffusion term, having a (t°5)
dependence. This combination seemed to give the best fit.

The volume of the Chalk River microwave ion source plasma chamber was 137 cc for these tests,
with an extraction aperture of 2.5 mm. The silica capillary was adapted to a 20-cm-long, 6-mmdiameter stainless steel feed tube, brazed into the source body, next to the microwave window. The
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Fig. 5. Superposition of the tails of the ion pulse and gas pulse for mass 12. The gas pulse has a
decay constant of 2.4 s, and the ion pulse is 3 s. Both pulses had a 4 min width.
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Fig. 6. Ion current tail, after turning off the gas pulse. The analyzed 12C current decays initially with an exponential time constant of 3.06 s. The longer component is fitted well by a diffusion term having a diffusion
coefficient of 0.684 cm2 min-1. The complete expression is f(t) = a + b x exp(-th) + c/(4xDt)°'5, where a =
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nearest pressure sensor was downstream of the extraction region and read 5 x 10'6 mb. Although the
source body was copper, the interior of the plasma chamber was lined with boron nitride. A large
surface area was therefore available for adsorption of the gas, and is partly responsible for the long
decay time. Using the diffusion constant estimated above, in 3 minutes' time a gas volume 2.7 cm
in diameter would evolve, which is commensurate with the dead volume of the feed tube, plus about
5% of the source cavity, which may see only a weak RF field. With further testing, we would hope
to minimize desorption and diffusion times by reducing the volume, removing the liner and the original 6 mm feed tube. In addition, the inside surfaces could be silver plated to minimize sticking of
the gas molecules. The test that was carried out in 1996, without the boron nitride liner, appeared to
have a faster decay time (<1 s), although few pulses were actually recorded.
CONCLUSION

Despite the limited time available for testing, and the subsequent closure of the AECL accelerator
facility, we are optimistic that further work can show that a high-efficiency microwave ion source
with capillary gas injector will be useful for AMS applications. This source, with its permanent
magnet array, requires RF power levels of only -200 W. The efficiency is very high: the fraction of
singly charged carbon ions produced, per atom introduced into the source, is 14%. (Compare this to
the efficiency of an inductively coupled plasma source, on the order of parts per million.) At present,
we have requested a loan of the ion source for continued testing at Woods Hole. Because the cycle
times of typical gas chromatographic runs using capillary columns are ca. 60 min, it seems unwise
to begin by placing such a device online to the AMS ion source. Instantaneous sample flow rates
would exceed 1 tmol C min-1 for only portions of a chromatogram. While large bore and multicapillary columns are being developed, permitting higher sample loadings, it seems easier to start with
carbonates, such as corals or foraminifera, where a 10 mg sample of calcium carbonate could yield
flow rates of 10 µmol (0.22 mL) per minute for 10 min. Using the 14% computed efficiency of ion
formation and extraction for the present microwave ion source (Schneider et al. 1997), one would
expect 2.4 mA of positive carbon ion current. Subsequent conversion to negative ions for injection
into the tandem accelerator could be as low as 5%, depending on charge exchange canal technology.
This would yield a minimal 120 µA of negative ion current. Over the 10 min duration of this gas
sample, one could then collect 200,00014C counts from a modern sample. Such a 2%o measurement
is already useful, but improvements in charge exchange yield would be highly desirable.
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ABSTRACT. The carbon concentration in CuO and iron was determined by isolating C. The values were in agreement with
results reported in other studies. Contaminating carbon from CuO and Fe was transformed to AMS targets and measured for
14C. C-traces in CuO were shown to be the major contribution to the 14C sample processing blank. In addition, there is siga
nificant variability in the 14C content of CuO observed between different production batches. The combined contamination
potential of CuO and Fe was found to be 4.47-8.92 µg recent carbon, whereas the more realistic estimate for AMS-target
preparation conditions ranged between 1.63 and 3.24 µg recent carbon, depending on the 14C level in CuO.

INTRODUCTION

After two decades of accelerator mass spectrometric (AMS) radiocarbon dating, most of the "early
days" expectations have become reality. Tiny samples are now being dated with very good precision
and most of the AMS facilities combine good accuracy with a very high throughput. However, in
contrast with the expansion of AMS dating as such, little progress has been made regarding the dating limit of 40-50 ka (Wand et al. 1984; Vogel et al. 1984; Arnold et al. 1987; Gurfinkel 1987;
Hedges et al. 1989; Klinedinst et al. 1994). In most AMS facilities, this background is caused
mainly by contamination during chemical sample preparation. One of the most attractive features of
AMS machines is their extremely low background counting rate, corresponding to ages of 100 ka or
older. Some research groups have invested substantial effort in this particular aspect, but spectacular
reduction of the background has not yet been reported.
On the other hand, the age of most of the materials to be dated is <20 ka, and therefore a contamination equivalent to a few µg Mod C does not introduce significant errors when a straightforward
background correction procedure is applied. Of course, new horizons would open if better detection
limits were achieved. This would not only be the case in archaeological applications but also in
geochemistry and cosmochemistry (Jell et al. 1994). Also, in atmospherical applications, where
small sample sizes are encountered, there is an urgent need to reduce contamination in order to
achieve accurate and reliable data (Currie et a1.1994).

The need for a specific "all-in-one" approach to tackle the contamination problem is generally
agreed upon. Contamination introduced during sample preparation and AMS-target production has
very different origins. Suggested sources (Verkouteren et al. 1987; Vogel, Nelson and Southon
1987; Aerts-Bijma, Meijer and van der Plicht 1997) of contamination include: CO2 adsorption on
walls of gas handling units, CO2 contamination in the H2 gas used for graphitization, C traces in
reagents and catalysts, diffusion of (pump) oil vapors in the oxidation unit, dust, sample handling in
a "14C-hot" atmosphere, and gas adsorption of the graphite. Measured backgrounds are, of course,
the sum of all previous mentioned (and other unknown) sources of which very little is known about
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their individual contributions to the total. Such knowledge, however, is a prerequisite to develop
cleaner target preparation procedures.
As part of a larger background reduction project, we focused on the contamination potential of CuO
and Fe. CuO is widely used as oxidizing agent for organic material and Fe is used as catalyst for the
reduction of CO2 to graphite according to the procedure first described by Vogel et al. (1984). In the
past, interesting results were obtained in contamination source apportionment. All those studies had
in common that background materials (anthracite, natural or spectroscopic graphite) were processed
as real samples and that the measured, finite, ages were considered the result of contamination introduced during sample handling, neglecting any in-situ 14C possibly present in the background samples. A second problem is the evaluation of the different background contributions to the total. It was
demonstrated by Vogel, Nelson and Southon (1987) and Verkouteren et al. (1987) that combustion
with CuO and the reduction to graphite with a Fe-catalyst, although the latter to a lesser extent, introduced the major part of the observed contamination. In contrast, Beukens (1993) attributed the
major part of the contamination to acetylene production while Gulliksen and Thomsen (1992)
observed no measurable contamination during combustion but ascribed the background to the
graphitization process. In contrast to previous studies, independent methods were applied to measure the C concentration in the materials and to assess the age of the contamination.
METHODS

A direct and accurate determination of the 14C concentration in CuO and Fe is almost impossible.
Earlier attempts were undertaken to insert pressed Fe-powder pellets in the ion source of the spec14C concentratrometer but generally the C' currents were too low and unstable to allow a reliable
tion determination. Due to the lower C concentration and less favorable target characteristics the
same approach for CuO is not applicable. We propose a two-step procedure to overcome this problem. First, an accurate determination of the C concentration is necessary, and second, enough contaminating C has to be isolated from the materials to make an AMS analysis possible. Once the C
concentration is exactly known, one can afford to use a nonquantitative C-isolation method. This
step is vulnerable to 14C-contamination, especially for CuO, due to the low C concentration. After
C isolation, as CO2 gas, further contamination is not to be feared during graphite target preparation
if samples are large enough. The combination of the C concentration and the 14C levels of the carbon
traces yields the contamination potential of Fe and CuO.
of the Materials Used in Radiocarbon Target Preparation and Their C
Contaminations as Determined by CPAA

TABLE 1. Technical Details

Fe

Cu0

Purchased from

Form

Johnson Matthey
Karlsruhe (Germ.)

<325
mesh powder

Johnson Matthey
Karlsruhe (Germ.)

60
mesh powder

UCB
Brussels (Belgium)

Wires
(0.7 x 6.0 mm)

Metal
purity

purity

C
concentration

(ppm)

dev.

n=6
99.998%

specified
n=3

Two different grades of Fe powder were thus far used as catalyst in the reduction process of CO2.
Full technical details of those materials are given in Table 1. Both types ensure a fast reduction of
CO2 in our systems and give good graphite target characteristics, although the 99.9% Fe is more
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readily homogenized with graphite. Also, after pressing of the AMS target a slightly better surface
is obtained resulting in better ion source performance.
CuO is purchased as the classical wire form (see Table 1) but for some applications the wires were
crushed to powder (<100 µm) and reoxidized before use. With ground CuO, better oxidation yields
were obtained, allowing smaller quantities to be used for combustion.

Carbon Analysis
Several analytical techniques are appropriate for the analysis of C in a metal matrix. Most familiar
are the combustion techniques where C is oxidized to CO2 that is subsequently quantified manometrically or spectroscopically. In the low .tg/g range some difficulties may occur with those techniques. Nonquantitative oxidation of the carbon leads to negative errors, which, for this study, is a
severe problem in the case of Fe because all the contaminating carbon, presumably present in
reduced form, will be liberated in the Cs-sputtering process. In the case of CuO the C-concentration
was expected to be in the range of the detection limits for the combustion techniques. Therefore, a
sensitive nuclear analytical technique was applied, namely charged particle activation analysis
(CPAA) (Strijkmans 1994). Charged particles bombarding a target (ca. 50 mg Fe or 100 mg CuO)
induce nuclear reactions with the analyte element. Here we used the 12C(d,n)13N reaction. The radionuclides produced are short-lived positron emitters. Measurement of the annihilation radiation and
standardization yields the C concentration in the matrix. Practical details of the analyses are reported
in de Neve et al. (1997).

Carbon Isolation
We used a modified combustion unit for steel analysis for the isolation of carbon (Fig. 1). The unit is
very similar to the dynamic-flow combustion systems for organic material. The central part of the furnace consists of a porcelain combustion tube wherein the samples are inserted in porcelain sample
holders. Sample holders were prebaked at 950°C and each combustion tube was preconditioned by
two blank combustions prior to use. Sample masses varied between 4-6 g for Fe and 8-12 g for CuO.
Before heating, the system was evacuated and flushed with N2 (CO+CO2+CHm <0.16 ppm) to avoid

contamination. The gases formed by combustion were cryogenically trapped. This cold trap was indirectly cooled with liquid nitrogen. Since 02 (CO+CO2+CH4 <0.9 ppm) condenses at liquid N2 temperature, the trap was placed in a beaker filled with molecular sieve granules. By cooling the beaker
with liquid N2 the cold trap is at an optimum temperature for CO2 condensation, while 02 passes
through. In this way, the system can be operated without any danger of explosion. At the end of combustion, the trapped gas was transported to a calibrated volume where it was manometrically quantified. A constant gasflow of 0.25 L min'1 was maintained during combustion. Each combustion
resulted in an amount of gas which was cryogenically distilled over a -80°C cold trap to remove water
vapor prior to storage. Table 2 presents a detailed scheme of the combustion stages. The temperatures
quoted in the table represent the value at the end of the specified sequence.

Fig. 1. Schematic diagram of the C-isolation unit
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Detailed Description of the Different Stages of the Combustion Method for the
Isolation of C Traces in CuO and Fe
Temperature
Sequence
Duration
TABLE 2.

(min)

Oven (°C)

1

5

20

2

2

300

3

10

900

4

6

950

5

5

850

2

*

*

*

no.

7

(°C)
(removal adsorbed gases)

quantification

Not relevant

"C Analysis
Before graphitization, the gas samples were treated with "sulfix" to remove S-containing contaminants which prohibit or slow down the graphitization reaction. Preliminary experiments had shown
the necessity of this pretreatment. Graphitization and AMS measurements were performed at the
Centre for Isotope Research in Groningen, the Netherlands, according to the standard procedures
(Aerts-Bijma, Meijer and van der Plicht 1997). Ca.1 mg Fe was used as catalyst and the ratio H7J
CO2 was 2.5. Reactions were carried out at 600°C and took ca. 15 h to guarantee complete reduction. The 14C results were corrected for system background introduced during graphitization and
AMS measurement. For each target b13C was measured and used for isotope fractionation correction
of 14C results.
RESULTS AND DISCUSSION

Carbon Concentration in Fe and Cu0
The C concentration results obtained with charged particle activation analysis (CPAA) are shown in
Table 1 for the different materials. The results are below the manufacturers' specifications. It should
be emphasized that improved purity quoted for Fe reflects only a lower trace metal content and that
for 14C purposes, both grades have a comparable contamination level. The general experience that
high-purity Fe sometimes slows down the graphitization process is probably caused by the lower
content. We believe that graphitization goes faster if more C nuclei are present in the Fe. For 99.5%
Fe, the standard deviation on the mean is almost a factor of 10 higher than the standard deviation on
an individual measurement, indicating C contamination is distributed inhomogeneously over the Fematrix.
Very few results of C concentrations in Fe have been published to date. Verkouteren, Klinedinst and
Currie (1997) found comparable concentrations in Fe wool using a dynamic and a static combustion
technique. Other data are results of direct 14C-measurements in Fe indicating "low" contamination

levels.
For CuO, some data were published on C release from the matrix upon heating. Boutton (1991)
found 3.6 µg g-1 C in untreated CuO and after heating this amount was decreased by a factor of
three. This agreed well with the results reported by Verkouteren et al. (1987) (ca. 1 ppm). However,
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recent analyses by the same author showed higher contamination levels (Verkouteren, Klinedinst
and Currie (1997)). Our results obtained by CPAA are somewhat higher, which is explained by the
specific characteristics of the different analytical techniques. All previous studies made use of combustion techniques that may suffer from incomplete oxidation of the C contamination in the interior
of the Cu0 matrix. The oxide layer around the Cu axis of the wires prohibits good penetration of the
oxygen resulting in incomplete oxidation and C removal. This is also confirmed by the results given
in the C isolation part of this discussion.
The results obtained thus far agree with the general idea that contamination originating from Cu0 is
much worse than from Fe. Using 0.5 g Cu0 and 2 mg Fe for a classical 1-mg target produces a total
contamination potential of ca. 9 µg C, of which 8.9 .tg originates from CuO, and 0.1-0.2 µg from
Fe. Most laboratories indicate lower total contamination due to non-quantitative release of the contamination and the probable sub-Modern level of the contamination.
14C

Analysis of the Carbon Contamination

Large amounts of Cu0 (8-12 g) and Fe (4-6 g) were combusted in the system (Fig. 1) described previously. Only Fe powder with the highest C concentration was analyzed with this method. Considering the lower C concentration in the low C grade Fe, the expensive price of that product and the
necessity for a duplicate 14C analysis, we believe there is no need to isolate C from both types of Fe
at this stage of the project. In the future, when AMS sample preparation backgrounds are reduced,
this aspect of the problem should be considered. Before the materials were combusted we ran also 2
blanks (3.1 and 3.4 .tg C) to correct the results for contemporary contamination in this apparatus.
Due to space limitations, we were obliged to perform at least 3 (Fe) or 7 (CuO) combustions in order
to obtain enough carbon for a robust AMS target. After each combustion the CO2 pressure was measured and each individual CO2 aliquot was flame-sealed in a Pyrex® tube. In Table 3, the mean C
concentration data determined with the isolation method are presented for Fe and CuO.

Overview of Stable Carbon Isotope and Radiocarbon Results for the Different Targets Prepared After Collection of Individual CO2 Aliquots Extracted from the
Fe and CuO Matrices
Cu0
Fe
TABLE 3.

No. of runs
Lab no.(GrA-)

4

4

3541

4391

Mass (rig)

477

505

s13C (%ovs

-26.6

-32.5

20.34

9.7

14a

(%)

VPDB)

6.44
0.95

21.7
3.8

C concentration (ppm)
Standard deviation

3

7

7

8

7.1
17.1
14a , (%)
*Result of blank runs: 3.1 and 3.4.tg C per combustion

For both materials, the concentration is a factor 3 to 4 lower than determined by CPAA. One of the
main explanations for this observation is incomplete cryogenic:trapping of CO2 during combustion,
and as already mentioned, inefficient 02 penetration in the materials resulting in incomplete oxidation. Our C concentration results in Cu0 are in good agreement with the already published values
using similar detection circumstances. For 14C contamination assessment, we believe that C concen-
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trations obtained with the combustion method reflect the best real sample preparation conditions for
l4C dating. This is in contrast to the results for Fe, where all the carbon present is potentially dangerous for contamination during sputtering in the AMS ion source. These results allow, in combination with the 14C results, a better assessment of the contamination potential of the reagents used in
AMS sample preparation.
The results of the 14C analyses are also reported in Table 3. Measured values and blank-corrected
values are tabulated. The blank correction was applied assuming contamination was of contemporary origin (i. e.,100 pMC). We believe this assumption is reasonable because a significant part of
the blank consists of C species originating from N2 and 02. In addition, stable carbon isotope results
(measured with AMS) are given as the per mil deviation from the international PDB limestone standard (IAEA 1993). The stable carbon isotope and 14C results for Fe confirm the general belief that
contamination is mainly of fossil origin, introduced in the Fe-ore reduction process.
Vogel, Nelson and Southon (1987) determined 14C in Fe with a direct approach and obtained lower
contamination levels, 1.5 pMC, also indicating fossil origin. Direct measurement of our Fe-targets
yielded low C- currents in the machine. An average 12C current of only 150 pA for 99.5% Fe and 80

pA for 99.998% Fe was observed. Over the whole time frame of these measurements, only 10-40
14C counts were registered for each target, which was too low for an accurate and reliable 14C determination in the materials. However, the C current reflects the purity of those materials. Fossil origin
of C contamination in Fe is recently confirmed by the low stable carbon isotope results. Verkouteren, Klinedinst and Curie (1997) report the same stable isotope values for contaminating C in Fe
wool. However, a significant contemporary contribution must have been added. In the ironmaking
process, different C-containing materials are used: reducing agents (e.g., coke, CO, CH4, hydrocarbons), limestone and hot air. This makes interpretation of the b13C values complicated. Taking into
account the possibility of a small isotope fractionation (of some %o) effect of the graphitization and
the relative contributions of the different C sources, stable carbon isotope results confirm the measured contribution of a modern compound.
In the case of CuO, the measured 14C level of the C contamination is unexpectedly high and at first
sight quite difficult to explain. Further, there is a significant difference in 14C content between fabrication batches. Sample GrA-3565 was prepared from a different batch of CuO than samples GrA4393 and GrA-4394. The suppliers provided us with production details indicating different production times of the two CuO lots. The observed difference jeopardizes general conclusions regarding
the contamination potential of CuO. Nevertheless, both results indicate a higher modern contribution than in Fe. This is presumably due to a slightly different production and purification process
compared to Fe. After melting of copper sulfide ores, the resultant products are mixed with limestone in a converter and hot air is forced under high pressure through the mass. Thereafter, pure copper is produced through electrolysis. Fine copper wires are reoxidized at high temperatures in ambient air. It seems very reasonable that indeed a modern C-contamination component in CuO
originates from the different steps in the production process.

Implications For Radiocarbon Dating
The significance of our results as shown in Table 4 will be discussed here. Combined absolute and
estimated contamination figures are summarized and translated into the corresponding dating limits.
All results are calculated supposing practical laboratory conditions, i. e., 500 mg CuO and 2 mg Fecatalyst per mg C in the sample. Note that those conditions determine the relative importance of the
contaminants. In general, Fe contributes only ca.1 % to the total contamination. The results of this
independent study are in good agreement with combustion blanks reported previously. Different
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groups reported absolute blank values in the 0.5-4 µg modern carbon range (Gurfinkel 1987; Klinedinst et al. 1994; Verkouteren et a1.1987; Vogel, Nelson and Southon 1987; Verkouteren, Klinedinst
and Currie 1997; Donahue, Jull and Toolin 1990).
Summary of Absolute and Estimated
Contamination Potential of C Traces in Cu0
and Fe (in µg) and Their Implications for the
"C Dating Limit
Contamination

TABLE 4.

14C in

Absolute

Estimate

50 pMC

4.47

1.63

43,500
8.92

51,600

100 pMC

CuO

38,000

3.24
46,000

The C concentration results obtained with CPAA combined with the 14C values for the isolated C
were used to determine the absolute contamination contributions due to Cu0 and Fe. C concentration results from the combustion experiments combined with 14C values yield the more realistic contamination estimate. This was done for the minimum and maximum estimate of 14C level in CuO, 50
and 100 pMC. Summarizing, an observed dating limit >46 ka is caused mainly by 14C contamination
of CuO. For a lower 14C content of the contaminating C in CuO, this value can increase to 51.6 ka.
Those results obtained with our independent approach indicate a larger contribution of Cu0 to the
total background than previously assumed. Certainly, other less-characterized C sources contribute
to the total background. If this were not the case, more laboratories should, with a minimum of
effort, routinely obtain dating limits ca. 50 ka.

According to these blank values, any dating limit <38 ka has surely other background contributions
that are worse than the mentioned materials. And in the range 38-46 ka, it is very likely that other,
equally important, contaminants contribute to the total background. Dating limits better than 51.6 ka
are probably entirely determined by impurities in the CuO. This is in disagreement with the studies
by Beukens (1993) and Gulliksen and Thomson (1992), who reported negligible combustion backgrounds.
CONCLUSION

Future developments in 14C dating of very old samples with AMS requires the identification of all
important individual contamination sources during sample preparation. The independent method for
isolation of C traces in Fe and CuO is a valuable tool to assess the importance of those materials in
relation to background research. Our study confirmed the relative importance of Cu0 (combustion)
compared to Fe with respect to contamination potential. Moreover, contamination in Cu0 seems to
vary between different batches, urging for regular quality control. The results also strengthen the
idea that observed dating limits are quite fundamental and new target preparation approaches have
to be accomplished to explore new 14C-dating horizons.
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ON THE VALIDITY OF THE POISSON HYPOTHESIS FOR LOW-LEVEL COUNTING:

INVESTIGATION OF THE DISTRIBUTIONAL CHARACTERISTICS OF BACKGROUND RADIATION WITH THE NIST INDIVIDUAL PULSE COUNTING SYSTEM1
L. A. C URRIE, 2 E. M. EIJGENHUIJSEN3 and G. A. KL 0 UDA2
ABSTRACT. Does radioactive decay follow the Poisson distribution?-a fundamental question, to which the theoretical
answer seems to be, Yes. On the practical side, the answer to this question impacts the best achievable precision in well-controlled counting experiments. There have been some noteworthy experimental tests of the Poisson assumption, using systems
carefully designed for the analysis of individual pulses from stable radioactive sources; thus far, experiment supports theory.
For low-level counting, the nature of the background distribution can be of profound practical importance, especially for very
long counting experiments where validation by an adequate number of full replicates may be impracticable. One is tempted
in such cases to assume that the variance is equal to the mean, in order to estimate the measurement uncertainty. Background
radiation, however, has multiple components, only some of which are governed by the laws of radioactive decay.
A specially designed low-level gas counting system at NIST for interactive, retrospective individual pulse shape and time
series analysis makes possible the investigation of the empirical distribution function of the background radiation, in a manner
similar to the previous empirical distribution studies of radioactive decay. Benefits of individual pulse analysis are that there is
no information loss due to averaging and that two independent tests of the Poisson hypothesis can be performed using data from
a single, extended measurement period without the need for replication; namely, tests of the distribution of arrival times,
expected to be uniform, and the distribution of inter-arrival times, expected to be exponential. For low-level counting the second test has a very interesting and very informative complement: the distribution of coincidence-anticoincidence inter-arrival
times.
Key outcomes from the study were that: 1) nonstationarity in the mean background rate over extended periods of time could
be compensated by an on-line paired counter technique, which is far preferable to the questionable practice of using an "errormultiplier" that presumes the wandering (nonstationary) background to be random; and 2) individual empirical pulse distributions differed from the ideal GM and Poisson processes by exhibiting giant pulses, a continuum of small pulses, afterpulses,
and in certain circumstances bursts of pulses and transient relaxation processes. The afterpulses constituted ca. 8% of the anticoincidence background events, yet they escaped detection by the conventional distributional tests.

INTRODUCTION

Motivation
For theoretical reasons, as well as for practical ones related to the treatment of counting "error"
(uncertainty), there has long been an interest in the experimental verification of the Binomial-Poisson hypothesis for radioactive decay (Berkson 1975; Cannizzaro et al. 1978; Curtiss 1930; Garfinkel
and Mann 1968). For measurements in which background is dominant, or at least non-negligible, it
is equally important to investigate the distribution of the background radiation. Such knowledge is
mandatory for the estimation of detection and quantification limits, as well as for setting meaningful
uncertainty intervals for estimated net signals. Previous distributional studies of radioactive decay
lend support to the assumption that that portion of the background due to long-lived radionuclide
contaminants would follow the Poisson distribution; this does not automatically follow, however, for
all other background components. That leads to the objective of the work reported here: to perform
an evaluation of the distribution of the background radiation, specifically for the case of low-level
gas counting (Cook et al. 1992; Kaihola, Polach and Kojola 1984; Mook 1982; Theodorsson 1992).
This endeavor is interesting for several reasons. First, the background is rarely negligible in such

1Contribution of the National Institute of Standards and Technology; not subject to copyright.
2Chemical Science and Technology Laboratory, National Institute of Standards and Technology (NIST), Gaithersburg,
Maryland 20899 USA
3Sandoz Pharma AG, Bau 360/816, CH-4000 Basel, Switzerland

Proceedings of the 16th International '4C Conference, edited by
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systems, and frequently uncertainty and/or variability associated with the background radiation is
limiting, overshadowing that arising from procedural blanks. Second, for extended measurement
times, it may be difficult or impracticable to collect the large number of background replicates
needed to develop a precise estimate of its variability, much less assess the nature of its distribution.
Background stability over long periods of time required for such a test compounds the problem.
Third, the anticoincidence technique for background suppression makes low-level counting especially susceptible to certain types of deviations from the Poisson hypothesis (Currie et at. 1997).
Background instability-i.e., changes in the mean level of the background radiation over time (nonstationarity), will be considered briefly, but that is not the prime focus of this investigation.

The Case for the Poisson Distribution
The Poisson distribution is perhaps the single, most important distribution describing the occurrence
of random events. It is by no means restricted to long-lived radioactive decay, but may apply to
numerous other random phenomena in the physical, biological and social sciences, ranging from the
occurrence of natural disasters, to the appearance of pulses along a nerve fiber, to "white noise" in
chemical sensors, to reactions in molecular and nuclear beams. The underlying requirement is that
individual events in a series occur at random with a fixed probability (rate) of occurrence (Cox and
Lewis 1968).4 This discrete distribution has but one parameter, such that the variance is equal to the
mean; hence, an estimate for the standard deviation, and of confidence intervals follow automatically from an estimate of the mean. In fact, the ratio of the variance of counting data to the mean,
known as the "index of dispersion," serves as one of the tests for the Poisson distribution. Another
fundamental property is the existence of the three manifestations or equivalent distributions when
the Poisson hypothesis is satisfied: 1) the Poisson distribution of counts, 2) the Uniform distribution
of arrival (occurrence) times, and 3) the Exponential distribution of inter-arrival times. The ability
to test an experimental series of events against all three manifestations permits us to investigate
deviations, having different physicochemical causes, from the null (Poisson) hypothesis. To achieve
that, one must have the capability of identifying individually each event in the series being tested.
The unique NIST low-level counting system makes that possible by labeling each count with its
time of arrival (Curie et a1.1983; Eijgenhuijsen et a1.1996).

Observables and Net Signals
Investigation of the background radiation necessarily requires an observing device-in this study, a
low-level gas counting system. What we observe, therefore, is the convolution of the "true" background distribution and artifacts introduced by the observing systems As we shall see later, lowlevel (anticoincidence) counting is especially vulnerable to certain types of artifacts. To proceed, we
are forced to specify the counting system and its parameters. Since GM counting was specified for
this particular study, the null hypothesis is extended to include constant amplitude ("energy") for all
counting pulses; and the "deadtime" artifact immediately introduces a deviation from the ideal Poisson distribution (Jordan and McBeth 1978).

A second consideration is the fact that the results of counting experiments must always be expressed
in terms of differences or net signals; the probability distribution of the differences is therefore of
4Cox and Lewis (p.18.6): "The Poisson process is a mathematical concept and no real phenomenon can be expected to be
exactly in accord with it."
$The observing (measurement) system can have a profound impact: one of the more extensive tests of the Poisson distribution for radioactive decay showed significant deviations from the Poisson hypothesis-later found to be the result of instrumental artifacts (Berkson 1975; Cannizzaro et a1, 1978).
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central importance. This issue is infamous in the case of very few counts, as the distribution of the
difference between two Poisson distributed variables is no longer Poisson (Nicholson 1966). Attention to this matter is quite important also in the many count situation, where the Normal approximation to the Poisson distribution applies, as will be shown later in the treatment of serial vs. parallel
("on-line") sample and background measurements.
COUNTING SYSTEM AND EXPERIMENTAL STRATEGY

The NIST low-level gas counting system, which permits recording and archiving of arrival times
and complete waveforms of individual coincidence and anticoincidence pulses occurring in multiple
Geiger-Muller (GM) or proportional counting tubes, is described elsewhere (Eijgenhuijsen et al.
1996).6 The system provides 1.ts pulse pair time resolution, which is <1% of the inherent time resolution (deadtime) of the GM counters, and negligible compared to the mean interval (ca. 3 s)
between coincidence events. The time devoted to the entire study amounted to ca. six weeks, with
ca. twenty 0.7- to 3-day individual counting periods for each of two, 45 mL GM counters operating
in parallel. The total number of background events (coincidence + anticoincidence) collected was in
excess of 1.4 million. Figure 1 shows, for our pair of Cu-cathode, Ar-(C2H5)2O filled counters, the
superposition of the actual GM coincidence waveforms collected during one of the measurement
periods (top), and a 150 s individual pulse data stream from the same experiment (bottom). (The single, "giant" pulse that occurred during this experiment appears in both records.)

Hypotheses concerning the background distribution and GM pulse amplitudes were evaluated with
a series of "external" and "internal" tests. External tests used coincidence and anticoincidence background counting rate data from 21 independent ("serial") counting periods and 18 dual counter
("parallel") counting periods using Poisson weighted residuals to evaluate the index of dispersion
and p(x2). Internal tests used the full set of individual pulse data from single counting periods to
compare the empirical distributions of pulse amplitudes, counts, arrival times, and inter-arrival
times with the predictions of the Poisson and GM counting processes. Internal tests were extended
also to two special cases involving "stressed" and "shocked" GM counting tubes.
EXPERIMENTAL DATA; RESULTS OF DISTRIBUTIONAL TESTS

To set the stage for the discussion of test results, and to introduce some notation, we refer to the
pulse data stream shown in Figure 1b. Two dimensions are shown: the x-axis, spanning a period of
150 s in the figure, indicates the time of arrival of the individual pulses; the z-axis shows the pulse
amplitude (E = "energy"), covering a range 0 to 10 volts (amplifier saturation). One of the pulses is

labeled "G" for giant; two are labeled "A" for anticoincidence; the remainder are of type "C" (coincidence). Inter-arrival times are of two types: "dt," the interval between an "A" and the preceding
"C" pulse; "DT," the interval between two sequential "A" pulses. The figure highlights several possible distributional tests: 1) GM pulse amplitude ("E") distribution; 2) arrival time distribution
(position on the x-axis); 3) "A-A," anticoincidence interval distribution; and 4) "A-C," anticoincidence-coincidence interval distribution, of peculiar importance to low-level counting (Curie et al.
1997). Other tests addressed: 5) the Poisson distribution of counts obtained by integrating over
equal, very short periods of time; and 6) the independence of successive inter-arrival times, or more
generally the noise power spectrum, which is expected to be "white" for a Poisson process.

6See the Postscript to this paper for a brief description of coincidence-anticoincidence counting.
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Fig. 1. Low-level GM individual pulse shape (waveform) and time series characteristics. la (top):
Superposition of coincidence pulse waveforms collected during one of the extended counting periods,
showing the approximately constant pulse amplitude (expected) for GM pulses, with one notable
exception. (The number at the top of the waveform display (Fig. la) represents the time of arrival of
the final event, 9508.01853 s). lb (bottom): A 150-s snapshot of the individual pulse data stream from
the same counting period, showing in the x-z plane, the actual distribution of pulse times of arrival
(TOA) and pulse amplitudes (E). (The y-axis has been reserved for pulse shape data.) This figure gives
the notation used in this study, with the indication of three types of events: a (rare) giant pulse (G); two
anticoincidence pulses (A); and the remainder being coincidence pulses (C). DT represents the interval between successive anticoincidence background events, while dt represents the interval between
anticoincidence events and preceding (coincidence) events.
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Fig. 2. External tests of the distribution of background events, over a time of ca. 6 weeks, divided into 24 more-orless equal counting periods, some with missing data. 2a (top): Extended measurements of coincidence (C) and anticoincidence (A) background rates for counter-1 (cpm-1), showing variations about the weighted means and
weighted Poisson-Q's. Nonstationarity (changing mean rate) for the C-data was indicated both visually, and by the
large value for index of dispersion (I) and the poor fit (p < 0.000001) to the simple Poisson model. Also, the A-data
were barely consistent with the model (p = 0.019). 2b (center): Covariation of the extended counting data for the
paired counters 1 and 2 (cpm-1 vs. cpm-2). The correlation coefficient for the C-results was 0.90 (p < 0.0001); for
the A-results it was non-significant at 0.13 (p = 0.62). 2c (bottom): Poisson-weighted normalized residual plots for
the differences between paired counter background measurements, as a test for long-term background nonstationarity compensation with an on-line background counter. Residuals are shown about the weighted mean differences
of 0.11 cpm (C-events) and 0.021 cpm (A-events). For the C-events, the fit was a little "too good," with index of
dispersion less than one (I = 0.44, p = 0.975), suggesting lack of independence between the C-events in the dual
counters. For the A-events the fit was acceptable (I =1.46, p = 0.10).
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GM Pulse Amplitude Distribution
GM pulses are reputed to be all of approximately equal amplitude and shape (waveform), with a
fixed mean amplitude which itself increases with voltage or position on the plateau. With the interesting exception of the rare, giant pulse, Figure 1 supports that assumption for the experimental data
displayed there. Figure 1a shows the similarity in amplitude and shape for the full series of 2940
pulses; the similarity and scatter of the pulse energy can be seen also in the 150 s fragment shown in
Figure 1b. More extensive tests were performed on the energy distributions of coincidence pulses
and anticoincidence pulses collected during a 982-min background measurement on 29 April 1997.
The estimated relative standard deviations were ca. 3.4% and 13% for the coincidence and anticoincidence pulse amplitude distributions, respectively. The latter showed more asymmetry, and skew
toward lower amplitude pulses. In other work we have identified the smaller pulses, with the help of
their pulse arrival time signatures, as spurious "afterpulses," which occur rarely but regularly in GM
counting tubes (Currie et at. 1997). (The relative immunity of coincidence counts to afterpulses is a
result of their rare and random occurrence in individual counters [Narita et al. 19791.) Thus, at least
two classes of pulses, afterpulses and the giant pulses of Figure 1(Kern 1963) depart from the traditional expectation of constant pulse amplitude for GM counting. Neither giant pulses nor afterpulses are new discoveries in GM counting, but this may be the first time that they have been documented in low-level counting background. The afterpulsing phenomenon cannot be ignored in very
high precision low-level (GM) counting, but the giant pulses, which are accompanied by interesting
after effects, are quite rare. A summary of time constants for these and other artifacts observed in
this study are given at the end of this paper.

External Distributional Tests
Two counters were employed for a series of ca. 20 long-term (0.7 to 3 day) counts in order to test
the Poisson distribution of counts over an extended period of time (ca. 6 weeks). We show the
results of these tests in a set of three pairs of plots. The first, Figure 2a, displays the observed rates
and Poisson standard errors for 21 of these long-term background counts in counting channel 1. The
obvious visual departures from stationarity (constant mean rate) is supported numerically by the values of x2 for the Poisson weighted residuals from the weighted means. For the coincidence counts,
the index
p(x2) <0.000001; for the anticoincidence counts, p(x2) = 0.019. The equivalent values for
of dispersion (I) are 4.9 and 1.8, respectively. This index, which is equivalent to the (variance/mean)
ratio, should be unity for a Poisson process (Cox and Lewis 1968).

Figure 2b shows the relation between the extended counts for the dual counters in counting channels
1 and 2. The correlation is striking for the coincidence counts, but not statistically significant for the
anticoincidence counts. The former is hardly surprising, for it has long been known that the muon
(coincidence) intensity lfor low level counting varies inversely with barometric pressure because of
muon interactions in the atmosphere; and the mean variation would necessarily be the same in each
of the paired counters. (In fact, highly significant negative correlation of the coincidence rate with
barometric pressure [r = -.8, p < 0.0001] was observed in this experiment.) Figure 2c addresses the
issue of online background compensation, using the difference between paired sample-background
counters for net signal estimation, as a means for eliminating the effects of background nonstationarity. Somewhat surprising results were obtained. For the anticoincidence counts the dispersion of
the differences was reduced to a level consistent with Poisson "counting statistics" [p(x2) = 0.10]the intended outcome. For the coincidence counts, however, the dispersion of the differences was
"too good"-i.e., smaller than that predicted by Poisson counting statistics, with an index of dispersion less that unity (I = .44) and p(x2) = 0.975. The implication is that the Poisson requirement of
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independence was not satisfied for the paired counters for meson (coincidence) counting, perhaps as
a result of meson showers, or secondary events in the shielding. By extension, if the anticoincidence
background contains a residual cosmic ray component, the paired counter technique might lead to an
overall variance somewhat smaller than that expected for the Poisson distribution.?

Internal Distributional Tests
More powerful tests of the background pulse distribution are possible by the "internal" route, in
which the entire time series of individual pulses from a single counting period may be evaluated in
terms of all three manifestations of the Poisson process-namely, the Poisson distribution of counts,
the Uniform distribution of arrival times, and the Exponential distribution of inter-arrival times.
Also, inter-arrival times are valuable for testing the assumption of independence using autocorrelation and noise spectral analysis. Assessment of the individual pulse data stream from these different
perspectives is vital because of their complementary abilities to detect deviations from the Poisson
process arising from different physical causes. To illustrate the methodology and develop initial
information on deviations from the Poisson process, we shall use the 982-min time series of individual coincidence and anticoincidence background pulses derived from the dual counters on 29 April
1997. This series contained a total of 37,755 events, 98.4% of which were coincidence events.
Tests Based Strictly on the Anticoincidence Background Events

To test the Poisson distribution of counts, it is necessary to first aggregate events from the time
series into a series of equal time windows ("bins"). This is followed by construction of a frequency

histogram of counts. Figure 3a shows the result of the first operation, applied to the 585 anticoincidence events from the 29 April time series, using 400 successive bins. The number of bins is
selected to make the average number of counts per bin sufficiently small to display the asymmetric
Poisson character. The resulting histogram is shown in Figure 3b, together with the best fit Poisson
distribution. The fit, with a mean of 1.46 counts is adequate [p(x2) = 0.11].
Tests of the Uniform distribution of arrival times (TOA), and the Exponential distribution of interarrival times (DT) also may be performed using histogram formulations, where the events are
aggregated into consecutive equal width bins or classes, with x2 as the test statistic. The results, for
the same (29 April) anticoincidence pulse data series, are shown in Figure 3c and 4a, respectively.
In the first case, the 585 arrival times have been grouped into 20 successive classes; the resulting frequency histogram (mean: 29.2 counts) is then compared to that expected for a uniform distribution.
The fit is adequate, with p(x2) = 0.75. In the second case, 584 inter-arrival times have been sorted
into 50 equal DT classes between 0 and 1000 s, and compared to what would be expected for an
exponential distribution. Here, too, the frequency histogram (Fig. 4a) is consistent with the null
hypothesis, with p(x2) = 0.40.

Histogram displays and x2 tests of classified (aggregated) data suffer two small drawbacks in terms of
resolution loss and dependence on the level of aggregation (class width). An attractive alternative,
which preserves the full resolution of the individual pulse data, utilizes the empirical cumulative frequency distribution functions (cdf). Maximum deviations of the empirical from the theoretical cdf are
then tested with the Kolmogorov-Smirnov statistic (significance level: p(K-S)). Figure 3d shows the
empirical and theoretical (uniform) cdf for the arrival times; Figure 4b,c shows the same for the
(exponential) inter-arrival times. The results in each case are consistent with the respective null
hypothesis.
?Residual cosmic-ray background components that occur in low-level gas counting include secondary gamma rays from
moon interactions in the shield, neutrons, and "muon leakage" (Theod6rsson 1992).
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Not shown are the results of autocorrelation and noise spectral analysis, using both dt and DT interarrival times. In each case, the results obtained were consistent with "white noise" (p[dt] = 0.88,
p[DT] = 0.58), as they must be if the underlying process is Poisson.
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Fig. 3. Internal tests of a single 982-min counting period (29 April 1997). Top: Test of the Poisson distribution of
counts. 3a: Partition of 585 anticoincidence events into 400 successive arrival time bins, used for the generation of the
background count frequencies. 3b: Resulting histogram showing the empirical and fitted Poisson distribution of counts
(I =1.46, p = 0.11). (Note that "p" in this and subsequent figures represents the empirical significance level for the
test result, or the probability of a poorer fit to the model by chance. When "p" approaches unity, the fit is improbably
good; when "p" approaches zero, the fit is improbably bad.) Bottom: Test of the Uniform distribution of arrival times.
3c: Frequency histogram of arrival times (grouped into 20 segments) for the anticoincidence background data, showing a good fit to the uniform distribution (p = 0.75). 3d: Empirical cumulative distribution function (cdf) of arrival
times, utilizing the complete data from 585 individual events, showing a good fit (p = 0.84). This type of test can only
be made when individual pulse arrival times are available, but it can often provide considerably more insight than tests
made on aggregated data.
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Unique Insight Gainedfrom the Anticoincidence-Coincidence InterArrival Times (dt; Fig. l b).

For low-level anticoincidence counting the dt time series has something special to offer. Referring
again to the individual pulse data stream of 29 April, we show the exponential distribution tests in
Figure 4 (d-f), using dt in place of DT-with a surprising result. The set of 585 anticoincidence
background events, which previously showed good consistency with the presumed Poisson process,
now exhibit a major discrepancy. The conclusion is that the background events, as observed, are not
at all consistent with a Poisson process. The nature of the departure, unclear from Figure 4 (d,e),
becomes apparent when the display is expanded to show very short dt (<1 ms) behavior (Fig. 4f). We
see about an 8% excess (46 events) of unexpectedly short coincidence-anticoincidence inter-arrival
times.8 The excessive events are, in fact, "afterpulses"; they reflect the physics and chemistry of the
GM counting process, not characteristics of the background radiation. A considerable literature
exists on this subject, and its relevance to detection and distributional phenomena in low-level
counting are treated elsewhere (Currie et al. 1997). The bottom line, however, is that nearly 1 in 10
of the anticoincidence background events observed in the 29 April experiment were not real background events at all, but artifacts associated with the operation of the GM counting tube. It is important to note that the 46 artifactual events were included among the anticoincidence pulses that
passed the three tests for the Poisson process, discussed in the preceding paragraph.
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Dual Distribution Plot
To provide a powerful graphical means for detecting spurious pulses and for assessing, simultaneously, consistency with both the uniform and exponential distributions, we devised a "dual distribution" plot. This is shown in Figure 5, with TOA (abscissa) and log dt (ordinate), for the individual

pulse data of 29 April. This method of display shares the full individual event resolution advantage
8Given the mean "dt" inter-arrival time of 2.72 s, it is clear that 8% of the pulses are very unlikely to have dt<1 ms by chance,
as the expected percentage would be just 100 x (1- exp(-0.001/2.72)) = 0.037%.
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of the empirical cumulative distribution functions (Figs. 3, 4), but it does so for both the TOA data
and the dt data at the same time. Introduction of the log transform has the merit of exposing data in
both tails of the dt distribution. From Figure 5, we can see at a glance that there are two distinct categories of inter-arrival time data: those for which dt is generally >10 ms, and those for which is it
generally <1 ms. The two categories are, of course, the "proper" Poisson process background
events, and the afterpulses, respectively. Two additional points are prominent in the dual distribution
plot-namely, 1) that there is little to be seen for dt < 150 µs (ordinate), and 2) that both proper and
spurious background events appear to be uniformly distributed in time (abscissa). The first observation illustrates the effect of the GM tube deadtime; the second, "visual" conclusion was verified by
numerical significance testing, with p(K-S) = 0.84 for the proper background events and p(K-S) =
0.46 for the spurious events (afterpulses). This is a rather interesting conclusion, because it means
that both types of events constitute random time series ("renewal processes"), but only when we isolate the proper background events do we have a "Poisson process" (with respect to the entire coincidence, anticoincidence time series). Another observation concerning the afterpulses is that they
represented comparable fractions of the background events in each of the paired counters: 9.2% and
8.5% averaged over the entire set of (external) counting periods.
Two Special Cases-Shocked and Stressed Counters

Background distributional properties were evaluated also for counting tubes that had been exposed
to "shock" and "stress"-conditions that occasionally, inadvertently, arise in low-level counting.
(Examination of these two special cases was motivated also by the experimental design principle of
ruggedness testing [Massart et al. 1988: Chap. 6].) We use the term "shock" to refer to the momentary application of excessive high voltage, and "stress" to refer to the continued application of moderately high operating voltage, near the end of the GM plateau. Figure 6 shows distributional results
from these experiments. The shock applied, in the first experiment, was the momentary, inadvertent
application of the gas proportional Guard counter high voltage (2526 V) to the GM counting tube
whose normal operating voltage is 1260 V (Fig. 6a,c); following the momentary shock the counter
was run in background mode at its normal operating voltage. The stress applied, in the second experiment, was an increased operating voltage of 1500 V, near the end of the GM plateau (Fig 6b,d). The
upper portions of the figure (Fig. 6a,b) display pulse arrival time histograms for testing the hypothesized uniform distribution. The lower portions show the corresponding dual (log dt, TOA) distribution plots displaying the complete individual pulse resolution. Numerical significance testing is not
at all needed in this case; both histograms show marked deviation from the fitted, uniform distributions. Curiously, the average anticoincidence counting rates were similar (1.65 cpm and 1.70 cpm),
both being some six and a half times the long term average background rates of ca. 0.26 cpm.
Two new phenomena are apparent in the plots. The shocked counter shows a characteristic relaxation ("decay") curve, which has an initial first order time constant of ca. 30 min. Gradual return to
the normal background rate took place over a period of about one day, after which the counter again
performed well as a low-level counter. Except for the relaxation phenomenon, the pulse data stream
reflected a random time series. The stressed counter, on the other hand, after a relatively small initial
transient, maintained an increased average counting rate, in part as a result of a dramatic series of
"bursts," or time sequences containing relatively large numbers of closely spaced, anticoincidence
events. When quite large bursts occur, they are prominently displayed in the upper histogram plot
(Fig. 6b), but the lower, dual distribution plot (Fig. 6d) tells us more. Besides the large bursts containing hundreds of individual events, the log dt ordinate allows us to discern numerous smaller
bursts containing 10 or fewer events. What is especially notable is that the intervals within the bursts
are not primarily those characteristic of afterpulses (<1 ms); rather, they cover the full range from
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Fig. 6.1\vo special cases exhibiting marked departures from the Poisson process: counters exposed to "shock" (momentary
excessive high voltage) and "stress" (relatively high operating voltage). Although average counting rates exceeded normal
background levels similarly (more than a factor of six) in each case, the arrival time and inter-arrival time distributions
were decidedly different. 6a and 6b display frequency histograms for individual anticoincidence pulse arrival times for the
shocked and stressed GM counters, respectively. The shocked counter exhibits a transient relaxation (decay) process starting with a very high counting rate, and decaying with an initial time constant of ca. 30 min; the stressed counter shows generally low rates, marked by erratic bursts of anticoincidence counts with sudden onsets, very high instantaneous rates, and
rapid decay (ca.1 s). 6c and 6d are the corresponding dual distribution plots displaying the complete individual pulse data
arrays. Here we see, for example, that 1) the transient behavior of the shocked counter is not linked to bursts or excessive
afterpulsing, whereas 2) the stressed counter has a large and continued increase in afterpulsing
(by about a factor of 12),
plus pulse bursts of many sizes (pulses/burst) with intra-burst intervals ranging from <1 ms to 0.1 s or more.
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ca.1 ms to a fraction of a second. Nor do the bursts exhibit the uniform arrival time distribution of
the afterpulses. Higher resolution examination of the bursts showed a sudden onset with instantaneous anticoincidence rates of ca. 1000 5'1, followed by rapid decay (time constant of 1 s or less).
The time interval between bursts is a bit erratic, and apparently dependent on both overvoltage and
burst size. Extremes for the burst recurrence times observed ranged from a few minutes (Fig. 6) to a
few days (normal operating voltage).

The burst phenomenon did not vanish at lower operating voltages, though it became relatively rare.
Bursts of 3 or 4 anticoincidence pulses were occasionally seen, with intra-burst intervals in the same
range of a few ms to a fraction of a second. This appears to be a counting system artifact that causes
the background radiation, as observed, to differ from a Poisson process. It is noteworthy that the
coincidence event data, corresponding to the anticoincidence data shown in Figure 6, remained
well-behaved. Rates at the two voltages were 18.99 ± 0.12 cpm and 19.25 ± 0.14 cpm, respectively.
(Uncertainties shown are Poisson standard deviations.)
CONCLUSION

Apart from possible systematic variations in mean level (nonstationarity), low-level counting background radiation is commonly assumed to represent a random series of independent events that can
be described as a Poisson process. Deviations from a Poisson process can be of considerable interest
theoretically, and they may be of some consequence in planning extensive or high precision lowlevel experiments, and in estimating uncertainties of results. Use of a pair of matched low-level GM
counting tubes, together with the NIST individual pulse analysis system, permitted us to perform
external count rate experiments of serial and parallel background observations, as well as more powerful internal tests of the Poisson distribution of counts, the uniform distribution of arrival times, and
the exponential distribution of inter-arrival times. The background radiation, viewed necessarily
through the "eyes" of the (GM) counting system, showed several departures from the null (Poisson)
hypothesis. The primary conclusions follow:
The null hypothesis, that the low-level background radiation can be described as a Poisson process, is inconsistent with our observations using GM counting tubes.
Separation of the "observed" (background radiation) from the "observer" (GM counting system) is not necessarily trivial nor completely possible (see footnote 5 above). Background radiation as observed, however, has direct relevance to the interpretation of low-level counting
experiments.
External tests of Poisson behavior (between results of extended counting periods) showed:
- nonstationarity (trend in mean rate), especially with respect to coincidence background
counts, as expected, due to the effect of barometric pressure on muon intensity;
excellent compensation for the nonstationarity by the online, paired counter technique,
with the surprising result that the reproducibility of the net rate was "too good" (index
of dispersion less than unity).9
Internal tests of the arrival times and inter-arrival times of individual coincidence and anticoincidence background events revealed a number of departures from the ideal Poisson-exponential
distribution:

-

9Nonstationarity compensation is to be preferred over the practice of using an "error multiplier" to account for a wandering
mean background level, as the latter approach presumes the nonstationarity to be random and to have a known distribution.
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- counting system deadtime (expected), which imposes a truncation to the realizable exponential distribution of inter-arrival times (Jordan and McBeth 1978). Although pronounced for GM counting, the matter of finite resolving time affects all measurements
of individual events with radiation detectors.
deviations from the expected constant GM pulse amplitude, in the form of "giant" pulses
and an asymmetric distribution of small pulses extending from the mean pulse amplitude down to the discriminator threshold.
afterpulses, of substantial abundance in the observed background radiation (8 to 10%),
that escaped detection in the conventional tests of inter-arrival times between anticoincidence background events. Randomness of the GM background pulse data stream does
not appear to suffer from the presence of the afterpulses, but the exponential distribution
of inter-arrival times does, i. e, we have a renewal process, but not a Poisson process. The
inter-arrival time distribution of the afterpulses can have a pronounced effect of high
accuracy low-level (interlaboratory) measurements.
- transient, counter relaxation ("decay") phenomena following momentary exposure to
excessive high voltage ("shock").
increased frequency and increased size of erratic "bursts" (mini-discharges) with
increased operating voltage ("stress"); the burst phenomenon represents a major departure from the Poisson process, that benefits from an individual pulse analysis system to
detect it at the lowest levels in background radiation measurements. The distributional
character of the bursts is uniquely different from that of the afterpulses.
Individual bursts showed very rapid transient behavior, with sudden onset and initial
instantaneous "background" rates of ca. 1000 s-1, followed by relaxation times of the
order of a second.

-

-

Time constants for the several types of events in the background radiation as observed were: coincidence counts, 3.1 s; anticoincidence background counts, 3.6 min; afterpulses, 0.67 hr; giant pulses,
0.8 days; bursts, erratic from a few minutes to a few days. All of these pale, however, compared to
the ca. 30-yr interval between investigations at NBS/ NIST on the validity of the Poisson process for
counts obtained with radiation detectors (Curtiss 1930; Garftnkel and Mann 1968; this paper 1998).
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POSTSCRIPT

In response to requests from reviewers who are expert in statistics but unfamiliar with low-level
counting, we offer here a very brief explanation of the technique, and its implications for vulnerability to, and detection of, spurious (after-) pulses. The basic principle is to use the time coincidences
between discharges from the central, "sample" counter and an enclosing (concentric) "guard"
counter, when both are triggered by penetrating external radiation, specifically cosmic-ray produced
mu mesons. This provides a major reduction in background for the type of system employed here,
because the vast majority of the background events are of this type (>98% for our system). It is for
this reason that we have a ca. 60-fold reduction in background, from ca. 20 counts per minute (cpm)
to ca. 0.3 cpm. Spurious, counter-generated events, which are relatively rare, are unlikely to occur
simultaneously in both guard and sample counters, producing coincidence counts. However, such
spurious events may be induced by all counts occurring in the sample counter-i.e., Ca. 20 per min;
because of delay times between the inducing particle and the spurious discharge, such afterpulses
will almost certainly appear as anticoincidence (background) pulses. That enhances both their
impact, and their detectability provided that individual pulse "dt" inter-arrival time analysis can be
employed. A further aspect of the counting experiment, that contributes to our null hypothesis, is that
all pulses should have approximately the same amplitude, since the counters were operating as GM
tubes.

GAS COUNTING SYSTEM FOR 14C DATING OF SMALL SAMPLES IN THE
KRAKOW LABORATORY
ZIBIGNIEW GORCZYCA, KAZIMIERZ JELEN and TADEUSZ KUC
Faculty of Physics and Nuclear Techniques, University of Mining and Metallurgy, Al. Mickiewicza
30, 30-059 Krakow, Poland
ABSTRACT. The application of traditional gas or liquid scintillation counting (LSC) is necessary for assessing radionuclide
activity in countries without operating accelerator mass spectrometry (AMS) facilities. A simple and relatively inexpensive
system of mini gas counters for measurement of radiocarbon in archaeological and environmental samples has been set up
recently in the Krakow laboratory (Department of Environmental Physics, University of Mining and Metallurgy). The system
is composed of a gas purification and counter filling line, three identical 15-mL copper/quartz counters, active and passive
shielding, and an electronic unit with data acquisition. One counter measures 22 mg of carbon as CO2 with efficiency >95%
at a background reduced to 0.044 cpm by a NaJ(Tl) guard counter and lead shield. The detection limit (1 Q) for a two-week
measurement of 48 mL of CO2 is 0.52 pMC. The corresponding counting error of a 100 pMC environmental sample is 1.3
pMC for 22 mgC (one counter) and 0.75 pMC for 66 mgC (three counters filled with the same sample).

INTRODUCTION

Samples containing milligrams of carbon are currently 14C-dated mainly by the accelerator mass
spectrometry (AMS) technique. However, in many cases, small gas counters can offer similar measurement parameters at very competitive prices. Traditional techniques, which can assure high sensitivity, accuracy and long-term stability, remain the only choice in countries where access to an
appropriate accelerator is limited or impossible. Over the past few years at the Krakow laboratory,
we have designed and put into operation a system of small counters. Further extension with counters
of higher volumes is possible in order to cover the range from milliliters to ca. 0.5 dm3 of CO2. Laboratory experience shows that archaeological and numerous environmental samples require a technique for 14C measurements that provides acceptable precision for carbon content <1 g. We present
here our construction of a simple and inexpensive system of miniature gas counters consisting of
both commercially available parts and self-made electronic elements and mechanical parts.

Gas Counter
The small and miniature gas counters currently operating in 14C laboratories have been developed
over last two decades, based on various technologies. The first small quartz-tube counters (Harbottie, Sayre and Stoenner 1979; Otlet et al. 1983) initiated further development of metal-tube counters
(Jelen and Geyh 1986) made of low activity copper. The results from gas-counting laboratories point
to a high-purity copper (OFHC) as one of the best cathode materials for gas counters. This was confirmed in a review by Mook (1982), showing that when quartz, steel and copper are tested, the best
results are obtained with copper counters.

The three miniature proportional counters (PC) studied are made of a modernized version of copper/
quartz described elsewhere (Jelen and Geyh 1986), and produced in cooperation with the 14C Laboratory, Hannover. Isolators, used to close both ends of the counter tube (lids), were made of synthetic
quartz (Suprasil, Hereaus, Hanau) and connected to the copper tube using a two-component glue
(UHU, hard 300, FRG). The anode wire, made of 25-µm gold-covered stainless steel (Leico Industries Inc, NY) is attached at one end to a small tension spring, and at the other it is soldered to a stainless-steel tube used for high-voltage input (Fig. 1). The effective volume of the counter is 15 mL (ca.
94% of total volume), with an active length of 6 cm, diameter 1.8 cm and operating voltage 5200 V at
3 bars of CO2. All three counters work at the same high voltage. A long plateau of Ca. 1100 V (Fig. 1)
begins at practically the same voltage for all counters and remains constant for at least three months.
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The counters have a very stable background, ranging from 0.044 to 0.047 cpm, while 1 Q = 0.001
cpm. Counting efficiency is >95%, providing a counting rate of 0.285 cpm for modern carbon (100
pMC). All three counters have parameters very close to those from a previous version described by
Jelen and Geyh (1986). They are also comparable to the small and mini counters described by Otlet et
al. (1983) and Kaihola et al. (1984).
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Purification System
We decided to use CO2 as a counting gas because of its simplicity of technical operation and to avoid

the complicated chemical procedures necessary for the synthesis of methane or higher hydrocar-
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bons. The required high degree of CO2 purity is obtained either by eliminating contaminants (especially electronegative NO, NO2, SO2, 02, etc.) in chemical reactions (Srdo and Sliepevie 1963;
Jelen and Geyh 1986) or by physical purification on active charcoal (Schoch et al. 1980). This is a
relatively easy and efficient procedure which can be partially automated. The purification glass line
(Fig. 2) was tested with different types of charcoal; temperature, pressure and time for the purification process were optimized. This method turned out to be very efficient for cleaning C02, both in
the case of wet-oxidized inorganic samples, and for "dirty" organic samples combusted in a stream
of 02. Three types of charcoal were used: Silcarbon SC 40, Silcarbon C 46 (Silcarbon Aktivkohle
GmbH, Germany), and Merck 2515 (E. Merck, Germany). In each case, the necessary mass of charcoal was ca. 20 g in a column ca. 200 cm long for cleaning 6 dm3 (760 Tr, t = 20°C) of "dirty" C02
from organic samples (high content of impurities). For smaller samples the quantity of charcoal can
be proportionally reduced. An increase in background when charcoal of unknown origin was used
suggests probable radon contamination.

PC

Sb

-glass

-metal
1-10 glass stopcocks
11,12 metail stopcocks
V - Pirani vacuum gauge
M - mechanical manometer

Cv - calibration volume
U - charcoal column inside oven
T - CO2 trap

Cp - capillary tube
Sb - CO2 storage bulb
PC - proportional counter

Fig. 2. Purification (glass), and counter filling (metal) system

Carbon dioxide frozen in trap Tl (Fig. 2) passes after sublimation through a charcoal column (U-tube
or spiral shape) kept at 0°C, and a capillary tube before it is again frozen in cold finger T2. Pressure
gauges installed before and after the charcoal column assure permanent control ofthe pressures which
at the inlet to the charcoal is kept at ca. 1000 mbars. The Pirani gauge at the outlet indicates when the
purification process is completed (p<1 Tr) after ca. 45 min. An overall yield >95% is obtained (a
small amount of CO2 is absorbed in the charcoal). Recovery of the charcoal column requires heating
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to 430°C with simultaneous pumping for 1 hr, and flushing with pure N2 in the last 15 min. The metal
part of the line (Fig. 2) is equipped with a precise manometer for filling the counter to standard pressure of 2300 Tr, and precise volume calibration of the measured CO2.

Active and Passive Shielding
For active shielding, we apply a commercially produced well-type NaJ(Tl) scintillation detector
(Crismatec, France, model 127YPEA 152) with well depth of 12 cm and diameter of 5 cm. The detector works in a horizontal position, with a type 9791 photomultiplier (high voltage: 760 V, resolution
for 662 keV line ('37Cs): 9.6%). Background components of low-level gas counters in the last two
decades have been thoroughly investigated (Monk 1982; Theodbrsson 1992; Theodorsson et al.
1992), leading to the conclusion that massive shielding made of selected material (lead or iron) is still
an important method for background reduction. Our counting system is located in the cellar (basement) of a four-story building (vertically ca. 12.2 m of water equivalent), where we have constructed
traditional passive shielding in the form of a cube (130 cm x 120 cm x 105 cm) with four measurement chambers for independent counter systems (Fig. 4). Test experiments of background reduction
carried out for different configurations (Table 1) showed that in the case of the best shielding efficiency (chamber A) background was reduced by a factor of 30 compared to that obtained outside the
shield.
TABLE 1.

Background Reduction for Different Configurations
Place of measurement

Outside the shield
(cpm/fraction*)

Chamber C
new lead
(cpm/fraction*)

Chamber A
new lead, borated
paraffin, old lead
(cpm/fraction*)

Copper/quartz counter /
Backgr., anticoincidence

1.29 ± 0.09/
1.00

0.068 ± 0.016/
0.053

0.044 ± 0.001/
0.034

0.14 ± 0.03/
0.108

GC (scintill. NaJ(TI))

48,650 ± 27/

1735 ± 7/
0.036

1185 ± 20/
0.024

4030 ± 5/

1.00

Chamber B
removed 20%
bottom old lead

Counter type

0.083

*Fraction of count rate outside the shield

A significant contribution is possible from gamma radiation entering from different directions
(opened front wall increased background 3.5 times). It has been shown that old lead is the best
shielding material since it does not contain primordial radioactivity (Artur, Reevers and Milla 1988;
Heusser 1989) in contrast to "young" lead, which may contain 20-500 Bq kg-1 of 210Pb and its progenies. In our case, a 5-cm-thick old lead layer inside the shield reduces background 1.6 times
(Table 1). A remarkably high contribution of? radiation from 214Bi content in construction materials
(concrete, sand) is observed, e.g., the removal of 20% of the bottom lead layer in chamber B (Fig.
4) increased the background by a factor of 4, mainly due to a very well pronounced broad peak in
the energy range 1100-1400 keV, a narrow one at 609 keV, and a higher low-energy continuous
spectrum. A small contribution from the 1460 keV line from 40K was possible. Low-level laboratories organized in a basement or underground are potentially subjected to high radon levels. However, the ventilation system in the laboratory rooms and/or flushing the shield by nitrogen or "old"
pure air removes this gas. Care should be taken to avoid radon progenies easily sorbed on surfaces.
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HV Supply and Electronics

A long and very stable plateau (Fig. 1) from each of the three counters allows the use of one highvoltage supply for the proportional counters while the second feeds the guard counter. Three counters
(PC) are placed inside a well-type scintillation detector NaJ(Tl), which acts as a guard counter (GC).
Each PC specified above is equipped with a two-stage, charge-sensitive preamplifier (gain =125 V/
V) built next to it, in the same metal case. Signals from the preamplifiers feed an analog multiplexer
and discriminator circuit, where they are digitized (Fig. 3). Information on amplitude is sent from a
logic block to the microprocessing system where it meets signals from PC and GC. Separation of
coincidences from anticoincidences is performed with computer software. Input of the microprocessor board is isolated by an opto-coupler in order to avoid backward influences of digital to analog signals. Direct addressing to microprocessor memory (IntelTM 8031) reduces the total resolution time of
the detection system to ca. 45 is. A simple personal computer collects data (RS-232 transmission
standard) and allows for automatic control of the measurement process.

Our simple electronic unit performs pulse-height analysis; the basic concept is similar to that
described by Otlet et al. (1983), and also to that used at the 14C Laboratory, Hannover (Jelefi and
Geyh 1986). It uses four energy channels with adjustable low-level and upper-level discrimination
and 1 channel for GC. Eight independent information channels allow connection to 8 counters. Possible future techniques for more advanced counting evaluation include pulse-shape discrimination
with individual analysis of each pulse; the estimated background reduction would be ca. 20%.

"old" lead

"new" lead

paraffin with boron

Fig. 4. Lead shield with four chambers
for independent counter units

RESULTS AND CONCLUSION

The miniature gas counting system was constructed and set into operation with a relatively small
financial effort (total costs ca. U.S. $22,000, not including lead shield). The measurement parameters obtained are close or identical to those published by laboratories that have been using this technique for years. A stable background of 0.044 ± 0.0015 cpm (Q calculated for N=200 of 100-min
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cycles), and counting efficiency of 95% determines the detection limit (2 a criterion) in over a twoweek counting period to be 37.5 ka (0.93 pMC), and the measurement error (1 a) for modern samples to be 1.33 pMC for 22 mg (1 counter) and 0.76 pMC for 66 mg (3 counters) of carbon. The dating error (10) for 30 ka and 10 ka samples for standard measurement (1 counter, 2 weeks) is +2.5
ka, -1.9 ka, and +290 a, -280 a, respectively. These figures can be reduced to +1.3 ka, -1.1 ka, and
+170 a, -160 a when the sample is counted in three counters.
In many cases, we are interested in the results (dates) at a given precision level that needs counting
time adjustment according to sample activity (age). Two percent of the relative error (1 ar) requires
126 counting days for 30 ka samples, and 21 counting days for 10 ka samples. Assuming that we
have in a year only three samples of 30 ka, and the others are 10 ka and all dates are with 2% error
(1Q), the yearly throughput of our system is 18 samples, except these 30 ka (standard or background
is measured for two weeks after each sample).
It was again documented that a massive shield made of materials selected for low radioactivity content plays a dominant role in background reduction, especially when a scintillation counter is used
as a guard. The content of uranium and thorium series radioisotopes in constructional materials,
especially radon and its progenies, may contribute considerably to the observed background. Purification of CO2 using the sorption technique seems to be an easy and reliable method for getting
counting-grade gas. Further reduction in background by pulse-discrimination analysis for small carbon samples can improve the precision of measurements. However, sophisticated electronics are
necessary, and for modern samples, the advantage is negligible.
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ESTIMATION OF GAS PURITY IN A COZ-FILLED PROPORTIONAL COUNTER BY
RISE-TIME ANALYSIS
ADAM MICHCZYNSKI and ANNA PAZDUR

Radiocarbon Laboratory, Institute of Physics, Silesian Technical University
Boleslawa Krzywoustego 2, PL-44-100 Gliwice, Poland
ABSTRACT. Since 1994, a new data-acquisition system with rise-time (RT) based background reduction has been in operation at the Gliwice Radiocarbon Laboratory. During long-term stability tests, we observed large shifts in the RT spectra
obtained during various measurement series. These shifts caused important changes in the count rate measured with RT reduction. As a result, we have ascertained that the shifts are the consequence of variable concentration of electronegative impurities. A correction method was considered, using average RT of pulses obtained in coincidence with the muon events, so-called
ARTL (average rise time of L pulses), for estimation of the RT of the spectrum's shift. However, radiocarbon dates calculated
based on count rates with RT discrimination, which were corrected using this method, are not more precise than traditional
14C dates. Nevertheless,
the value of the average coincidence pulse RT is a good indication of sample gas purity.

INTRODUCTION

Since 1994, a new data acquisition system with rise-time (RT) based background reduction has been
in operation at the Gliwice Radiocarbon Laboratory. The system uses microprocessor-controlled
pulse and coincidence analyzers for data acquisition from three proportional counter sets, called L1,
L2 and L3. Background is reduced by the rejection of pulses with rise times greater than the optimally selected value (discrimination level). The details of the new system and the backgroundreduction method were presented in Michczynski et al. (1995). We expected that the background
reduction by rise-time (RT) discrimination would increase the accuracy of 14C dates, especially for
old samples. However, during long-term stability tests we observed large shifts and changes of a
shape of the RT spectra obtained from various measurement series. These changes are particularly
distinct for the spectra of coincidence events, which are generated by cosmic radiation (high-energy
muons). We can also observe similar shifts and changes in the anticoincidence spectra of the background. Due to these changes, the count rate measured with pulse-rise discrimination varies according to the position and shape of the RT spectrum. These variations are so large that they call into
question the possibility of a background reduction by RT discrimination.
RESULTS AND DISCUSSION

The most important reason for the changes described above may be differences in the concentration of
electronegative impurities. Theoretical analysis and simulations show that an increase in these impurity concentrations causes a shift in the RT spectrum of cosmic muons to the direction of smaller values (Robinson 1994). Figure 1 shows RT spectra of coincidence events obtained by the L1 counter
during three series of measurements, when a low value of C-i.e., the counting efficiency and gas
purity control parameter (Pazdur, Walanus and Mocicki 1978)-indicated a high concentration of
electronegative impurities.1 Figure 1 also presents four examples of RT spectra of coincidence counts
obtained during background measurements, and the spectrum acquired when the high value of C
allows us to assume that counting gas was very pure. Table 1 contains values of the parameter C for the
series of measurements, which correspond to the spectra presented in Figure 1. The RT spectra for
1Parameter C is defined as a quotient of the number N of coincident muon counts between the two sections of guard counters
by the number L of coincident counts between the proportional counter and the whole guard (C=L,IN). The ratio C does not
depend on muon flux and gives information about counting efficiency. In particular, this parameter indicates electronegative
impurities when its concentration has an effect on counting efficiency.
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three series, when the impurity concentration was high, are shifted to a shorter RT, whereas the spectrum obtained for very pure gas is shifted to a longer RT. This confirms our statement that variations
in gas purity cause the changes in the observed RT spectra.
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To make this conclusion more reliable, we also analyzed the dependence of the changes of RT spectra
of coincidence pulses (muon events) upon the corrected voltage, defined as supply voltage divided by
working pressure. We described the variation in position and shape of the RT spectra using the average RT (calculated in RTchannels), which we denoted as ARTL (average rise time of L pulses). In our
laboratory the supply voltage is automatically changed by computer during the counting period to stabilize the working point of the counter. The working point is controlled by dividing the muon pulse
height spectrum into two channels and observing the ratio of pulses recorded in the upper and lower
channels. When the impurity concentration in the counter gas increases, the control system also

increases the voltage. Hence, the value of the proper voltage gives us information about the concentration of electronegative impurities. Because a similar effect may be caused by changes in counter
gas pressure,2 instead of voltage we use corrected voltage as a measure of the concentration of electronegative molecules. This idea has been applied in our lab for gas purity control (Goslar et a1.1990).
2The gas pressure differences in the counter are limited to a narrow range of a few percent of the standard working pressure.
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of gas purity and counting efficiency control parameter C for the

TABLE 1. Values

measurement sessions, which correspond to the spectra presented in Figure 3. Values of average RT for coincidence counts (ARTL) are also given.
ARTL
C
Date
Measurements with low C-value (presence of electronegative impurities)
11.16
1.402
18 July 1996
17.17
1.611
22 March 1996
18.95
1.584
5 August 1996
Background measurements
15 April 1996
11 November 1995
29 January 1996
4 March 1996
Measurements with high C-value (very pure
21 February 1996
32.00
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Fig. 2A. Values of average
rise-time of coincidence counts

(ARIL) vs. pressure-corrected
voltage

HVcorr [V/torn]
The results of our analysis are presented in Figure 2A, showing the average RT of coincidence
counts (ARYL) for counter L1 from measurements of background, modern standard and few contaminated gases. We note an approximate linear dependence of the ARTL value upon the corrected
voltage, which confirms that the shifts and the changes in shape of the RT spectra are the consequence of different concentrations of electronegative impurities. Therefore, the ARTL value may be
treated as a parameter for gas purity control. Comparison with the parameter currently used (C
value) shows that the ARTL better detects the concentration of electronegative impurities (Fig. 2B).
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To compensate for the influence of gas purity on the count rate measured with pulse-rise discrimination, we developed a method to correct for observed changes in the count rate. Changes in the background count rate after RT discrimination, as well as changes of the modern standard count rate after
RT discrimination, depend linearly on ARTL values (Fig. 3). Therefore, we can assume that the count
rates of background and standard after RT discrimination depend linearly on the ARTL value. This

gave us the opportunity to correct the count rate of background and standard based on the measured
value of ARTL. Hence, for each measured sample, we calculate the corrected values of the count rate
of background Bred(ARTL) and modern standard Spred(ARTL) using the formulas

(JTh -

ARTL,)
Bred(ARTL) = BredO + aB ART '
'
+
as
Sored(ARTL) = SOredO
ART (ARIL - ARTLo)

(1)

(Z)

where: ARTL = average RT determined for the measured sample
ARTLJ = value of ARTL assumed as a reference value (pure gas)
B1edo = background count rate after RT discrimination, meas. for ARTL=ARTL (pure gas)
SOredO = count rate of standard after RT discrimination meas. for ARTL=ARTL (pure gas)
as ,8T, as ART = constants determined during calibration meas. of a proportional counter set
These values are then applied, together with the count rate of a sample, for calculating the 14C age.
Table 2 shows a comparison of 14C dates obtained with and without RT discrimination. Dates calculated based on count rates with RT discrimination were corrected using the new gas-purity control
parameter, ARTL, as described above. Table 2 shows that results agree with each other;3 however,
14C dates calculated with RT discrimination are not more
precise than traditional 14C dates.
3Differences between dates determined based on count rates with and without RT discrimination are smaller than standard
deviations multiplied by 3.
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Fig. 3. Relative background reduction (3A) and relative decrease of count rate for a modern standard (3B) after rise-time discrimination vs. average RT of coincidence counts (ARTL)

based on count rates with and without RT discrimination.
Dates calculated based on count rates with RT discrimination were corrected using the
ARTL gas-purity control parameter. Distinct differences appear when very low ARTL
values indicate relatively high concentration of electronegative impurities (in italics).
14C age
Date
age
with RT
(yr-mo--dy)
Lab no.
discrimination (yr BP)
(yr BP)
96-03-05
Gd-7742 CAH-94/13
60
60
96-03-06
Gd-7742 CAH-94/13
60
96-03-12
Gd-7744 Zat.Pucka W-2
140
120
96-03-19
Gd-7746 MORI-1
100
100
96-03-23
Gd-7750 0M24/94
1500
2800
96-03-26
Gd-7751 Frakcja C18/B1
120
60
96-03-27
Gd-7752 Frakcja C18/B2
70
96-03-28
Gd-7752 Frakcja C18/B2
70
80
96-03-29
Gd-7753 Frakcja C5/B1
60
100
96-03-30
Gd-7754 Frakcja C31 /B1
60
90
96-05-09
Gd-7769 BHP (15-20)
50
96-05-28
Gd-7778 Pgh-10
60
60
96-05-31
Gd-7779 BHP-50
80
120
96-06-15
Gd-7785
Chetm±a 6/95
50
80
96-06-18
Gd-7786 Szynwald 11/95
60
70
96-06-20
Gd-7787 Klasztorek 1/95
60
80
96-06-21
Gd-7787 Klasztorek 1/95
70
96-07-13
Gd-7791
BG-C6/14-25
96-07-15
Gd-7791
BG-C6/14-25
40
96-07-24
Gd-7793
CHR 10/94 (0.80)
110
90
96-08-06
Gd-7795 TIRI-I
120
120
TABLE 2.14C dates determined
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CONCLUSION

Although the proposed correction method allows us to compensate for the influence of the gas purity
on the count rates with RT discrimination and to obtain proper values of 14C age, the accuracy of the
obtained 14C dates does not increase. Therefore, this correction method cannot be used effectively.
Rather, we should improve the gas purity system to insure a better and more stable purity of CO2 for
obtaining more precise 14C dates with RT discrimination.
On the other hand, the results show that the value of the average RT is very sensitive to electronegative impurities and the ARTL parameter detects this concentration better than the parameter used
up to now. Considering the advantage of the ARTL parameter over C, we will apply ARTL for regular gas purity control.
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REDUCTION OF THE ERROR MULTIPLIER BY A LONG-TERM ANALYSIS OF
THE CHARACTERISTIC BEHAVIORS OF PROPORTIONAL COUNTERS
INGRID U. OLSSON

Department of Physics, Uppsala University, Box 530, S-75121 Uppsala, Sweden
ABSTRACT. A significant reduction in cosmic-ray activity and backgrounds of the gas-filled proportional counters, as measured in a heavy iron shield, was observed when the Uppsala Conventional 14C Laboratory was moved in 1984. The new site
was better shielded from cosmic rays because of additional concrete layers above the laboratory. A study that lasted over one
year yielded a figure for the muon reduction. The backgrounds were reduced approximately to the extent expected from the
soft-component contribution at the old Laboratory as judged from barometric-pressure dependence. After a few years, new
electronics enforced, and enabled, the revision and improvement of the standard values for the activity and age calculations.
A careful analysis of the results for the counters has increased the accuracy of the small corrections needed to yield internal
error-multiplication factors mostly between 1 and 1.5 for the background for short periods of up to 12 months, and <1.1 for
the oxalic acid samples combined for the last few years of measurements in the laboratory. Similar results were obtained for
two counters.

INTRODUCTION

The aim of this investigation was to improve the standard values used for the activity calculations
for two gas-filled proportional counters, and in particular to study any pressure dependence, to
determine whether there was a relationship between the muons and the background and to learn
more about the internal error-multiplication factor.
Late in 1984, the Laboratory was moved from a tower of the Department of Physics to the basement
of a building surmounted by three floors and an attic. The electronic system was replaced in 1989.
The background was, as expected, lower in the new Laboratory, and the new electronics allowed
improved studies of the counting statistics. The muon count rate decreased by almost one quarter.
De Vries (1956,1957) had shown that some of the background of the counters in his laboratory was
from the soft component of the cosmic rays. Thus, background decreased with an increase of barometric pressure. De Vries, Stuiver and Olsson (1959) gave a figure, -0.0035 ± 0.0010 cpm per mm
Hg change in barometric pressure, for a background of ca. 0.9 cpm for the counter in the Uppsala
Laboratory (or ca. -0.003 cpm mbar-'). This background dependence on the barometric pressure is
too high to be due only to a decrease of the hard component of the cosmic rays (-0.12% mbar''). The
dependence on the soft (nucleonic) component producing neutrons in the shield is -0.7% mbar''. In
Uppsala, the background seemed to be lower for 1 and 2 atm CO2 filling pressure than for 3 atm (de
Vries, Stuiver and Olsson 1959). Olsson (1988) published results indicating that the barometricpressure dependence of the background had probably disappeared or at least declined appreciably,
when the total passive shield was improved because of the additional concrete layers above the iron
shield in the new laboratory. In consequence, the relation between the background and the muon
count rate was also studied. Olsson (1982) summarized oxalic-acid values (activity of the modern
standard) for many years, showing that there was a residual pressure dependence of the activity after
normalization to standard filling pressure, normalized for temperature variations, and under the
same conditions in the electronic system. The decline in the count rate with increasing pressure was
significant according to that study.

Olsson et al. (1962) and El-Daoushy and Olsson (1977) similarly studied the characteristics for
varying pressures and discriminator levels. At the half-life measurement, extrapolation to the discriminator level 0 was included and the end effects were eliminated with the help of a difference
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counter. This was accomplished by moving one end by turning a carefully calibrated screw. The
extrapolation was ca. 1% and the uncertainty estimated to 0.2%-one of the largest uncertainties
(Olsson et al. 1962, Table 1). El-Daoushy and Olsson (1977) could detect a decreasing background
for increasing discriminator levels, and an increasing background for increasing pressure for a
counter of the de Vries, Stuiver and Olsson (1959) design but with a nonlinear dependence. Previously de Vries and Barendsen (1953) had shown that there is an optimal discriminator level for each
counter determined by the gas pressure, the geometry of the counter and the radiation studied.
METHODS

The gas-filled counters were placed in a 9-ton shield that incorporated paraffin with boric acid to
reduce the influence of neutrons (Olsson 1958, 1988). One of the two counters used in this study,
PR4, was placed inside a mercury tank and the other, PR5, outside this tank in the same cavity of the
shield. The gamma rays produced at the capture of the neutrons were thus better absorbed for PR4
than for PR5. A set of Geiger counters surrounded the parcel comprising the mercury tank and two
copper tubes, attached to the tank, where proportional counters could be placed. The Geigers were
arranged (Olsson 1988, Fig. 4) so that muons could not pass the proportional counters without triggering the Geigers. These were connected to a quenching circuit (Caini and Olsson 1962). The new
electronics for the proportional counters, including the anticoincidence traps, were designed and
described by Bjornfot (1990). Three lines, or units, were available, so a line used for recording the
decays for the activity measurements for one counter could be used in parallel with another line for
comparisons. The discriminator levels were slightly different. Each line was split into three channels
with different discriminator levels-one for betas and muons with the same discriminator level, one
for alphas and another muon channel with a discriminator level to yield a count rate equivalent to
that on the steep part of the characteristic (Olsson 1958) to trace any drift during a measurement.
The high-voltage supplies for the proportional counters came from Fluke® (Model 410B). The measurement period could be varied, but usually 100-min periods were chosen so the results for ca. 10
short periods were recorded every "night". A simple statistical program allowed an automatic analysis of the uncertainties for these periods, giving the ratio between the real spread and that expected
on mathematical grounds (Qreal / Qexpected, here called the K-value; the term "error multiplier" is also
used). This program was based on the principles given in Stuiver (1982).

The purity of the gas was checked on the first day shortly after filling the counter, and the next day
before it was refilled, or before the next "overnight" period (the same gas without refilling) was
started. For the purity check, muons were found suitable and used (Olsson 1958, 1988) so that the
standard procedure was to take three points on the steep part of the muon characteristic, each ca. 20
min. The computer calculated the normalized voltage for a fixed, chosen, count rate, "midpoint",
after normalization for barometric pressure and the slope, where this part of the characteristic could
be assumed to be a straight line. The voltage for the working point was chosen close to a fixed value
above the voltage for the midpoint, yielding the effective voltage. The result obtained at the effective voltage was then normalized to the normal working point using the slope on the plateau. To
determine this slope, the effective voltage was varied-greatly for the background samples, and less
for the oxalic-acid samples, but more than for normal samples. The steep region had a slope of ca.
0.20 muons min'1 V'1. This number decreased with increasing pressure. The corresponding net
count rates on the plateau were ca. 86 and 81, respectively. The count rate was thus ca. 42± 1.5 cpm
for the midpoint if 20-min measurements were used. The natural variations, the uncertainty, of the
muons should be taken into consideration. It could be seen that each point could be measured with
an uncertainty corresponding to ca. 10 volts.
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The program for activity and age calculations was a revised version of that described by Olsson
(1966). It allowed normalizations for background variations with barometric pressure and the extra
pressure correction for the betas seen by Olsson (1982). Factors for the various corrections could be
varied arbitrarily by changing the standard values for each counter. The corresponding filling-pressure correction for the background, determined in this study, was not included in the revised program, however. These corrections had thus to be made "by hand". The uncertainties of the physical
measurements of the pressure, '3C, determinations of the "mid point" of the steep part and the factors for the various normalizations were considered in the calculations (Olsson 1958; Olsson et al.
1962).

From autumn 1984, the filling pressure was measured using pressure transducers, type PDCR
135/A, connected to a multichannel indicator constructed in the electronic workshop of the Department. It was adjusted to indicate high numbers and not calibrated to yield absolute values although
we chose a setting such that ca. 1 bar corresponded to 500 "pressure units". The pressure values
given here are thus in "units", each corresponding to ca. 2 mbar. Since the activities of 14C samples
should be related to the international standards, there is no need for absolute pressure values in studies such as this. The pressures had, however, to be normalized to a fixed temperature to yield results
for the same number of molecules as for the standard. Their measurement in the counter, with a
slight correction for the dead volume in the connections, excluded possible error because of adsorption, which can disturb the result if the pressure is measured in a volume outside the shield and
adsorbing material is used (Olsson et al. 1962; Olsson 1988: 200-201). The temperatures were measured using flat resistor thermometers fixed on the outer surface of the counters. The pressure was
measured ca.1 h after the counter was filled to allow temperature stabilization and again just before
the gas was removed from the counter or sometimes once a day-when the gas was left in the
counter day and night.
The barometric pressure was measured in mm Hg with a barograph. (This has been the practice
since the Laboratory was established; it was found convenient to continue this procedure for routine
measurements and for comparisons between new values and old ones from the previous years.) For
very low and very high pressures, results from the Department of Meteorology or from a mercury
barometer were used, translated to the Laboratory barograph, since this failed at extreme values.
THE DEPENDENCIES STUDIED

The dependencies of the background on barometric pressure, effective voltage and filling pressure
were studied, as a first approximation, assuming a linear relationship although a nonlinear dependence on filling pressure could be expected (Olsson 1958; El-Daoushy and Olsson 1977). A least
squares program written at Uppsala in the 1960s was used and could be combined with the statistical
analysis. Any drift with time and discriminator level was also checked. Since the early measurements (Olsson 1958) also included comparisons of the muon count-rate variations with the cosmicray results from a study group of cosmic rays, and the muons were also used for the purity checks,
the muon results were normalized to a standard barometric pressure. The background dependence
on these normalized values was also investigated. The dependencies of the measured oxalic-acid
activity on the effective voltage, filling pressure, time and discriminator level were also examined
assuming a linear relationship.
To start, results from periods of a few months or other suitable periods were used for the long-term
statistical analyses. The results for samples from a combustion were also compared with those from
other combustions. The short periods were later combined to longer intervals. Certain events, such
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as partial adjustments of the electronics, voltage breaks and problems with the equipment naturally

limited the periods considered.
The uncertainty in a dependence calculated using least squares will be considerable if the range is
short over which the independent variable is measured. This was often the case for the muons. The
weighted means for short periods were used. For the weighting, the calculated value from the least
squares calculation was used as well as the Q-values for the beta channels. These two values were
also compared with a median value obtained after exclusion of values with large uncertainties. By a
combination of a critical, albeit at first subjective, evaluation of these values, successively prolonged periods and iterations of the activity-calculation program using step-wise improved standard
values, the dependencies could finally be excluded or accurately and objectively determined and
included in the calculations for the final age and activity measurements from 1989 until 1994.
SAMPLES USED

Anthracite was pretreated and burned on 10 occasions and split into 13 background samples used in
this investigation. Oxalic acid was burned to yield seven samples with internal numbers 11,
and 18. The oxalic acid used was previously called "Old oxalic acid" (also known as NBS
15,
SRM-4990 (Mann 1983), Oxalic Acid I, SRM 4990B, or HOxI (Long 1995)). The S13C values from
these seven samples ranged from -21.14 to -18.35%o. Each sample was measured at least twice.
From the agreement between the results for a single oxalic-acid sample it is realistic to estimate the
uncertainty in each value to 0.2%o. The overall uncertainty on oxalic acid is thus here Ca. 1%o, deriving mainly from the combustion. The earlier values from the Uppsala Conventional Laboratory,
oxalic-acid numbers 1 to 10, showed less spread. For these earlier results the overall uncertainty is
close to 0.3%o. Another source of uncertainty, presumably unlikely for the actual oxalic-acid samples, may derive from fractionation if the aliquot needed is taken from gas just from the sublimation
of dry ice. Craig (1961) and Polach (1973) give examples of wide ranges for 813C obtained at different laboratories. Grey et al. (1969), Kim (1970), Polach and Krueger (1973) and Valastro, Land and
Varela (1977) report fractionation at the combustion-if not complete.
LIMITATIONS OF THE STATISTICAL ANALYSIS

The simplified statistical analysis acted as a tool for evaluating any improvements when adjusting
the normalization factors. Since the program was devised for variables with the same statistical
uncertainty, it was well suited for 100-min results "overnight" although the number of points was
only ca. 10 or 12 or sometimes, e.g. over weekends, somewhat higher. Only complete 100-min periods were taken into consideration for the K-value calculation. The results from a much shorter
period could very well fit the mean value from a statistical point of view, but would sometimes deviate and have such a large 1a-value that, although acceptable, it would cause the K-value to appear
much too high. When a few "overnight" periods were combined the short periods were thus also
excluded for the K-value calculation although kept for the least squares calculations, for which this
limitation was not valid. Results from special tests of a few hours duration could thus be included.
It was also seen in reality that most of the K-values tended to decrease when the shortest periods
were removed.
The number of the points in the least squares program was also limited to 99. This was not a serious
limitation since it seemed appropriate to divide the interval from 1989 to 1994 into shorter periods.
Because of the shape of the characteristics it was appropriate, and safe, to limit the voltage range to
ca. 200 volts for the least squares analysis-sufficient for normal activity measurements. It was
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seen, albeit from too few points to draw definite conclusions, that a wider range could have been
used. For the barometric-pressure dependence, the natural variations were < or << 30 mm Hg for
periods of months. Thus, a 10-mm change with a pressure dependence of -0.001 cpm per mm Hg
will affect the background by 0.01 cpm or one third of the statistical uncertainty "overnight", making it difficult to determine this dependence with accuracy unless many values are available. The
filling pressure could, however, be varied at whim. Finally, it was observed that the pressure range
had to be limited for the oxalic-acid samples because of the complex relationship between such elements as gas amplification, pressure and shape of the characteristics.
RESULTS AND DISCUSSIONS

Pressure Dependencies
The background for PR4 did not show any significant relationship with the barometric pressure. The
weighted mean value is -0.000187 ± 0.000284 cpm per mm Hg. The corresponding value for PR5
is -0.0010 ± 0.0003, indicating a residual barometric-pressure dependence.

The filling-pressure dependencies for the backgrounds were evaluated to -0.00007 cpm per pressure
unit for PR4 and -0.00009 for PR5.
The decrease of the oxalic-acid activity with increasing pressure, after normalization for the number
of molecules in the counter, was significant. The uncertainty of the final figures for this was slightly
<10% of the values to be used for age calculations. For PR4, the total pressure range had to be split
into two parts-one with 126 results at ca. 1360 units (a pressure close to that used for normal samples), and a second with 52 samples at ca. 1050 units. (One unit is about equivalent to 2 mbar, as
stated earlier.) There was a gap of slightly >100 units (200 mbar), except for six samples treated
together with the low-pressure group, between these two groups. Further, the whole period was
divided into two because of a change of electronic units. Oxalic acid 15 was treated separately. Originally, this oxalic acid was thought to be contaminated. The main reason was that the value of the
filling pressure deviated significantly from those of the other oxalic acids-especially in one of the
counters. The corrections because of the filling-pressure dependence were finally determined for
PR4 to -0.00165 unit'1 for normal pressures and -0.00092, with large uncertainty, for low pressures.
The K-value for oxalic 15 in the first long period was 0.86 and for the other oxalic acids for the two
periods it was 1.11 and 1.25, when the iterations were stopped. A limited voltage range was used.
For the low-pressure samples, the corresponding values, although obtained with fewer samples,
were 1.24, 0.95 and 1.22. For PR5, the dependence was determined to be -0.0010 per pressure unit,
and only one range, ca. 700 units, was used because of the good K-value, e.g.,1.04, for 90 results.
Ten samples, oxalic-acid 15, with a range of ca. 580 units, were treated separately, yielding a Kvalue of 0.98 for this counter. The pressure-dependence thus affects the result slightly more than the
statistical uncertainty for "overnight" periods for a deviation of ca. 60 or 100 units, respectively.

Statistical Spread
The available "overnight" background K-values are 157 for PR4 and 174 for PR5 with 76 and 89
values < 1.0, respectively. The values for oxalic acid are 126 and 78 with 71 and 32 values <1.0.
The background measurements for PR4 yielded K-values 1.81, 1.32 and 1.34 for three periods. The
values for PR5, when split into four short periods with a total of 74 "overnight" values and two
longer intervals with 36 and 90 values, are 1.48, 1.18, 1.55 and 1.84 for the shorter, and 1.17 and
1.19 for the longer series.

148

I. U. Olsson

It was impossible to determine whether any relationship existed between the backgrounds and
muons, either in the Geigers or in the proportional counters.

Comments on the Values
The K-values for each of the seven oxalic-acid samples during the first and second periods with normal pressure in PR4 and for the entire single period in PR5 varied from 0.77 to 1.41. A slight
increase of the background of PR4, from 0.9435 ± 0.0031 to 0.9518 ± 0.0040 cpm, observed from
the day the electronic unit (no. 3) had to be replaced (by no. 2) is probably due to slight differences
in the two units. The oxalic-acid activity increased on this occasion by Ca. 0.6 ± 0.3%. The calculated uncertainty before and after the replacement was 0.15 and 0.18%, respectively.
No relationship between the activities of the different oxalic acids and the S13C values, or the varying yield at the combustions, could be detected. No systematic activity differences between the different oxalic-acid samples were observed.
CONCLUSION

Simple, old-fashioned, cheap equipment can yield reliable results and prove to be stable for many
years. A simple statistical analysis can be applied for quality control as well as results from the international studies, e.g., on material from IAEA. This study indicates that the error multiplier can be
kept as low as 1.1.
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DEVELOPMENT OF NEW BETA-COUNTING PROGRAMS OPERATING UNDER A
WINDOWS® NT WORKSTATION
KUNIO OMOTO
Radiocarbon Dating Laboratory, Department of Geography, College of Humanities and Sciences,
Nihon University, 25-40, 3-Chome, Sakurajousui, Setagaya-Ku, Tokyo 156 Japan
ABSTRACT. 3-counting software programs were developed and installed in new PCs for operation under a Windows® NT
workstation. The new software programs allow us to simultaneously control several n-counting systems, either remotely or
from within the laboratory. This setup is much less expensive than our previous arrangement, which required a separate PC
for each counter.

INTRODUCTION

At Nihon University, a fully automatic 3-counting program and other measuring instruments have
been developed since 1982 (Omoto 1982, 1985, 1995). The counting programs were installed and
interfaced to several PCs. After developing the programs, I wanted to operate a number of 13-counting systems from a single PC and to be able to control them from outside the laboratory. Therefore,
the programs were redeveloped to operate with remote capability under a Windows® NT workstation. Although their algorithms are essentially the same as developed previously (Omoto 1982), the
new programs provide several very useful functions. In this paper, the significance of the newly
developed software programs and hardware systems is reported.
METHODS

Hardware
Figure 1 shows the basic automatic 14C dating system for 13-counting without a PC. Our setup consists of four 13-counting systems. Previously, each system was composed of a single PC, an interface,
a set of amplifiers for center and guard counters, and several measuring instruments. Communications between the PC and measuring instruments were carried out by an interface through an RS232C cable. Improvements in computer technology prompted us in 1996 to purchase a new host PC
and monitor to control all our 13-counting systems. A cable connected the new PC to four interfaces;
the interfaces were in turn connected to each 13-counting system. We prepared a multi serial adapter
to expand the cable's lines, and installed a GPIB board to connect several measuring instruments
providing GPIB lines. A high-speed modem was purchased and connected to a telephone line for
remote-control operation of the host PC. We also purchased equipment to guard against sudden
power failure. Table 1 lists the new equipment specifications and manufacturers; Figure 2 details the
system setup.
New programs were designed to operate under a Windows® NT workstation. We can now collect,
display and store data via each interface, viz., time interval for sampling data, figures of anticoincidence, center counter and guard counters, figures of center and guard counter high voltage, temperature and pressure of the counter. Also, timers, high voltage for center and guard counters, and scalers for anticoincidence can be controlled.
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Fig. 1. Schematic diagram of an automatic

14C
Specifications of Host PC and Peripheral Instruments Controlling the Automatic
Dating System
Accuracy or standard
Manufacturer
Model
Instrument
CPU: PentiumTM
Hewlett Packard® Corp.
Vectra VL5/xx
Computer
166 MHz
Ser.4
RAM: 128 MB(max)
HDD: 2 GB(3.5")
CD-ROM: 1(x 4)

TABLE 1.

FDD:1(3.5")
Serial Port: 2
Parallel Port:1

Operating system

Windows® NT
workstation V4.0

Microsoft® Corp.

Display

Ultra VGA 1280

Hewlett Packard® Corp.

Printer
Modem
Power backup
Expansion board
GPIB board
Interface

LP-8500
Sportster® SP-288P

Epson Co., Ltd.
Integran Co., Ltd.

BK ProTM 500

APCTM

DigiBoard® PCI8eTM

Sumisyo Datacom Inc.
National Instruments® Corp.

8 ch

Yoshiki Co., Ltd.

Input: 5 ch
Output: 2 ch
Relay: 8 ch
Interface: RS-232C

AT GPIB/TNT
OJY8201

17" screen

1280 x 1024
16 color

A4 & A3 page size
28,800 bps
500 VA
1.4 MB
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Fig. 2. Diagram of host PC connected to multiple
interfaces of n-counting systems

Software
When the first BASIC programs for the f3-counting system were developed (Omoto 1982), a single
PC was used for each system. The main reasons were: 1) simplicity in controlling each system; 2)
avoiding possible interruptions caused by controlling several systems by a single PC; and 3) the difficulty in purchasing affordable multi-tasking PCs. The earlier software programs and hardware systems had worked very well since their development in 1982. But, needless to say, a substantial
amount of money can be saved by controlling a number of a-counting systems with a single PC.
Then, with the development of Windows® 95 and Windows® NT, the possibility arose for using an
operating system (OS) that provided multi-task capability and other useful functions. To take advantage of the capabilities of the new OS, the 3-counting programs developed previously (Omoto 1982)
had to be rewritten and supplemented. The programs were rewritten in Visual BASIC, and taking the
opportunity to revise the programs, functions to allow the simultaneous control of several 14C experiments were added.
Figure 3 shows the menu trees for the new programs. From the Start menu, any task necessary for 14C
dating can be selected. For example, if we want to execute a fully automatic a-counting experiment,
we select (by mouse-clicking) job number 1 on the first menu. Then the system number from among
our 3-counting systems (system-1 through -4) will be selected. In the third menu, we input several primary data, i.e., laboratory code number (NU-1234), operator name, time interval and total time for f3counting. Also, we must check the pressure and temperature of the filled counter, background and
standard (NBS) values, primary high voltage for center and guard counters, and so on. Finally, the
entire primary data on the display are checked and confirmed. Mistakes and incorrect data may be corrected at this time. After confirmation of the primary data, the plateau counting program may be
started. After the system-1 experiment has begun, an experiment with another counter can be started
without any interruption to the first experiment. With multi-tasking, we are always able to stock carbon dioxide into a reservoir flask or purify it by using stock and purification equipment.
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Fig. 3. Outline of menu trees for the new programs

When one system has finished or stopped due to an error, a decision must be made to continue or
stop the experiment. The gas sample can be replaced by a new one to start another 3-counting experiment. Based on this decision, a new file to execute the next job may be opened to control the CPU.
It is also possible to execute other programs under the multi-task environment, such as writing an email message or working with a document.
RESULTS

In addition to the new hardware and software, the remote access system (RAS) is one of the most
useful features of our Windows® NT workstation. We may now control our n-counting systems at
any time, wherever we are. The f3-counting systems can be monitored remotely by using a notebookstyle PC, a modem, and a mobile phone (PHS). To do this, the host PC in the 14C laboratory is called
up by a mobile telephone that is connected to the notebook PC. The connection to the lab is made
using the RAS and/or the Telnet function of Windows® 95 and Windows® NT workstation (Fig. 4).
After the telephone connection has been established, the ID and password are exchanged between
the notebook PC and the host PC. Then the host PC cuts off the line automatically, but soon the callback system in the host PC starts, and a connection between the telephone line and the notebookstyle PC is established. After the line is connected successfully, the f3-counting systems may be controlled as if the operator were sitting in front of the 3-counting system and/or display in the 14C laboratory.
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CONCLUSION

The new hardware and software programs are working very well under the multi-task environment,
and we are now able to remotely control four gas-counting systems with a single PC. Minor changes
may be necessary to execute experiments faster and make them more complete. The system may be
controlled more easily from outside our laboratory if we put new programs on the http server connected to the Internet. Several programs still have to be upgraded before we can connect the system
to the Internet. It may be possible to similarly control liquid scintillation counting (Quantulus
1220TM) if the I/O board and new software
programs developed by Wallac Oy operate under Windows® 95 and Windows® NT workstations.
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RADIOMETRIC 14C DATING: NEW BACKGROUND ANALYSIS, BASIS OF
IMPROVED SYSTEMS
PALL THEODORSSON

Science Institute, University of Iceland, Dunhaga 3, IS-107 Reykjavik, Iceland
ABSTRACT. A recent broad study of the background of all types of low-level beta and gamma detectors has now made it
possible to analyze its components more reliably and with greater detail. This general analysis is developed further here for
gas proportional and liquid scintillation counters used in radiocarbon dating. The background of gas counters, which is dominated by secondary cosmic gamma radiation, is now well understood and can be described quantitatively. The background
of liquid counters is less well understood and can only be described semiquantitatively, its analysis resting partly on estimates.
Methods to reduce the background of both types of systems are described and their effectiveness discussed. This analysis may
help in evaluating the quality of existing systems as well as in designing better ones.

INTRODUCTION

For decades, low-level beta and gamma counting has been a conservative technique, characterized
by empirical solutions. It has been more of an art than a science, relying on many recipes that are not
supported well enough by experimental evidence. During the development of ultralow-level germanium spectrometers, their background components and methods to reduce them were studied intensively. Over the past 15 years these studies have provided us with invaluable information, which
additionally helps us to use with greater confidence the large mass of data from earlier background
studies on various types of detectors. This has made a deep impact on the whole field of low-level
beta and gamma counting, gradually transforming it to a more exact science (Theodorsson 1996b).
The new and reevaluated older information gives us now the opportunity to analyze in greater detail
the background components of gas proportional counters (GPC) and liquid scintillation counters
(LSC) used for 14C dating.
BACKGROUND COMPONENTS AND EFFECTIVE MASS

Primordial radioactivity, close to the sample detector or in its material, and cosmic rays are the
source of the background count rate B of beta and gamma detectors (Oeschger and Wahlen 1975).
The background can be divided into the following components:
B = {By(Ex)

f BY(Ct) + BY(RIl)}i- {B(RII)+ B}+ {BY(SI') f BN f Bµ}

(1)

where their source is:
BY(Ex): External natural radioactivity in material outside main shield
BY(Ct): Gamma radiation from contamination in the shield and materials inside it
BY(Rn): Radon, which diffuses into cavities in the shield, and its progeny

B(Rn): Radon contamination in sample

B:

Beta-active contamination in counter material and glass of the photomultiplier tube
(PMT)
By(Sr): Secondary photons, induced by muons and protons in the shield
BN:
Neutrons, induced by muons and protons, predominantly in the shielding material
Bµ:
Muons, or muon leakage in systems with anticosmic counters.
Here only components that can contribute significantly will be discussed.
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Reducing the background calls for time-consuming studies and often increases the price of the systems. It is therefore a matter of compromise how far we should extend our effort. It is generally difficult to reduce the background beyond some limit, BL, which is usually determined by one dominating component, while other components are suppressed to a negligible level or below fixed a
tolerance level, for example 10% of BL.
Before dealing with background components of gas proportional and liquid scintillation counting
systems, we need to explain the wall effect. Sample detector pulses due to gamma radiation are triggered by primary ionization not only in the detecting medium, which in the present case is either gas
or liquid, but also when it occurs in the enclosing wall and the released energetic electron escapes
into the detecting medium. The background can therefore be split into a gas component Bg and a
wall component Br,,, where the primary ionization occurs in the gas and in the wall, respectively.
Because the wall effect is small in the vials of LSCs, I focus on GPCs. As both the gas (C02) and
the wall of the counter (copper) are of materials of relatively low atomic number, the density i of the
primary ionization (events per minute and gram of matter) is nearly the same in both materials, and
we can write:

Bg=iMg and Bw=itA

(2)

where Mg is the mass of the gas; t is a proportionality factor with a dimension of thickness, measured here in mass area density (g cm'2); and A is the cathode area (cm2). The inner mass layer to
can be considered as an effective sensitive wall layer, as the total number of gamma interactions
there has the same value as B. The thickness t depends on the energy spectrum of the gamma radiation, and increases with its energy. For the gamma radiation inside a typical shield, t has a value of
ca. 0.025 g cm-2 (Theodbrsson 1996b: 213). The total effective sensitive mass of the detector, Meff,
is the sum of the mass of the gas and the effective wall layer:
Met`' = Mg + i A

.

(3)

A 1.0-liter counter has an inner cathode area of ca. 800 cm2 and an effective wall layer of ca. 20 g.
When filled to 3 atm of C02i the mass of the gas is 4 g and Meff = 24 g. This clearly demonstrates
the disadvantage of the GPC compared to a LSC, as the sample is <20% of the total mass sensitive
to background gamma radiation.
SECONDARY RADIATION

The secondary gamma radiation is generally the source of the dominating background component.
This gamma radiation is induced by muons, and to a lesser degree by protons, in the shield. As all
low-level beta and gamma detectors are operated inside a similar shield, they are exposed to secondary gamma radiation of practically the same intensity and with the same energy distribution. We
have detailed information about this component from studies with ultralow-level germanium spectrometers. The secondary gamma radiation interacts through the same processes with the detecting
materials of GPCs, LSCs and germanium diodes, the Compton effect being dominant. The interaction probability per mass unit is nearly the same in all these detectors as they are made of materials
of relatively low atomic number. We can therefore expect the background in a broad energy window
to be similar per mass unit for detectors of all these three types.
The secondary gamma radiation is predominantly produced by the penetrating muons. Their flux is
reduced somewhat by the overlying mass in building materials and eventually also in a layer of
earth/rocks. This mass, the overburden (Mob), is measured in g cm-2 or, more frequently, in meters
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water equivalent (1 mwe = 100 g cm-2). The attenuation factor of the moon flux, Aµ(Mob), is
described by the following empirical equation (Skoro et al. 1992):
Aµ(Mob) =

10(-1.471og(1 +Mob/10))

(4)

This equation describes the muon flux attenuation with an accuracy of ca. 5% to a depth of 40 mwe.
The attenuation of muons and protons (which induce most of the neutrons) is shown vs. overburden
in Figure 1.

1
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15

Fig. 1. The relative attenuation of the muon (A) and proton (B) flux vs. overburden

BACKGROUND OF GPCS AND ITS REDUCTION

BY(Sr): The Component of Secondary Radiation

It has been shown from background studies with a number of good low-level GPC systems without
an inner shield and in surface laboratories that this component gives 0.16 cpm per gram of effective
mass (Theodorsson 1996b: 221). This component can be reduced by inserting a shielding layer
between the guard and sample counter (inner shield). When the main shield is 10 cm of lead, an
additional inner lead layer hardly affects the secondary gamma radiation to which the sample detector is exposed. The secondary gamma flux induced in the main shield, which passes the sample
detector, is reduced exponentially by an inner lead shield with an attenuation thickness of 2.0 cm
(Vojtyla 1995). The total secondary gamma flux to which the sample counter is exposed remains
practically unchanged, as this absorption is fully compensated for by the new secondary radiation
formed in the inner layer.

Most of the sample detector background pulses coming from gamma photons induced in the inner
shield are excluded from the 14C counting channel by the veto signal of the guard counter, i.e., those
in coincidence with pulses from the guard counters (prompt pulses) due to the primary event. A fraction, fd, of these pulses is delayed, however, and they are therefore registered in the background
channel. The size of the delayed fraction has a value of ca. 0.17 in surface laboratories and seems to
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decrease with depth, being ca. 0.08 in a laboratory with an overburden of 15 mwe (Heusser 1993).
This delayed fraction has not been explained. The residual background B(Mob) of a low-level GPC
at overburden Mob and with an inner shielding layer of thickness s cm, can now be described by the
following equation (Theod6rsson 1996b: 221):
By(Sr) = 0.16 Meff Aµ (fd +

(l-fd) a-s12)

cpm

(5)

.

The relative reduction of By(Sr) at varying thickness of the inner shield is shown in Figure 2.
According to Equation (5), maximum reduction of B?(Sr), 83%, is obtained when all the shielding
material is placed inside the guard counter system (Theod6rsson and Heusser 1991). This arrangement, where large flat external guard counters cover all sides of the shield except the bottom, has
been used for 15 years in ultralow-level germanium spectrometers, where its effectiveness has been
is
well demonstrated (Brodzinski et al. 1985). When this arrangement is used, the factor
to
reduced
is
nearly zero and Equation (5)

e2

By(Sr) = 0.16 Meff Aµ Id

(6)

cpm.

No low-level system of this type with either a GPC or a LSC has yet been made.
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Fig. 2. The relative attenuation of the background component due to secondary gamma
radiation at varying thickness of the inner shield in a surface laboratory (A) and at an overburden of 15 mwe (B)

By (Ex):

Component Due to External Radioactivity

It has been shown that inside 5 cm of lead this component gives 0.08 cpm per gram of effective mass
in detecting materials of low atomic number (Theod6rsson 1996b:156). Its attenuation thickness is
equal to that of the most penetrating gamma rays, or 2.0 cm in lead. We therefore have
By (Ex)

=1.0 a-

'2 Meff

cpm.

(7)
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In conventional low-level GPC systems, a total thickness of 10 cm of lead is sufficient. When an
external shield is used, or if there is a significant overburden, a 12 cm lead shield is necessary to suppress this component to an acceptable value.
It should be noted that By(Ex) is proportional to the concentration of primordial radioactivity in surrounding building materials. The variation of this concentration from one laboratory to another may
be estimated from the scattering of values of absorbed terrestrial gamma air dose rate as measured
in several countries (UNSCEAR 1982). 80% of the measurements lie in the rather narrow range
from 35 to 65 nGy h-1. Significant local deviation from this most common range of intensity may in
rare cases affect the selection of the optimum thickness of the shield.
By(Ct) and B: Components Due to Gamma and Beta Active Contamination

Extensive studies of the radiopurity of a large variety of materials, made during the development of
ultralow-level germanium spectrometers, can now be used to select practically radiopure materials.
Electrolytically refined copper (OFHC copper), which is the best material for the counter, is practically free of radiocontamination. Lead is only contaminated with 210Pb (half-life 22 yr), which is a
decay product of radium always found in the ore. Bremsstrahlung from the energetic beta particles
of 210Bi may contribute significantly to the background. If its concentration is <20 Bq kg-1 of lead,
its contribution to the background of low-level GPC is negligible (Theodorsson 1996b:159).
By(Rn): Component Due to Radon in Air
This can be made negligible by minimizing the free space around the sample detector and by ventilating the laboratory well with outside air. The tolerance level of radon is ca. 150 Bq m-3 (Hedberg
and Theodorsson 1995). The concentration in a basement laboratory can easily rise above 1000 Bq
m-3 if it is not ventilated.

B(Rn): Component Due to Radon in the Sample
This can be reduced to a negligible level by storing all samples 3-4 weeks before measurement.
Because this calls for a considerable number of gas sample vessels, it would be simpler to omit this
storing and instead to correct for an eventual small radon contamination by simultaneously measuring its concentration. This can be done very selectively by delayed coincidence counting (Theodorsson 1996a), as 98% of the alpha pulses from 214Po arrive within 1.0 ms after the beta pulse from
214Bi. The background count rate in this delayed channel will be only a few pulses per day and the
214Po detection efficiency is close to 50%, as the decay products of radon are plated out on the wall
of the counter, corresponding to a radon detection efficiency of 25%.
BN:

Neutron Component

The neutrons are mainly produced by protons in the shield. Based on meager data, the neutron component in systems with no paraffin layer in the shield and at zero overburden has been estimated to
be 0.5 cpm per liter of CO2 (Theodorsson 1991). The protons, which are much less penetrating than
muons, are attenuated exponentially:
M°bi1.6

I(Mob) = I(0)e

(8)

where I(Mob) and I(0) are the proton fluxes at an overburden Mob (mwe) and at zero overburden,
respectively (Heusser 1994: 82). The neutron attenuation factor is shown in Figure 1. A typical con-
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crete floor plate has a thickness of 0.5 mwe. Three floor plates, typical for a basement laboratory,
therefore reduces the neutron flux by a factor of two.

The elastic cross-section of neutrons with energy from a fraction of an eV to 5 MeV is 5-10 barn in
lead, corresponding to a mean free path of 3-6 cm. The neutrons lose only ca. 1% of their kinetic
energy in each collision. They therefore collide infrequently with lead nuclei and have lost little
energy when they diffuse out of the shield. The neutron background component of the sample
counter is due to neutron elastic collisions with the nuclei of the carbon and oxygen atoms of the
counting gas. The energy spectrum of the neutrons at the instant of formation, as well as the recoil
energy of the nuclei they collide with, can be deduced from the background spectra of low-level germanium spectrometers (Theodbrsson 1996b: 214). The recoil energy spectrum for 12C and 1H is
shown in Figure 3.
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Fig. 3. The recoil energy spectrum for 12C and 1H, hit by energetic cosmic ray neutrons inside
a lead shield

The majority of the pulses due to these collisions in CO2 give a pulse size in the 14C counting window of GPCs (Fig. 3). A layer of paraffin with boric acid is usually inserted inside the main shield
to thermalize and absorb the neutrons, following the suggestion of de Vries, who found that a 10 cm
paraffin layer reduced the background of his CO2 counter from 5.3 to 3.0 cpm (de Vries 1957).
As the neutrons lose on average half of their energy in collisions with hydrogen atoms, they only
have to make two or three collisions in the paraffin for their energy to fall below the lower level discriminator of the 14C window, which is usually set at a few keV. We can therefore expect that a thinner layer of paraffin would be sufficient. This layer, which inevitably increases greatly the total mass
of the shield, is not needed when an external guard is used, which eliminates ca. 80% of the neutron
pulses.
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BACKGROUND COMPONENTS OF LSCs

Almost all LSC systems used earlier for 14C dating were standard commercial units, designed and
produced mainly for biomedical tracer work where low background is of secondary importance.
Two photomultiplier tubes face the vial and only coincidence pulses are accepted as a valid signal.
This significantly reduces the background due to small pulses. The firms that developed these systems naturally published only a part of their studies. Furthermore, the possibility for users to carry
out fundamental background studies with these systems is restricted. Reported information about
work of this kind is therefore limited and often cannot be interpreted reliably, as important parameters are frequently not given or are insufficiently described, such as the counting window, radioactive contamination in vial and PMTS, overburden, or whether pulse shape or disparity ratio analysis
has been applied. Our information and understanding of the background therefore leaves much to be
desired.
In the following discussion of the background count rate of LSCs, I assume a sample of 3 mL of benzene (2.4 g) and a 14C detection efficiency of 70%. The effective wall mass of a vial with 3 mL of
benzene is estimated to be 0.4 g, and the total effective mass, Meff, is then 2.8 g.
BY(Sr)

This component is assumed to have the same value as for a GPC, i.e., that it gives 0.16 cpm per gram
of effective mass, as previously stated. In a laboratory with negligible overburden this gives 0.44
cpm for 3 mL of benzene. This seems to be in reasonable agreement with various measured background values. An external guard counter system can reduce this component by a factor of 6 in surface laboratories as in GPC systems. No such system has been made, however, although in 1984
Wallac introduced a new LSC system, the QuantulusTM, specially designed for low-level counting
work. Its very low background demonstrates the efficiency of the guard counter in reducing the
component due to secondary gamma radiation.
BY(Ex)

This is given by Equation (7). For a 4-cm-thick shield of lead, which is the most common thickness
in conventional LSCs, it is 0.13 cpm g-1 or 0.36 cpm for 3.0 mL of benzene.

B
This is due to Cerenkov radiation induced by energetic beta particles of primordial radioactivity in
the glass of the vial and the photomultiplier tube. This background component, which is usually
large in LSCs, can presently be estimated only from the total background and the size of other components. B can be reduced by three methods.
1. By selecting glass with low contamination. This is normally in the hands

of the manufacturer.
Quantitative information about the radiocontamination is scarce. Glass with low potassium
concentration has been available for a long time. It is difficult, however, to find raw materials
for glass with significantly lower concentrations of Th and U. Some years ago a large project
was initiated to produce glass with a very low concentration of primordial radiocontamination
for the production of large PMTs to be used in large systems for neutrino detection. This effort
has brought us glass with a contamination level 5-10% of that in the glass of in earlier phototubes. This glass is still only used in large special tubes, but it is to be expected that tubes for
general LSC will also become available in the near future, but at a price that may be 2-4 times
higher than that of present types. Later, vials made of this glass may also become available.
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Vials of quartz, practically free of radiocontamination, can be hand-made. Because they are
reused in 14C dating as long as they last, their high price is not prohibitive.
2.
can be reduced by measuring the ratio of the size of the pulses from the two tubes. The Cerenkov pulses will generally be considerably larger in the PMT in which it is induced, giving a
high ratio of the larger pulse size to the smaller. Most of the scintillations produced in the benzene sample give a ratio nor far from 1.0. By discarding all events where this ratio, the disparity
ratio, is larger than, e.g., 2.0, the background is reduced significantly, without seriously affecting the 14C detection efficiency.
3. Cerenkov background pulses due to contamination in the glass can be identified and suppressed
through pulse shape analysis. The true signal, the scintillation due to energetic electrons in the
scintillator, is very fast; it decays to an insignificant level in a few nanoseconds. The Cerenkov
scintillation signal is still faster, but it is accompanied by a slowly decaying fluorescence due
to ionization and excitation of glass atoms by the beta particle, having a decay time of a few
hundred nanoseconds, adding a tail (or a shower of single electron afterpulses) to the Cerenkov
pulse. By discarding all pulses with a tail of this type, B can be reduced significantly.

B

The disparity ratio and pulse shape analysis is used both in the low-level LSCs of Packard and in the
QuantulusTM. Their combined suppression efficiency is convincingly demonstrated in an experiment where the background of a varying volume of benzene was measured in a QuantulusTM
(Kaihola et a1.1992). When the background count rate is extrapolated to zero volume, the remaining
background was <0.05 cpm. As the background due to Cerenkov radiation should be nearly independent of volume, this shows that B has been reduced to a negligible level.
BN

Little attention has been given to the neutron background component of LSCs. The energy transfer
of the fast cosmic ray neutrons to hydrogen and carbon nuclei in elastic collisions is shown in Figure
3. As the scintillation yield depends not only on the deposited energy, but also on the ionization density, the light output of the scintillation induced by the protons is only 10-20% of that of electrons
of the same energy. This light quenching was not taken into account in my earlier analysis
(Theodorsson 1996b: 240). Most of the pulses of neutron collisions with carbon atoms therefore fall
below the 14C counting channel, but pulses due to recoiling hydrogen atoms lie mostly inside it.
Because of the high ionization density of these pulses they have a component with a long decay
time, producing a pulse with a tail, which can be eliminated through pulse shape analysis in the same
way as alpha pulses are discriminated.
Based on rather meager experimental evidence from systems with small overburden, the neutron
component in GPCs with CO2 has been estimated at 0.27 cpm g'1 behind 20 cm of iron. Taking into
account that the neutron flux inside a 4-cm-thick shield is ca. 40% of that value and that the crosssection of elastic collision with 1H, 12C and 180 are all similar (about 4 barn), we could expect a neutron background component in 3 mL of benzene to be ca. 0.2 cpm in a surface laboratory. This estimate needs experimental support.
Bµ

Ca. 3 muons traverse the benzene sample per minute. As the energy loss of the muons in benzene is
about 150 keV mm'1, only a very small fraction of the muons give a pulse in the 14C window. In
addition to this, muons hitting the glass envelope of the PMT give Cerenkov scintillations that may
give rise to background pulses.
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A LSC in a basement laboratory with three concrete floor plates above, a 4-cm-thick lead shield and
with no precaution taken to suppress B, i. e., a typical LSC from the 1960s, will have a background
of ca. 4.0 cpm. My estimate of its background components, based on the discussion above, is the following:
B = By(Ex) +

B + By(Sr) + BN

B=0.36+3.18+0.36+0.1=4.0.
All these components can be reduced significantly. If both disparity ratio and pulse shape analysis
is used to suppress background pulses, as done in the QuantulusTM and the low-level systems of
Packard, we can expect

B=0.38+0+0.36+0=0.74.
If an 8-cm-thick lead shield is used and a liquid scintillation guard counter (QuantulusTM), which
probably suppresses 80% of the pulses due to secondary radiation, we can expect

B=0.05+0+0.08+0.0=0.13.
This is in reasonable agreement with the measured background of the QuantulusTM, which is ca.
0.15 cpm in an ordinary laboratory. This analysis should be considered only as a first attempt at a
quantitative analysis.
Single PMT Systems

Although single PMT systems are rare in 14C dating, their background will be discussed briefly here
because of their future potentialities (Theodbrsson 1997). The background components are of the
same type as for the conventional systems, but their relative contribution is different.
The disparity ratio naturally cannot be used for background reduction in these systems. It helps,
however, that only one tube is used, which can have a smaller diameter, viz., 28 mm, compared to
50 mm in conventional systems (Einarsson 1992). The frequency of Cerenkov pulses due to contamination in the glass can therefore be be expected to be reduced by a factor of ca. 5. Einarsson (personal communication) has measured a background value of 1.07 cpm in a system of this type behind
5 cm of lead in a room with three floor plates above. Its background components are estimated as:
B = BY(Ex) +

B + BY(Sr) + BN

B=0.23+0.40+0.36+0.08=1.07 cpm.
This is an attractive background value for this very simple system. All four components can be
reduced. That of secondary radiation and neutrons can be reduced by a factor of 6 with an external
guard counter system and that due to contamination by a factor of ca. 2 through pulse shape analysis.
This would give a background of ca. 0.4 cpm behind 8 cm of lead. Phototubes with less contamination may also become available in the near future.
CONCLUSION

A coherent analysis of the background components of low-level gas proportional and liquid scintillation counters has been presented. The analysis of the background of GPCs is nearly quantitative,
but that for LSCs is semi-quantitative. This analysis can be used to improve existing systems and to
design better ones. It also shows where better information is still needed.
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COMPARISON OF VANADIUM OXIDE CATALYSTS FOR SYNTHESIS OF
BENZENE: BENZENE PURITY, YIELDS AND RECONDITIONING METHODS
T. B.

ENERSON,1 HERBERT HAAS,1 KAVEH ZARRABI2 and R. L. TITUS3

ABSTRACT. This study compares vanadium oxide catalysts from three different sources: Noakes (N), Harshaw Chemical
(H) and Kh. Arslanov at the St. Petersburg State University, Russia (R). The catalysts are used to convert acetylene to benzene
in the last step of benzene synthesis. The organic purity of benzene in all three catalysts is high; 99.91-99.93% for (N) and
(H) and 99.87% for (R). The benzene yields range from 90.0 to 94.3%. (N) averaged 92.6%, (H) averaged 91.1% and (R)
averaged 92.0%. A conversion residue in the catalysts was analyzed for S13C and found to be isotopically lighter relative to
acetylene by -2.2%o for (N) and (H) and -3.9%o for (R). Benzene yields were studied on different reconditioning methods
applied to all catalysts: heating to 400°C in air averaged 92.3%; the same temperature with a half and half mixture of
02 and
Ar averaged 91.9%, adding a half and half mixture of H2 and Ar at 200°C to the end of this treatment averaged 91.8%. Based
on this research, the obvious difference seen between the catalysts is in their trace by-products.

INTRODUCTION

The majority of conventional radiocarbon dating laboratories use the liquid scintillation counting
(LSC) method for detecting the abundance of the 14C isotope. The carbon content of samples is converted to benzene, which is the scintillation counting medium. The final step in the benzene synthesis
process is the joining of three acetylene molecules to one benzene molecule (Noakes, Kim and Akers
1967). Two types of catalysts are being used for this process: a chromium-coated catalyst (used
mostly in Europe) and a vanadium oxide catalyst (used mostly in the United States and Russia). In the
1980s, production of the vanadium oxide catalyst ceased for economic reasons, and in Europe the
chromium catalyst is no longer available in its most suitable formula due to environmental considerations. Consequently, an acute shortage of these catalysts now exists. In the recent past, the only
source for freshly produced vanadium oxide catalyst has been a laboratory in St. Petersburg, Russia.

Conversion of carbon to benzene must occur without isotope fractionation. A conversion technique
with 100% efficiency would fulfill this condition. In reality the catalytic conversion of acetylene to
benzene proceeds with a yield between 87 and 94.3% in our laboratory. Isotope fractionation is a
problem with the lower-range yields.
LSC is based on the conversion of decay energy of radioactive nuclides into photon energy by the
scintillator (Kessler 1991). The efficiency of this process influences the accuracy of the rate-ofdecay measurement. This efficiency is controlled by the chemical purity of the benzene. The catalytic manufacture of benzene is a potential source of impurities in the benzene (Noakes, Kim and
Stipp 1965). These impurities may have a quenching effect on scintillation counting.

Handling of Catalysts
Vanadium oxide catalysts can be reused numerous times (up to 50 in our lab). After each use the catalyst must be "reconditioned", i. e., residue from the previous application must be removed and the
vanadium oxide must be returned to the ideal oxidation state of four and five (Coleman 1973). At the
DRI laboratory, we do not follow the common method of removing the catalyst from its vessel for
reconditioning in air. Instead, the catalyst is heated to 400°C in its own vessel and is reacted with a
1:1 ratio of 02 and Ar to combust the residual organic compounds left from the catalytic conversion.

1Desert Research Institute, Water Resource Center, P. 0. Box 19040, Las Vegas, Nevada 89119 USA
2Community College of Southern Nevada, Dept. of Chemistry, 6375 West Charleston Blvd., Las Vegas, Nevada 89102 USA
3University of Nevada, Las Vegas, Dept. of Chemistry, 4505 South Maryland Parkway, Las Vegas, Nevada 89154 USA

Proceedings of the 16th International 14C Conference, edited by
RADIOCARBON, Vol. 40, No. 1, 1998, P. 167-175

W. G.

Mook and J. van der Plicht

167

168

T. B.

Enerson et al.

Because the vessel has a finite volume, it must be evacuated and fresh 02/Ar mixture added. This is
done ten times, or at least 5 gas exchanges after there is no more steam seen during the evacuation
of the vessel. The catalyst is cooled to 200°C and is given two exposures with a 1:1 ratio of H2 and
Ar. With this procedure the catalyst pellets are left in the vessel and only high purity gases are used.
The use of medical grade oxygen, ultra high purity argon and high grade hydrogen keep the catalyst
from reacting with potentially contaminated laboratory air. The step of removing the catalysts pellets and putting them back in the vessel after conditioning is eliminated, and the risk of introducing
contaminants into the vessel or on the pellets is reduced.
The catalyst is used on samples of acetylene ranging from 0.4 to 6.0 L. Accordingly, we use vessels
filled with 30-100 g catalyst. The acetylene is reacted with the catalyst at 330 mbar pressure. All
samples are left in the vessel overnight.

Greaseless stopcocks in the acetylene conversion system are used to avoid traces of silicone or
organic stopcock grease in the benzene. Before converting to greaseless stopcocks we detected these
contaminants (Haas 1995). The catalyst vessel also has no grease joints and has a large bore valve
to allow easy filling of pellets.
For extraction of the benzene, the vessel is heated to 100°C for a period of 3 h. One hour into the
extraction, a valve downstream from the freeze trap is opened to monitor and remove any residual
pressures in the extraction system. A final vacuum transfer into a removable storage vial assures a
contamination-free removal of the benzene from the system. By following these procedures we
maintain a high purity benzene.
For this research three different methods of reconditioning were applied. This was done to offer
comparative results for laboratories following different procedures. The following symbols are used
on all graphs presented in this research:
No prime (N, H, R): Recondition with 02 and Argon at 400°C followed by H2 and Argon at 200°C.
One prime (N', H', R'): Recondition with 02 and Argon at 400°C.
Two prime (N", H", R"): Recondition with air at 400°C.

Major Impurities in Synthesized Benzene
The source of carbon for this research was CO2 from a pressurized tank. CO2 was passed through the
gas cleaning traps installed in the combustion line, after which it showed very little residual pressure
when frozen in liquid nitrogen (<5 millitorrs [-.67 Pa]). Twelve liters CO2 was converted to acetylene, which was divided into three equal parts of 2 L each, one part for each of the three catalyst
types used in this research. The gas chromatography (GC) analysis on the benzene samples were
performed using a Hewlett Packard 5770 with a flame ionization detector (FID). The gas chromatography (Fig. la,b) of synthesized benzene samples revealed presence of organic impurities. These
organic impurities were quantified by using GC/MS (gas chromatograph/mass spectrometer). Figure 1c is an overview of all analyses made on benzene extracted from catalysts with different reconditioning methods. It shows the concentration of the corresponding major impurities, which are toluene and ethylbenzene. The GC/MS analysis were performed using a Hewlett Packard 5880. All GC
analysis used a 30 M x 0.32 mm DB-1 column.
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Fig. 1. Gas chromatograms of benzene from (a) Harshaw and (b) Russian catalysts. Harshaw and
Noakes showed similar spectra.
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Fig. ic. Bar graph showing the major impurities of toluene and ethyibenzene found in each of the catalysts by using GC/MS. This graph also shows the effect of the different reconditioning methods used
on the catalysts.

Water Content in Benzene
Figure 2 shows the water content found in the benzene samples. Water has been reported to have
quenching effects (Kessler 1991). Our research found this quenching effect to be minimal. The
quenching was studied by taking one large source of carefully dried benzene using a molecular sieve.
This benzene was split into two portions, one that was untouched and one that was saturated with
water. Those two end members and mixtures of various proportions were prepared and counted. The
difference for all samples counted were insignificant at the level of a 2-a counting error.
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The water content of the synthesized benzene was determined using a modified hydride reaction
method (Seidov 1981). A known volume of the benzene was injected into a slurry of sodium hydride
in toluene and the volume of the hydrogen generated was measured.
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Fig. 2. Bar graph showing the amount of water found in the benzene from the catalysts
reconditioned in the three different methods

Trace Impurities in Benzene as a Function of Reconditioning Method
Figures 3a, 3b and 3c show how the concentration of impurities vary with the no prime, one prime
and two prime reconditioning techniques used on the catalysts. In addition to the major impurities
the (R) catalyst also produces trace amounts of other hydrocarbons. These hydrocarbons are
cumene, secondary butylbenzene and naphthalene. With our equipment, trace impurities were not
detected in the benzene extracted from (H) and (N).

Extractable Residue in Catalysts
After benzene extraction, the catalysts were studied in order to determine the nature of the unrecovered sample fraction. The conversion from acetylene to benzene yields mostly benzene (87-94.3%)
and a portion of 5.7-13% remains as a residue in the catalyst. This residue is found to have isotope
fractionation (see Table 1 and following discussion). We believe that high molecular weight compounds and elemental carbon are produced by the catalyst (Coleman 1973). To study this missing
sample fraction each of the catalysts was split into two equal parts. One part went for chemical analysis, the other for combustion of the organic residual.
The determination of the amounts of methylene chloride soluble compounds remaining on the catalyst after the removal of the benzene (Fig. 4) was performed by placing the catalyst sample in a
Soxhlet apparatus and extracting the residue with methylene chloride for ca. 3 h. The extract was then
concentrated to 1 mL for GC/MS analysis using a Kurdana-Danish (KD) apparatus. Dodecane was
added as an internal standard for GC/MS analysis. The concentration of the dodecane internal standard in the sample was 375 ng µL'1.
The second half of the catalyst was heated in its own vessel to 400°C in the presence of 02 to oxidize
residual carbon to CO2. This procedure is the usual initial step of reconditioning. Water and CO2
were collected by pumping the gas mixture through dry ice and liquid nitrogen traps. The water was
measured crudely for an estimate on a mass balance, i.e., the amount of carbon that came from
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Fig. 3. Trace impurities in the catalysts treated with (a) 02 and argon at 400°C followed by H2 and argon at 200°C; (b) 02 and argon at 400°C; (c) air at 400°C. There
are no detectable trace impurities in either the Harshaw or Noakes catalysts.
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nonvolatile
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Fig. 4(a) Bar graph showing the amounts of residual compounds extracted from the
catalysts after benzene extraction. The effects of the different reconditioning methods
can also be seen. (b) Graph showing the relationship between the 1,1-Diphenyl ethane
and biphenyl for each of the catalysts.

hydrocarbon or elemental carbon. This procedure will be improved for better quantitative analysis of
the water in future experiments. CO2 was transferred to a well-calibrated manifold for gas volume
measurements. These volumes showed a recovery of 52-63% of the missing sample fraction.
Because the catalyst was combusted in its own vessel, there was a finite volume of 02. The percentages of recovery do not take into account the production of CO that could not be collected. Future
research will correct this by passing a constant flow of 02 over the heated catalyst.
CO2 was analyzed for isotope fractionation between the carbon source and the combusted residual.

All S13C ratios measured on the residual fraction are isotopically lighter than the carbon source for
these experiments. The measured values are shown in Table 1.

A fractionation effect on the benzene must be assumed. Fractionation would result in a heavier isotope ratio and the difference from the carbon source would be considerably smaller because of the
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larger benzene mass. Using average benzene yield factors and the standard age calculation method
leads to an estimated error in 14C dates, shifted by 0.22-0.4%o, which corresponds to an age shifted
by 4-7 yr to younger ages.
TABLE 1.

R"

Fractionation from the Catalysts (Differences in %o)
H
H'
H"
N
N

-3.94

-2.76

-1.60

-2.20

-2.25

-2.13

Routine Application of Three Catalysts at the DRI Laboratory
To compare this planned study to routine laboratory data, we show Figure 5, benzene yields from the
N, H and R catalysts. Table 2 shows the values for the high and low yields and the overall average

yield for each of the catalyst.
TABLE 2. Averages and High/Low Yields for Each of the

Catalysts Over a Four-Month Period of Routine Lab Use
at DRI Using the No-Prime Reconditioning Method
N
H
R
Lowest

87.3%

86.7%

Highest

92.7%

93.6%

Average

90.3%

91.3%

The figures also show the amount of uses from the same catalyst with no prime (02 and H2) reconditioning, which is the standard technique used at DRI. The slope of the trend line is positive for R
and slightly negative for N and H. Clearly, yields are predictable and steady over 30 or more uses for
each of the catalysts. Also, the catalysts did not show any significant yield variation with different
carbon sources. This is important because some sample types such as bone collagen or humates do
not produce pure CO2 and presumably acetylene gas. Prior to this research it was suspected to have
a direct relationship with benzene yields.
CONCLUSION

There is no significant difference between the three vanadium oxide catalysts. Trace impurities produced by the Russian catalyst are distinctly higher but it is not clear whether these impurities have
an influence on scintillation counting (quenching). Water content of benzene is <0.5%o and was
slightly higher in the Russian catalyst.
Different reconditioning methods have little impact on benzene yield and impurities. We therefore
prefer a method that minimizes handling by allowing the reconditioning to take place inside the catalyst vessel, using pure tank gases and avoiding potentially contaminated laboratory air.

Failure to produce benzene with high, near 100% yields requires considering isotope fractionation
between the benzene produced and an unrecovered residual fraction. Partial results of an analysis of
the residual in the catalyst suggest a small but not negligible error in age dates, affecting mostly laboratories specializing in precision dating.
Ongoing research investigates the non-benzene byproducts in the catalyst. Trace impurities, including water, in the benzene will be studied for their impact on scintillation counting. Organic residue
in the catalyst and fractionation resulting from low benzene yield will be part of this investigation.

174

T. B.

Enerson et at.

a

93

y = .0.0404x + 90.921
92

flll

e

Ilti
1

2

3

4

5

i

itti;

I
7

t

9

ithFr

it

11

12

13

14

13

i

11111 ii
19

17

11

19Z21

22

23

24

25

26

27

21

29 30

Numbs of Runs

y =.0.0409x + 91.962

Ilitfifli
2

3

4

5

i

7

1

9

11

11

12

13

14

15

19

17

11

19

20 21

22

23

24

25

26

27

21

29

30

Number of Runs

C

15

15

y= O.0073x+91.313

94

ri-ui ii 111.11
1

2

3

4

3

1

7

1

9

11

11

12

13

14

15

III

i

19

17

11

19

20

21

22

23

24

25

26

27

21

29

30

Number of Run:

Fig. S. Bar graphs showing the benzene yields of (a) the Noakes catalyst. (b) the Harshaw catalyst,
and (c) the Russian catalyst

Comparison of Vandium Oxide Catalysts

175

ACKNOWLEDGMENTS

Research shown in this paper was carried out at Desert Research Institute, University of Nevada,
Las Vegas, and Community College of Southern Nevada. The research was supported by the
Nevada TREC (Teaching & Research-Enhancement & Collaboration) Program.
REFERENCES
Coleman, D. D., Liu, C. L., Dickerson, D. R. and Frost,
R. R. 1973 Improvement in trimerization of acetylene
to benzene for radiocarbon dating with a commercially
available vanadium oxide catalyst (Abstract). In
Rafter, T. A. and Grant-Taylor, T., eds., Proceedings of
the 8th International Conference on 14C Dating. Wellington, New Zealand, Royal Society of New Zealand:
158.

Haas, H. 1995 Change of calibration parameters in frequently used vials in benzene scintillation counting. In
Cook, G. T., Harkness, D. D., Miller, B. F. and Scott,
E. M., eds., Proceedings of the 15th International 14C
Conference. Radiocarbon 37(2): 737-742.
Kessler, M. J. 1991 Applications of quench monitoring
using transformed external standard spectrum (tSIE).
In Ross, H., Noakes, J. E. and Spaulding, J. D., Liquid

Scintillation Counting and Organic Scintillators.
Michigan, Lewis Publishing, Inc.: 343-364.
Noakes, J., Kim, S. and Akers, L. 1967 Recent improvements in benzene chemistry for radiocarbon dating.
Geochimica et Cosmochimica Acta 31:1094-1096.
Noakes, J. E., Kim, S. M. and Stipp, J. J. 1965 Chemical
and counting advances in liquid scintillation age dating. In Radiocarbon and Tritium Dating: Proceedings
of the 6th International Conference on Radiocarbon
and Tritum Dating, Washington State University, Pullman, Wash., June 7-11, 1965. Oak Ridge, Tennessee,
U.S. Atomic Energy Commission: 650-652.
Seidov, Sh. I., Shamilov, T. 0., Gashinova, T. M. and
Zarbalieva, R. A. Zh. 1981 Zhurnal Analiticheskoi
Khimii 36(6):1225-1228.

THE NEW NAGOYA RADIOCARBON LABORATORY
YASUSHI MURAKI, GRANT KOCHAROV,1 TOOR U NISHI YAMA, YUKIKO NAR USE,
TAKUYA MURATA, KIMLAKIMASUDA and Kh. A. ARSLANOVZ

Solar-Terrestrial Environment Laboratory, Nagoya University, Chikusa-ku, Nagoya 464-01, Japan
ABSTRACT. A liquid scintillation counting apparatus that enables highly accurate measurements of 14C has been constructed at the Solar-Terrestrial Environment Laboratory, Nagoya University. The main aim of the project is high precision
year-by-year measurements of the 14C content in tree rings of an old cedar tree from Yaku Island, Japan. We present the results
of 14C measurements on tree rings from the Agematsu region for recent decades to confirm the validity of the system.

INTRODUCTION

The cosmic ray group of the Solar-Terrestrial Environment Laboratory (STEL) at Nagoya University has plans to measure the year-by-year solar activity, over a 2000-yr period, based on radiocarbon measurements on Japanese Yaku cedar trees. Previously, Kocharov et al. (1995) and Stuiver and
Braziunas (1993) found that, during the solar activity minimum known as the Maunder Minimum,
solar activity was not null but followed a ca. 22-yr periodicity, in contrast to the normal 11-yr cycle
of solar activity. The Maunder Minimum is usually interpreted as a period of global cold climate,
although this has not yet been accepted by the meteorological community. In order to carry out the
study described above including other periods of minima (the Sporer and the Wolf Minima), and to
determine whether or not solar activity really plays important role in climatic phenomena, we have
developed our own 14C counting system based on the liquid scintillation method for precise measurements. In this paper we report the construction of our system and the results of the first measurement of recent tree rings showing the bomb effect.
METHODS

When we planned the project mentioned above a few years ago, the accelerator mass spectroscopy
(AMS) facility of Nagoya University did not yet have enough accuracy for precise measurements of
radiocarbon in tree rings. So we decided to use a method developed in Russia that uses a large
amount of liquid scintillator. Hopefully, the Nagoya facility will soon (end of 1997) have a new
AMS with an accuracy of 0.3% (Nakamura 1997), but sharing machine time will be a problem.
An appropriate system must produce a large amount of benzene (-10 mL) at once and must also
have several detectors to enable many sample measurements to be made in parallel. We must prepare several benzene synthesizing systems and 14C measurement systems under a limited budget,
without losing stability and accuracy. Our benzene synthesizing system is based on a method developed at the Geographical Research Institute of St. Petersburg University (Arslanov 1987; Arslanov,
Tertychnaya and Chernov 1993).

Sample Pretreatment and Benzene Synthesis System
Sliced tree-ring samples were extracted for 6 h with a benzene-ethyl alcohol mixture (in a 1:1 proportion) in the Soxhlet apparatus to remove resin and dried in a vacuum oven at 105°C for 90 min.
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Then the samples were immersed in hot (80°C) 1% NaOH and 1% HCl solutions for 30 min, respectively, washed with distilled water and dried for 10 h at 105°C.
We chose the method of lithium carbide (Li2C2) synthesis based on charcoal samples. To produce
charcoal, the pretreated tree-ring samples are heated up to 600°C for 30 min in a stainless-steel container without supplying fresh air. Then coarse-grained charcoal reacts with lithium pellets (10% Li
excess) at 800°C for 1 h in an evacuated stainless-steel reactor.

The acetylene production and benzene synthesis was carried out using the system shown in Figure
1. Acetylene gas (C2H2) was produced by dripping distilled water inside the vessel containing Li2C2
after evacuating. The acetylene gas was purified with a solution of CuC12 + FeCl3 + H2SO4, dried
with KOH pellets and accumulated in glass containers with a volume of 10 L, a production process
requiring several hours. Then, the acetylene gas was transferred to a Pyrex® glass vessel containing
catalyst pellets, through a column of KOH pellets and P205 mixed with glass fiber for drying the
gas. The acetylene was converted to benzene in the vessel with the V205 A1203 Si02 catalyst
(Arslanov, Tertychnaya and Chernov 1993; Enerson et a1.1998), which allows production of highpurity benzene at room temperature with a yield >90%. The resulting benzene was distilled by
means of vacuum sublimation.

vacuum
gauge

air

+H2SOa
C6H6

fu rnace(O-450°C)
Fig. 1. Schematic diagram of installation for acetylene and benzene synthesis

We rendered the benzene into liquid scintillator by adding 2,5-diphenyloxazole (PPO) and POPOP
in concentrations of 4 g L-1 and 0.1 g L'1, respectively. The liquid scintillator is poured into a cylindrical Teflon® vial.

Radiocarbon Counting System
14C
A coincidence scintillation counter system developed at STEL during 1995-1996 is used for
which
consists
measurements. The apparatus includes two independent measuring systems, each of
of two 3-inch photomultipliers (Hamamatsu R594, S1/S2 and S3/S4) for samples and two 5-inch
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photomultipliers (Hamamatsu R1512, A1/A2 and A3/A4) coupled to a plastic scintillator for anticoincidence measurements, separated by shielding (Fig. 2). Such a system permits simultaneous
measurement of two different samples. T\vo vials are located between the two 3-inch photomultipliers to increase the sample volume for high-precision measurement. The anticoincidence system surrounds the complete inner system (4 it geometry). This system rejects cosmic ray background and
reduces the natural background. The massive shield box consists of iron with a thickness of 1 cm,
lead with a thickness of 5 cm and oxygen-free high-conductivity copper (OFHC) plates with a thickness of 5 mm. The OFHC is installed to absorb X-rays and soft Y-rays from the lead blocks.

Fe (10mm)

OFHC (5mm)

Fig. 2. Scintillation detector system for 14C measurements. A1-A4: photomultipliers for
anticoincidence; S3-S4: photomultipliers for 14C counting

The individual pulse height from each photomultiplier is measured by an analog-to-digital converter
(ADC) module (LeCroy 2249W operated by a CAMAC system) and recorded in a computer. The
output pulses of the photomultipliers are amplified using an amplifier (EG&G ORTEC FFA820) that
has a typical gain of 200. One signal of the two outputs is sent to an ADC and the other is used for
making a trigger pulse after coincidence of both photomultiplier signals. As shown in Figure 3, our
system can record pulse heights of 14C decay electron signals with an efficiency as high as 65%. Our
counting room is shielded against electric noise. The detector is located inside an air-conditioned
room. The gain variation with temperature is about 0.1 % per °C.
RESULTS AND DISCUSSION

As the first experiment with our system, we measured the bomb effect using annual pine tree samples collected from the Agematsu region (-100 km northeast of Nagoya, elevation 1000 m above
sea level). As shown in Figure 4 and Table 1, the bomb effect is clearly observed by our system. We
also measured the same samples at the St. Petersburg University Radiocarbon Laboratory for some
single-year rings (1963-1967), obtaining nearly identical results. In addition, 2-yr samples of a pine
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Fig. 4.14C measurements on Agematsu region pine tree rings and Nagoya pine tree rings. The
continuous curves represent the data for the atmospheric samples (Levin, Miinnich and Weiss
1980; Levin, Graul and Trivett 1995) and the data for maple leaves near Ottawa (McNeely 1994).

tree from the vicinity of Nagoya University was measured at St. Petersburg Radiocarbon Laboratory
for intercomparison. The results are consistent with those of single-year rings from Agematsu.
We have plotted the data obtained by Levin, Graul and Trivett (1995) for atmospheric CO2 and
McNeely (1994) for maple leaves for comparison. Our results are also consistent with other measurements for tree rings (e.g., Nakamura et al. 1987; Dai, Qian and Fan 1992).
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TABLE 1.14C Measurements on Japanese TreeRing Samples, AD 1960-1995

Lab code*

UN-1

&4C

Year AD

Agematsu pine rings
UN-10
UN-9
UN-8
UN-7
UN-6
UN-5
UN-4
UN-3
UN-2

1960

±5.0

1961
1962
1963
1964
1965
1966
1967
1969
1995

222.7 ±5.8
349.5 ±3.7
706.3 ±3.2
794.1 ± 3.9
726.5 ± 6.4

668.3 ±4.2
618.6 ±2.6
556.7 ±3.4
114.5 ± 3.9

Nagoya pine rings
LU-3716
1961-1962
LU-3744
LU-3745

(%o)

±7.3

1963-1964
1965-1966

668.4 ± 11.2
689.2 ± 10.6

LU-3746

1967-1968

582.4±9.9

LU-3747
LU-3748
LU-3749
LU-3750
LU-3751

1969-1970
1971-1972
1973-1974
1975-1976
1977-1978

531.3 ±9.8
464.5 ±8.7
405.5 ± 7.5

409.6 ±9.1
326.5 ± 9.3

SUN = STEL, Nagoya University Radiocarbon Laboratory;
LU = St. Petersburg University Radiocarbon Laboratory

The results show that the maximum 14C excess in tree rings from the Agematsu region (i'4C
800%Oo) occurred in 1964, whereas the maximum excess in biosphere and atmosphere at
the polar
and middle latitudes of the Northern Hemisphere (i14C 900-1050%o) was observed during 1963
and 1964 (Levin, Munnich and Weiss 1980; McNeely 1994). Disparities in time and amplitude may
be attributed to differences in vertical and horizontal mixing rates both within and between the troposphere and the stratosphere, and also to differences in the carbon dioxide exchange rate between
the atmosphere and sea at different latitudes.

-

Reduction of 14C excess in Agematsu tree-rings is seen between 1965 and 1995 and is consistent
with an exponential decay. The 14C excess of Agematsu tree-rings for 1995 amounts to 115%o. This
figure is also consistent with the 14C excess of atmospheric CO2 (=120%o) for the whole of 1995 at
Schauinsland station, Germany (Levin and Kromer 1997).
CONCLUSION

The chemical system developed at STEL allows us to produce an amount of benzene (10-15 mL) at
once that is large enough for precise 14C measurements of tree-ring samples. The validity of the
chemical and 14C-counting techniques employed at STEL was confirmed by 14C measurements of
Japanese tree-ring samples formed between AD 1960 and 1995.
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A REMOTELY OPERATED, FIELD-DEPLOYABLE TRITIUM ANALYSIS SYSTEM
FOR SURFACE AND GROUND WATER MEASUREMENT

J. E. NOAKES, J. D. SPA ULDING and M. P. NEARY
Center for Applied Isotope Studies, University of Georgia, Athens, Georgia 30602-4702 USA
ABSTRACT. We have worked in collaboration with the Westinghouse Savannah River Company and Packard Instrument
Company to develop a prototype instrument for remote, near real-time, in situ analysis of environmental levels of tritium in
surface and ground water samples. The unit consists of a Packard RadiomaticTM 525TR liquid scintillation counter that has
been modified to achieve lower detection levels through background reduction using Packard's After-Pulse Burst Discrimination electronics and an auxiliary Bi4Ge3O12 scintillation detector guard. The system is fully programmable to enable remote
calibration, sample collection, sample analysis, reconfiguration of operational mode and interrogation for analytical results.

INTRODUCTION

The environmental contamination resulting from decades of testing and manufacturing of nuclear
materials for national defense purposes is a problem now confronting the United States. Nationwide,
an estimated 2.6 MCi of fission products has been released to the environment by a trio of facilities
that reprocess nuclear fuel from production reactors: the U.S. Department of Energy (DOE) sites
located in Hanford, Washington, Aiken (Savannah River), South Carolina, and Oak Ridge, Tennessee (Bradley, Frank and Mikerin 1996).

At the Savannah River Site (SRS), a DOE facility responsible for the production of tritium and other
special nuclear materials, there have been continuous low-level releases of an estimated 24 MCi of
3H from operational and disposal processes and unplanned events, which have affected ground and
surface waters (Murphy et a1.1991). As one of the most widespread and mobile contaminants found
on site, 3H poses a potential environmental hazard to populations in nearby communities and in the
downstream Savannah River watershed. The management of the high- and low-level radioactive
wastes resulting from SRS activities is a problem of ongoing concern, particularly in the face of continued cutbacks in the funding available to support the environmental monitoring programs necessary for tracking and control of the waste streams. For many years, the characterization of 3H in
ground and surface waters at the SRS has been conducted by manual sample collection and laboratory analysis. With present-day advancements in computers, remote communication technologies,
and low-background radiation detection systems, the components are now in place for the development of remotely operated, field-deployable analytical systems for near real-time automated screening or monitoring of potential and existing contaminant plumes.
The Center for Applied Isotope Studies (CAIS) at the University of Georgia, in cooperation with the
Westinghouse Savannah River Company (WSRC) and Packard Instrument Company, have developed a prototype unit for remote, near real-time, in situ analysis of 3H in surface and ground water
samples. The Field-Deployable Tritium Analysis System (FDTAS) is sufficiently sensitive to measure 3H in water samples at environmental levels, and will be applied at the SRS for waste site and
risk assessment, field monitoring and screening, and state and federal environmental compliance
activities. The system is designed for remote control so that multi-site sampling, analysis, and data
handling may be automated for on-demand or unattended operations (Fig. 1).
METHODS

The goal of the FDTAS development program was to design and test a field-deployable system
capable of rapid and remote liquid scintillation (IS) measurement of 3H in aqueous environmental
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Fig. 1. Schematic diagram of the Field Deployable Tritium Analysis System

samples. Specifications for the system included a background of s3 counts per minute (cpm) and a
counting efficiency of 25%, with a minimum detectable activity (MDA) of 10 Becquerels of radioactivity per liter (Bq L-1) for a 100-min count. Sample standardization, between-sample cleansing,
and two-way remote communication capabilities were of primary importance for system development. The FDTAS is designed to allow a laboratory-based operator to instruct a remote unit (or
units) to collect and analyze a sample, to reconfigure its mode of operation, to conduct an internal
calibration, or to be interrogated for analytical results. Direct-dial modems provide the telephone
communication and control link between the laboratory computer and a remote LS counter.
The Packard RadiomaticTM 525TR LS counter (Fig. 2) was selected as the basic instrument for lowlevel 3H measurement, but required a number of system modifications in order to meet the desired
specifications. To accommodate measurement of the low levels of 3H expected in aqueous environmental samples, the aqueous sample volume had to be increased to 5 mL and measured on a flow/
stop (batch) basis rather than on the continuous basis for which the 525TR was originally designed.
Background reduction was critical in achieving the lower detection levels specified, and was accomplished by adding lead shielding, redesigning the counting chamber and sample vial holder, and
incorporating Bi4Ge3O12 (bismuth germanate, or BGO) windows in the counting chamber, coupled
with afterpulse counting electronics.

Remotely Operated 3HAnalysis System

185

Fig. 2. Packard RadiomaticTu A 525TR liquid scintillation counter

The prototype FDTAS is now enclosed in a field-portable steel housing containing additional lead
shielding (Fig. 3). The redesigned counting chamber is made of high-purity electrolytic copper that
is coated on the interior with a white reflective paint to enhance photon collection by the photomultiplier tubes. The chamber accommodates a specially designed 10 mL flow-through quartz sample
vial of 8 mm thickness and 40 mm diameter. A pair of BGO windows, 6 mm thick, are incorporated
in the counting chamber for reduction of background, and bracket both sides of the quartz sample
vial. The counting chamber, quartz sample vial and BGO window configurations were optimized
through a series of tests that were conducted using optical modeling software.
To accommodate the need for multi-sample injection without sample cross-contamination, a flow/

stop sample injection and system cleaning mechanism was assembled for the FDTAS using solenoid
valves and metering pumps. This flow system assembly is controlled by a 24-channel relay accessory board and parallel digital I/O board in the valve control computer, permitting the collection of
samples from multiple sites, with computer-automated sequencing of sample injection, cocktail
mixing, sample counting, sample outflow and cell cleaning cycles.

A range of LS cocktails, including Packard Ultima GoldTM LLT, Ultima GoldTM AB, Ultima GoldTM
XR, and Ultima F1oTM M were evaluated for use with the FDTAS. In addition to the parameters of
background and counting efficiency, the viscosity of the cocktail also required consideration. Sample backgrounds were determined using a Packard Tri-Carb® 2550 LS counter. The cocktails were
then spiked with a known 3H activity and recounted to determine counting efficiencies. Ultima Gold
LLT, normally a clear choice for 3H measurement due to a low background and high counting efficiency, was found to be too viscous to be readily washed from the sample vial during the cleaning
cycle. The two least viscous cocktails, Ultima Gold XR and Ultima Flo M, were found to have sig-
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Fig. 3. FDTAS field-portable configuration

nificantly higher backgrounds and lower counting efficiencies when compared to Ultima Gold AB.
Although Ultima Gold AB is a more viscous cocktail, it could nevertheless be washed fairly easily
out of the sample vial, thus providing the best compromise for use with the FDTAS.

Using Ultima Gold AB, a series of mixtures having cocktail:water ratios of 40:60, 50:50, 60:40 and
70:30 were prepared and counted to determine background. The mixtures were then spiked with a
known 3H activity and recounted to determine counting efficiency. The 50:50 cocktail:water ratio
was found to produce the best overall results for FDTAS 3H measurement.
Several tests were also conducted to maximize the efficiency of the flow-cell cleaning cycle to eliminate cross-contamination of samples. Of the alcohol solvents tested, methanol was found to produce the best cleaning results. Three washes of pure methanol, followed by three washes of nontritiated water, serve to eliminate completely any sample "memory" in the system. The effectiveness
of the cleaning cycle is demonstrated in Figure 4, which shows spectral data on sequentially measured samples including 1) the background on a nontritiated water sample; 2) a tritiated water standard (400 dpm); and 3) the background on a second nontritiated water sample following the methanol/water cleaning cycle.

The remote sampling and analysis capabilities were tested at the CAIS laboratory in March 1996.
The master computer was set up in one laboratory and the LS counter and valve control computer
were located in a separate laboratory. Using telephone/modem linkages, the sample collection/analysis/cleaning cycle was successfully operated from the remotely located master computer. A back-
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0.64,

ground of 1.35 cpm and a counting
efficiency of 24% were demonstrated
in this laboratory setting, yielding an
MDA of less than 7 Bq L-1 for a 100min count and meeting the original
specifications for the FDTAS.
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Fig. 4. Results of FDTAS cleaning cycle test

A preliminary field test conducted on
site at the SRS in May 1996 was similarly successful. The FDTAS field unit
was placed in a temperature- and humidity-controlled enclosure mounted
on a small trailer for ready mobility
(Figs. 5 and 6). The test location selected for the FDTAS was "L" Lake,
which was constructed in 1985 to receive the heated effluents of one of the
five nuclear production reactors at the
SRS. "L" Lake is located ca. 17 km
from the central laboratory where
CAIS and WSRC personnel set up the
master computer. Remote communications between the laboratory and the
field site were established using telephone and modem. Using the master
computer, CAIS and WSRC personnel
instructed the FDTAS to collect an
aqueous sample, to acquire and analyze the sample spectrum, to evaluate
background, and to empty and cleanse
the sample vial in preparation for the
next sample cycle. A background of
1.469 cpm and a counting efficiency
of 23.9% were demonstrated in the
field, which resulted in an MDA of
10.13 Bq L-1 for a 50-min count. An
aliquot of the aqueous sample was
brought back to the CAIS laboratory
and measured using a Quantulus
1220TH LS counter. Figure 7 shows a
3H spectrum collected with the FDTAS; Table 1 presents a comparison of
field and laboratory measurement results, which are in very good agreement (Note: the laboratory sample was
ca. twice the volume of the field sample, resulting in a lower MDA for the
50-min count).
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Fig. S. Trailer housing for FDTAS field unit
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Field/Lab Data Comparison: Low-level 3H Analysis Report, WSRC "L" Lake Water
Sample
L-1) CPM
Instrumentation description
CPM
efficiency (Bq L-1)
(Bq
FDTAS
"L" Lake edge
10.13
Quantulus
"L" Lake edge
5.48

TABLE 1.

A second test was performed in June 1996 at an SRS site where groundwater was being treated for
removal of trichloroethylene by gas stripping. A background of 1.5 cpm and a counting efficiency
of 27% resulted in an MDA of 6.41 Bq L-1 for a 100-min count. As in the first SRS field test, an aliquot of sample was collected and measured in the laboratory using a Quantulus 1220 LS counter. A
3H spectrum collected in the field using the FDTAS is presented in Figure 8, along with a comparison of field and laboratory measurements (Table 2), which are also in very good agreement. For
these preliminary tests, the aqueous samples collected were introduced directly into the FDTAS following a filtration and cleanup process performed by WSRC personnel using EI ChroM resins.

The final months of the project were devoted to the development and integration of an external standardization capability and a fully automated multiport sample filtration system for the FDTAS. The
CAIS directed its efforts toward the development of the external standard, which provides assurance
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Field/Lab Data Comparison: Low-level 3H Analysis Report, WSRC Stripper Unit Water
Gross Background Counting Activity
Sample
L'1)
efficiency (Bq L-1)
CPM
CPM
Instrumentation description
(Bq
269.02
0.27
1.50
25.47
6.41
Stripper output-treated
FDTAS
236.93
0.35
1.35
28.64
4.70
Stripper output-treated
Quantulus

TABLE 2.

of sample quality with regard to both the quantity and the water/cocktail mix desired. Following a
preliminary investigation of both 133Ba and 241Am as potential radiation sources for use in the external standard, the CATS ordered an encapsulated 241Am source. The lead shield and copper counting
chamber of the FDTAS were then modified to accept the source and its custom-designed delivery
system hardware. A series of tests were run to determine quench levels and ensure that the 241Am
source produced sufficient signal for use with the FDTAS.
WSRC personnel, in conjunction with Sampling Systems, Inc., of Houston, Texas, directed their
efforts to the sample filtration system, which is designed to reduce quenching agents in the aqueous
samples before they are delivered to the FDTAS for analysis (Fig. 9). This system permits remote
sample acquisition from selected sample sites (i.e., specific wells within a cluster of wells) following commands issued through the master computer, and results in more accurate 3H measurements

Remotely Operated 3HAnalysis System

191

through the correction of quench problems related to LS counting of tritiated water. The FDTAS was
integrated with the sample filtration system and its analytical capabilities demonstrated during a
series of tests performed on-site at the SRS in November 1996.

The Field-Deployable Tritium Analysis System has promise of wide application to areas of public
concern such as the U.S. DOE nuclear fuel reprocessing facilities, which require a highly sensitive
level of monitoring that cannot presently be achieved on a cost-effective basis. By permitting collection and analysis of aqueous samples on a selective, on-demand, and rapid basis, the costly routine sample gathering and lengthy laboratory analytical processes now used to monitor 3H in on-site
wells and surface waters can be eliminated. The mobility and portability of the field unit, combined
with the central laboratory operation of multiple units (Fig. 10), enables monitoring programs to be
conducted with far fewer personnel than is now possible.
With some modification of the system electronics, the FDTAS also has the potential for use as a
combined alpha/beta/gamma counter. An a/p/y counting capability, coupled with the remote field
operational parameters of the FDTAS, would have a broad range of applications in environmental
monitoring. Current LS counters can effectively differentiate and measure a and (3 radiation through
the use of pulse-shape analyses. The pulses of the BGO detectors, presently used to discriminate
against y events for background reduction, could conceivably be stored for a subsequent y analysis.
This capability would permit rapid and remote measurement of anthropogenically released radionuclides such as 226Ra, 228Ra, 89S; 90Sr, 90Y, 137Cs and 60Co in addition to the measurement of 3H in
surface and ground water samples.
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Fig. 10. Schematic diagram of possible FDTAS deployments
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PERFORMANCE OF THE PACKARD TRI-CARB® 2770TR/SL LIQUID
SCINTILLATION ANALYZER FOR 14C DATING
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and G.
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ABSTRACT. We present results that demonstrate the potential of the Packard Tri-Carb® Model 2770TR/SL for radiocarbon
dating. For 2 g of sample benzene, a stable background count rate of 0.307 cpm and a stable counting efficiency of 64.78%
were determined using a 13-75 keV counting window. Changes to the mathematical routines for t-SIE (quench indicating
parameter) calculation and a reduction in the activity of the external standard have enabled stability of the t-SIE to be
achieved, and combined with the use of a suitable balance point counting window; all of these factors give the stability of performance required for 14C dating. Calculations based on the above parameters indicate that the limit of detection for 2 samg
ples, counted for 5000 min, is >48,900 yr BP. The great advantage of this system is that these data were acquired using
inexpensive standard 7-mL low potassium borosilicate glass vials. Vial holders manufactured from BGO reduced the background to 0.15 cpm with a minimum effect on efficiency (64.46% for 13-75 key). A similar calculation of the limit of detection gave >51,700 BP. The use of the BGO vial holders in other instruments employing time-resolved liquid scintillation
counting (TR-LSC) (Models 2250CA and 2260XL) also brought about significant improvements in detection limits.

INTRODUCTION

Prior to the mid 1980s, almost all attempts at background reduction on liquid scintillation analyzers
(LSAs) were made by the instrument users, many of whom were practitioners of 14C dating. In
effect, the 14C community led the field in low-level liquid scintillation counting (LSC) during this
period. These attempts at background reduction consisted mainly of modifications to existing instrumentation and included the following: increasing the amount of passive shielding, reducing the voltage applied to the photomultiplier tubes (PMTs), masking the PMTs or the vials to minimize PMT
crosstalk or using alternative low background materials for vial construction (mainly quartz or
TeflonTM) (Tamers 1965; Calf and Polach 1974; Noakes 1977; Haas 1979; Gupta and Polach 1985).
In addition, a number of experimental devices incorporating cosmic guard detectors were fabricated
(Pietig and Scharpenseel 1964; Alessio et al. 1976; Punning and Rajamae 1977; Iwakura et a1.1979;
Jiang et al. 1983). During the mid 1980s, Wallac introduced what was effectively the first commercially manufactured low-level LSA--the QuantulusTM 1220. Originally designed for 14C dating, it
used several features designed to reduce background, including enhanced passive shielding and an
active guard device. Shortly afterwards, the Packard Instrument Company introduced a new concept
in low-level liquid scintillation analysis into their Tri-Carb® LSAs, based on a type of pulse shape/
duration analysis (van Cauter 1986), rather than the more conventional methods discussed above.
This concept was later named time resolved liquid scintillation counting (TR-LSC) and uses what
the company has termed burst counting circuitry (BCC). The BCC makes use of differences in the
after-pulse patterns which follow the prompt pulses of true and background events to achieve separation (Valenta 1987). Since most background prompt pulse events are followed by a number
(burst) of randomly spaced afterpulses of much smaller amplitude, whereas the prompt pulse of a
true low-energy event is followed by very few or none, a high degree of discrimination between
the pulse types could be achieved. Originally, the BCC had a factory preset delay of 75 ns between
the onset of the prompt pulse and commencement of afterpulse measurement, limiting its use for
high energy 3 events and slow decay constant fluors. However, over the last few years there have
been significant improvements in the flexibility and performance of these instruments through the
introduction of 1) a programmable delay before burst feature that allows the delay to be matched to
the energy of the event and the pulse shape characteristics of the scintillant, thereby minimizing effi1
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ciency losses, and 2) quasi-active guard detectors. These devices do not have separate PMTs, but are
optically coupled to the sample PMTs, operating by enhancing the burst of afterpulses derived from
background radiation as they penetrate the guard, making the background rejection more effective.
The development of these instruments culminated in the introduction by Noakes and Valenta (1995)
of a quasi-active guard consisting of bismuth germanate or BOO (Bi4Oe3012), which has been demonstrated as having considerable potential for 14C dating, with performance characteristics equaling
those of instruments employing active guard detectors (Cook 1995). We present the results of a
study designed to 1) optimize the performance of the Packard® 2770TR/SL, 2) assess its background and efficiency stability and compare the performance to a previous generation of Packard
Tri-Carb® low-level counters (Packard® 2250CA), and 3) assess the effect of using BOO vial holders on background and efficiency in the 2770 and previous TriCarb® instruments.
METHODS

We carried out all experiments using standard 7 mL low potassium borosilicate glass vials fitted
with brass caps containing silicon rubber and indium foil seals and containing 2 g benzene. The scing'1 bentillation cocktail comprised butyl-PBD and bis-MSB at concentrations of 2.8 and 3.0 mg
zene, respectively. We added this to each vial as a benzene solution, with the benzene being removed
by freeze drying, leaving the scintillants at the bottom of the vials in a finely divided form which
easily re-dissolves when the sample benzene is added.

The original prototype instrument showed excess variability in the quench indicating parameter (tSIE); we describe the steps taken to overcome this problem and the data given here are for the first
tests on the modified instrument. To study quenching and the reproducibility of the quench indicating parameter (t-SIE), we prepared 16 vials containing 2 g total sample weight, comprising mainly
14C-labeled benzene (3566 dpm g'1) and with an increasing weight of 2% acetone in scintillation
grade benzene solution to provide us with the required variations in t-SIE. We counted each sample
for 100 min and stored the spectra and then made 30 measurements of the t-SIE parameter over the
course of 6 cycles (5 counts per cycle). We carried this out on both the 2770TR/SL and a model
2250CA. The latter has a fixed delay of 75 ns in the BCC; the former was set to 75 ns delay. Because
the PMT gains and voltages cannot be manually adjusted, the only way in which balance point
counting can be carried out is through adjusting the counting window. The lower discriminator was
set at 13 keV to discriminate out 99.7% of the tritium cpm; the upper discriminator was varied
between 65 and 85 keV and a series of quench curves were derived. The counting window that produced an efficiency plateau at low quenching was chosen as the optimum for balance point counting
and all experiments were carried out with this window.
To study background stability in the 2770TR/SL, we prepared a single vial with 2 g scintillation
grade benzene and counted it for a period of 10 d (100 cycles of 100-min counts) using the balance
point counting window. A similarly prepared vial was counted in the 2250CA for 4 d (100 cycles of
50-min counts). To study stability of efficiency, unquenched 14C-labeled standards were cycled in a

similar manner (100 cycles of 25-min counts). Using the counting efficiency and background count
rate derived for the balance point counting window and the limit of detection used by Currie (1968),
theoretical calculations of the achievable resolution in terms of age and error were made.
RESULTS

For a liquid scintillation counter to be suitable for 14C dating, accurate quench monitoring is essential.
Since BOO is a very efficient gamma detector we reduced the intensity of the external standard
('33Ba) from 18 to 1 µCi. Although this increases the time required to measure the t-SIE, the time is
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insignificant in relation to that required for suitable sample counting statistics to be obtained.
In addition, we employed a proprietary gamma rejection technique, based on pulse shape
analysis and
TR-LSC, to eliminate the long pulses (gamma-photon derived) emanating from the BGO
guard that
contributed to the Compton spectrum, which is derived from the interaction of the 133Ba gamma
photons with the vial and contents. In addition, corrections to any shift in baseline or dead time are
made
to insure that the subtraction is performed properly. In a non-BOO system, the beta sample
spectrum
(SP1) is acquired and subtracted from the acquired beta + Compton spectrum (Sfl) to yield
the net
Compton spectrum. The t-SIE is then calculated on the net Compton spectrum. In the 2770TR/SL,
SP1 and SP2 are acquired but in this instance SP2 also contains the gamma contribution
detected by
the BOO guard. A third empty vial spectrum (SP3) is acquired which corresponds to the gamma
component from the guard. The derived Compton spectrum is then the result of the following calculation:
SP2 - (SP1 + SP3). The t-SIE parameter is then calculated on the resultant Compton spectrum.
The
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Figure 2 illustrates the stability of the t-SIE measurement for the 2770TR/SL. The results of the
study on background count rates indicate that both instruments are stable and obey Poisson statistics. The count rate in the 2770TR/SL is reduced by about a factor of 4 compared with the 2250CA
(0.307 against 1.18 cpm) (Figure 3). Similarly, efficiency measurements were also stable and
obeyed Poisson statistics (Figure 4). We recounted the samples in vial holders manufactured from
BOO and achieved improved performance in all cases. For the 2250CA and the 2260XL, the background count rate was reduced by a factor of ca. 3 and for the 2770TR/SL by a factor of 2. These
data are given in Table 2 together with counting efficiencies. Figure 5 illustrates the theoretical
improvement in precision that can be achieved.
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Fig. 3. Background count rate measurements for 2 g benzene in (A) Packard® 2770TR/SL and
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Performance Data for Tri-Carb® Models 2250CA, 2260XL
and 2770TR/SL Used With and Without BOO Vial Holders
BOO vial % Efficiency
Instrument
(13-75 key)
holders
model
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Fig. 4. Efficiency measurements for 2 g benzene in (A) Packard® 2770TR/SL and (B) Packard®
2250CA, in a 13-75 keV counting window
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Fig. 5. Achievable resolution of the Packard® 2770TR/SL and Packard® 2250CA in terms of radiocarbon age and dating error
for a sample counting time of 5000 min

CONCLUSION

Our results show that the 2770TR/SL produces a significant improvement in performance over previous generations of Tri-Carbs. In addition, the data demonstrate that all the parameters which we
measured were stable and this is of fundamental importance when considering accuracy, precision
and limits of detection. This performance is obtained without the use of enhanced passive shielding,
an active coincidence guard detector or special counting vials. The use of BGO vial holders brings
about a further enhancement but is more limiting since only 7-mL vials or smaller can be counted
using these and they are expensive to manufacture. Nevertheless, it opens up the possibility for those
who operate earlier Tri-Carbs with TR-LSC to make use of this advance in technology. A single vial
holder can be used with the instrument operated in a non quasi-simultaneous mode, i.e., long counts
(1000 min) made on single vials. This could be particularly useful for those who operate instruments
such as the Model 1050, which does not have a sample changing facility in any case.
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COMMISSIONING OF A QUANTULUS 1220TM LIQUID SCINTILLATION BETA
SPECTROMETER FOR MEASURING 14C AND 3H AT NATURAL ABUNDANCE
LEVELS
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ABSTRACT. In 1994, the Gliwice Radiocarbon Laboratory began operating a liquid scintillation spectrometry system, consisting of a Quantulus 1220TM spectrometer and two vacuum rigs for benzene production. This paper describes the procedures
used for the benzene synthesis from samples containing <1 g of carbon and in the range 1 to 10 g of carbon. We also present
the Quantulus calibration procedures used in the Gliwice Radiocarbon Laboratory and NERC Radiocarbon Laboratory, and
compare the calibration parameters.

INTRODUCTION

In 1994, the Gliwice Radiocarbon Laboratory installed a Quantulus 1220TM liquid scintillation spectrometer. The lab immediately began working to calibrate the instrument for the purpose of radiocarbon dating in three different counting geometries. Throughout the process of calibration, comparisons were made with the slightly different procedures and parameters established for the low-level
liquid scintillation counting (LSC) of 14C at the NERC Radiocarbon Laboratory.
In both laboratories, benzene is synthesized using vacuum rigs and procedures designed to optimize
the conversion efficiency for predetermined amounts of carbon in a given sample. Gliwice operates
two rigs that enable processing of samples containing 1 to 10 g of carbon and < 1 g of carbon, respectively. In East Kilbride, only samples that yield >1 g of carbon are prepared for radiometric counting; smaller amounts of carbon are consigned to the laboratory's accelerator mass spectrometry
(AMS) program. To determine the optimum settings as a function of counting geometry, we investigated the influence of several factors, including PAC setting, energy discrimination and vial construction and alignment on the 14C spectral response of the Quantulus 1220TM. We also investigated
the factor of vial construction (PTFE or glass) and the use of masked holders. The response was
compared for all three Quantulus systems (one in Gliwice and two in East Kilbride) in terms of
background count rates, 14C detection efficiencies and quench tolerance.

Assessment of the analytical accuracy and precision achieved in routine LSC were based on the
results of measurements for TIRI intercalibration samples and on the comparison of results obtained
from the well-established gas proportional counting (GPC) performed at the Gliwice laboratory.
Recently the Quantulus spectrometer in Gliwice was calibrated to allow the measurement of environmental concentrations of tritium. The capability and precision achieved in monitoring environmental levels of tritium without prior sample enrichment is illustrated using tritium activity data
measured for precipitation water sampled in Upper Silesia (Poland).

Benzene Synthesis
Figures 1 and 2 show the Gliwice Radiocarbon Laboratory's two benzene rigs. Both were designed
by Vadim Skripkin from Kiev. We slightly modified them for our needs. Prior to the benzene synthesis, all samples are pretreated using standard methods. After pretreatment, organic samples are
carbonized in a steel reactor vessel at ca. 650°C. The production of lithium carbide is carried out in
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weeks after benzene synthesis

In the final stage, benzene is obtained by the catalytic trimerization of acetylene with the application
of Arslanov's vanadium catalyst. Prior to trimerization, the catalyst is preheated in a vacuum to
300°C. One portion of the catalyst can be reused several times. After every 10th sample, the catalyst
is "cleaned" by purging with ozone. The obtained benzene is dried and purified with the use of a
sodium swarf and a sublimation/resublimation procedure. To allow the radon present in the benzene
to decay (Fig. 3) the purified benzene is stored in a freezer for no less than 3 weeks.
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The procedures used for benzene synthesis are being improved continuously. Currently, the benzene
yield is up to 92%. The yield of the benzene rig designed for samples containing <1 g of carbon is
higher than that of the bigger one.

Calibration Procedure for Radiocarbon
The Quantulus ultra low-level liquid scintillation beta spectrometer uses multiparameter, multichannel counting techniques (Kojola et al. 1984, 1985; Polach et a1.1984). The low background levels
of the spectrometer are obtained by application of the passive material shield, active anticoincidence
shield, radio frequency noise discriminator and pulse amplitude comparator (PAC). We used the fol14C dating):
lowing procedure to set up the spectrometer for routine 14C activity measurements (for
Definition of the counting geometry. Because samples routinely dated in the Gliwice Radiocarbon Laboratory contain <2.5 g of pure carbon, we decided to use 3 mL, 2 mL and 0.8 mL volumes of benzene as counting geometries (Gupta and Polach 1985). For convenience, low
potassium 7 mL PICO glass vials from Packard were chosen for 3 and 2 mL counting geometries. To achieve low background counting rate, we chose small PTFE vials for the 0.8 mL
geometry (Skripkin et a1.1995). Pico glass vials are filled to less than half of the volume and
inserted in the Packard vial holders. The upper part of the holders was masked with black tape
or black mat lead-free paint to reduce photomultiplier crosstalk.
Choice of the scintillator. Butyl-PBD was chosen as the scintillator for all counting geometries
because of its high counting efficiency. It is used in the proportion of 13 mg per 1 mL of benzene.
Selection of the standard and background samples. We decided to use ANU Sucrose and NBS
Oxalic Acid II as the modern activity standards. As background samples, we used commercial
Polish Analar-grade benzene. We used samples prepared from coal, graphite and calcite.
Determination of the counting window for 14C measurements. Spectra of modern standard, tritium and background were collected for each counting geometry. The window was set to contain <1% of the total tritium spectrum and ca. 80% of the total 14C spectrum, which gives total
efficiency ca. 60% (Fig. 4; Tables 1 and 2).
Choice of the optimal PAC level. The optimal PAC value is that one that minimizes the function
B/EW(PAC), where B is the background count rate and Eff is the relative efficiency (Fig. 5;
Tables 1 and 2).
Determination of the quench correction curve. The variation of benzene purity from sample to
sample and therefore the variation of quenching may cause changes of detection efficiency
(McCormac 1992). These changes should be compensated by multiplying the sample count rate
by an adequate quench correction factor. Quench correction curve is the relationship between
the reciprocal of the relative counting efficiency and the SOP parameter. To obtain the quench
correction curve, the counting rate for a high activity sample is determined. Subsequently, a
drop of a 5% acetone solution is added and the count rate is determined again. This procedure
is repeated a few times. The relative efficiency is then calculated and the quench correction
curve is plotted (Fig. 6).
Test of the stability of counting. The stability of the apparatus was checked by repeated measurements over few months using background and modern standard samples. (Stability is also continuously checked by comparing standard and background count rates obtained from each counting
protocol with previous values). From these results, the maximum determinable age, counting
efficiency and factor of merit were calculated for each counting geometry (Tables 3 and 4).
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COUNTING WINDOW SETTING

background

256

1

512

768

1024

Channel
Fig. 4. Determination of counting window for 3 mL counting geometry

Counting Parameters of Different Counting Geometries at the Gliwice
Radiocarbon Laboratory
Counting
geometry
1)pe of counting vial
window
value
0.8 mL
0.8 PTFE vial
275-545
2 mL
7 mL Packard Pico Low K Glass
305-570
vial in Pico Holder
3 mL
7 mL Packard Pico Low K Glass
vial in Pico Holder
TABLE 1.

Counting Parameters of Different Counting Geometries at NERC Radiocarbon Laboratory
Counting
Counter
geometry Type of counting vial
Counting window
PAC value

TABLE 2.

Quantulus

1

4 mL

7 mL Packard Pico Low K
Glass vial in Pico Holder

247-525

120

Quantulus 2

2 mL

7 mL Packard Pico Low K
Glass vial in Pico Holder

268-550

120

Quantulus 2

4 mL

7 mL Packard Pico Low K

260-530

120

Glass vial in Pico Holder

o'O
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Checking the calibration. As a check of the calibration, the results of age determination were
compared with the ages of a few well-known samples from the TIRI project, and comparison
with results obtained using the well-established Gliwice GPC system (Table 5).
Table 3. Liquid Scintillation Beta Spectrometer Quantulus at the Gliwice Radiocarbon Laboratory
Counting
Mass of
Background
of
geometry carbon (g)
(B) (cpm)
(cpm)
(So/dB)
0.8 mL
0.65
0.061 0.006
0.085
2 mL
1.62
0.252 0.007
0.047
3 mL
2.43
0.357 0.008
0.055
*To calculate Tmu we used t =1000 min

TABLE 4.

Liquid Scintillation Beta Spectrometer Quantulus at NERC Radiocarbon Laboratory
Mass of

14C

Counting
geometry

(g)

Quantulus 1

4 mL

3.24

±0.009

0.050

Quantulus 2

2 mL

1.62

0.004

0.039

Quantulus 2

4 mL

3.24

0.010

0.049

Counter

(B) (cpm)

(So) (cpm)

Factor of
(So/VB)

(yr)

*To calculate Tmax we used t = 6000 min

Comparison of Dating Results for Quantulus GPC at Gliwice and
TIRI Consensus Values
TABLE 5.

Sample name
I

TIRI J
TIRI L
CAH 91/30
CAH 91/31
CAH 91/32
Strzegocice

Quantulus at
Gliwice (BP)

10,930±75
1530 ± 50
13,090 ± 170
1750 ± 70
1730 ± 70

at Gliwice
(BP)

t 70

11,070

--

13,330±90
1710 ± 50
1840 ± 50

2045 ±70

2045 ±50

1200 ± 80

970
4500
1020
7320

0B3

4535 ±80

NASZ 58/88 spag
M17A/2

1020 ± 110
7135 ± 130

t 17
t8
t 30

± 30
± 60
± 40
± 80

Calibration Procedure for Tritium
Setting up the spectrometer for measurements of tritium activity at natural abundance level requires:

Definition of the counting geometry. Because of the low concentration of tritium in precipitation, we decided to use the largest possible sample volume. Therefore, we chose 8 mL of sample
water and 12 mL of scintillator (HiSafe 3) geometry. We chose the 20-mL Wallac PTFE vials
because of the low background count rates.
Choice of background and standard samples. As a background sample, we use geologically old
distilled water. The standard of tritium activity was prepared by mixing background water with
tritiated water of known activity. To avoid contamination of the counting chamber, the activity
of the prepared standard is <100 dpm per vial.
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Determination of the counting window for tritium measurements. Spectra of tritium and background were collected and the window was set to maximize the figure of merit.
Determination of the quenching correction curve. The value of the quenching correction factor
was estimated for each sample using the quenching correction versus SOP value plot. The data
for this graph were obtained from repeated measurements of the count rate for the pure tritium
activity standard and after addition of CC14 solution.
As a check of Quantulus capabilities for tritium activity determination at natural abundance
level, we attempted to find out whether it is possible to detect seasonal variations of tritium concentration in the precipitation sampled from the highly polluted Upper Silesia (Rank 1992). To
accomplish this, we collected precipitation samples every two weeks during one year. Because
Upper Silesia is the most polluted region in Poland, all collected samples were distilled prior to
counting in order to remove impurities from the water. Figure 7 shows the results of the test.
They were obtained without application of any isotopic enrichment procedure. Counting time
for each sample was 1000 min.
TRITIUM CONCENTRATION IN THE PRECIPITATION

24.8

r

18.6

r
r
r
12.4

6.2

1995-05-15

1995-07-03

1995-08.21

1995-10.09

1995-11-27

1996-01-15

1996-03-04

Date of sampling

Fig. 7. Seasonal variations of tritium concentration in the precipitation water sampled in Upper Silesia, Poland

CONCLUSION

During the exercise of setting up the liquid scintillation method at the Gliwice Radiocarbon Laboratory we found that:

of GPC CO2 vacuum lines for preparation of CO2 from inorganic samples provides an
easy way to produce high-purity benzene.

1. The use
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2. The use of the carbonization procedure minimizes of the amount of lithium needed for benzene

synthesis.
3. Our laboratory needed the samples to be aged prior to counting. One can also monitor eventual

change of counting rate in the "radon counting window" during sample counting to detect presence of 222Rn.
4. Determination of each of the counting parameters for Quantulus ISS should be done separately
for all counting geometries.
5. Calibration tests show good agreement with dates obtained with the Gliwice GPC system and
the results of TIRI project.
6. Quantulus can be used for easy and inexpensive tritium concentration measurements in environmental investigations.
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RECENT DEVELOPMENTS IN THE PROCEDURES USED AT THE SSCER
LABORATORY FOR THE ROUTINE PREPARATION OF LITHIUM CARBIDE
VADIM V. SKRIPKIN and NIKOLAI N. KOVALIUKH

State Scientific Centre of Environmental Radiogeochemistry, Paladina 34, Kiev, 252680 Ukraine
ABSTRACT. In this paper we describe and discuss the advantages from improvements in equipment design and operating
procedures developed at the State Scientific Centre of Environmental Radiogeochemistry (SSCER) laboratory in Kiev. Two
experimental areas are considered, viz.
1. The direct chemisorption into

a lithium alloy of carbonaceous gases produced by the controlled thermal degradation
(pyrolysis) of organic materials under vacuum. This approach offers the advantage of a single stage, highly efficient and economical procedure for the production of lithium carbide. It is applicable for most types of sample material encountered in routine dating work and including organic detritus dispersed in a highly (up to 95% by weight) mineral matrix and/or carbonates.
Bone collagen can also be processed without the need for its prior extraction and purification.
2. A conical thin walled reaction vesselfor achieving improved and reproducible recoveries in the production of lithium carbide from CO2 gas. This apparatus allows a much improved control over the surface dependent reaction in instances where
there is no option other than the direct interaction of molten lithium with prepared CO2 gas.

INTRODUCTION

The measurement of natural radiocarbon concentrations by liquid scintillation counting (LSC)
invariably depends on the production of lithium carbide as an intermediate in benzene synthesis
(Barker 1953; Polach and Stipp 1967). In theory, the chemical reaction proceeds according to
2 CO2 + 10 Li

-

Li2C2 + 4 LiO

.

(1)

However, even if it can be achieved in practice this stoichiometric conversion has several disadvantages. In the first instance it is wasteful of lithium reagent since only 20% by weight is actually consumed in carbide production; the remainder is lost in combination with the oxygen of the CO2 molecules. The need to oxidize the sample carbon to CO2 as a preliminary stage is also time-consuming
and requires a complex combustion system allied with cryogenic gas trapping facilities and serviced
by a large-volume vacuum pumping capability. In attempts to offset these particular problems, several researchers (Stank, Arslanov and Klener 1963; Noakes, Kim and Stipp 1965; Arslanov and Tertychny 1970; Tamers 1975) developed and described procedures in which the raw sample material
is first reduced to near elemental carbon by charring in an oxygen-free atmosphere and then reacted
directly with lithium metal at ca. 800°C,
2Li + 2C

-

Li2C2 .

(2)

However, different practical problems are encountered with this approach. In particular for most sample types, the pre-charring (pyrolysis) stage invariably results in a significant loss of volatile organic
distillates, which can amount to as much as 80% by weight of the original sample. It is therefore not
suited in instances when only small samples are available, and it is also impractical when samples
have a high admixture of inorganic (mineral) material. In such instances recourse to the preliminary
production of CO2 gas and the conversion to carbide via Equation (1) is often unavoidable. Furthermore, when elemental carbon is allowed to react directly with molten lithium there is a sharp rise in
temperature at the reaction surface, which if not adequately controlled, will result in the loss of reactants, which volatilize, condense and become unreactive on colder parts of the containment vessel.
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Simultaneous Pyrolysis and Chemisorption
Our answer to minimizing the loss of genuine sample carbon during pyrolysis has been via the development of a stainless steel reactor that allows thermal degradation of the raw sample to be carried out
with simultaneous exposure of the volatile organics to a lithium melt. The system is designed to allow
appropriate control of the required temperature differential between the discrete reaction zones. Two
second-stage modifications to the experimental procedure are applicable for specific sample types
and these allow the routine recovery of upwards of 95% of the raw sample carbon as high purity lithium carbide for subsequent hydrolysis to acetylene. The entire conversion procedure can be carried
out in ca.1 h, and is effectively free of memory effects.

Conical CO2 I Lithium Reaction Vessel
As mentioned above, there are certain types of samples that leave no option other than to prepare lithium carbide by the direct injection of CO2 gas over a lithium melt. In such instances the conversion
yield will be determined by maintaining optimum temperature control and ensuring that there is an
adequate surface area of elemental lithium exposed to the residual gas pressure over the reaction surface. As mentioned previously, any inability to control areas of excessive temperature, due to the exothermic nature of the ongoing reaction, will result in losses caused by the condensation of reactants on
the colder surfaces of the containment vessel. Equally important, however, is ensuring that unreacted
CO2 has ready access to hot lithium metal; otherwise, competing reactions will result in the production of elemental carbon, viz.,
2 Li2C2 + CO2

-

2 Li20 +5 C.

(3)

The occurrence of this and similar competing reactions is very evident by the presence of black particulate carbon in the lithium hydroxide waste solution remaining after subsequent hydrolysis of the
carbide to produce acetylene. Such carbon losses are of course reflected in smaller amounts of benzene available for LSC. Perhaps even more important, however, is the fact that the incomplete conversion and recovery of sample carbon at any stage in the benzene synthesis procedure can give rise
to a significant degree of isotopic fractionation, which has to be determined and factored into the calculation of accurate 14C enrichment values. We have improved the conversion yield of lithium carbide
(to routinely >95%) by designing a thin-walled conical reactor vessel that can be used to process up
to 17.5 L of atmospheric CO2 (9.5 g carbon) to carbide in <50 min without excessive furnace heating.
METHODS

Combined Pyrolysis and Chemisorption
Figure 1 shows the design and construction details of the stainless steel reactor vessel employed to
minimize the loss of sample carbon during pyrolysis. In use, the vessel is charged as shown with sample and lithium metal, sealed, pumped free of air and then introduced into a thermostatically controlled electric furnace. The temperature ranges designated for each reaction zone within the vessel
are determined and maintained at the required differential by 1) fixing the optimum height of the titanium sample holder above the basal lithium melt, and 2) positioning the reactor vessel within the
appropriate temperature gradient of the furnace jacket. The gaseous products from thermal decomposition of the sample are directed by its tubular holder onto the surface of the lithium. When the temperature regime is established correctly, the rate at which the volatile carbonaceous materials are
absorbed chemically by the molten lithium is slightly greater than that at which they are being produced in the pyrolysis zone. Under these conditions, the residual gas pressure within the reactor is
maintained in the range 0.1 to 0.2 atmospheres, which favors an increase in the yield of molecularly
light products from the thermal dissociation and also prevents condensation of these volatiles onto the
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reactor walls. There is a high efficiency in lithium carbide production and with some parallel formation of oxide, hydride and nitride salts from the occurrence of the corresponding chemical elements in
the organic condensates. Completion of the simultaneous pyrolysis/chemisorption reactions is
noticed by a drop in residual pressure below 0.05 atmospheres when the temperature in the pyrolysis
zone has attained its maximum value (600-650°C). The reactor is then pumped for a short time to
ensure the decomposition of any lithium hydride and/or lithium nitride produced by chemisorption.
The vessel is then allowed to cool to room temperature under sealed vacuum. For typical samples in
the size range 5 to 15 g carbon, this stage in the overall carbide production sequence takes <40 min,
including the time required for heating and cooling of the reactor vessel. While up to 80% of the available sample carbon may be volatilized and converted to lithium carbide during the simultaneous
pyrolysis/chemisorption reactions, there is invariably a solid carbonaceous residue comprising charcoal and/or other thermally stable organic species. To ensure that such carbon is also converted to lithium carbide we employ one of two second-stage modifications, depending on the sample type.
Where the initial sample was largely organic in composition and with low concentrations of phosphorous, sulphur and other inorganic compounds, e.g., peat or wood, the "charcoal" residues are simply
transferred to the basal zone in the reactor. The vessel is resealed, pumped free of air at room temperature and then heated again to 800°C. This completes the conversion of residual carbon to carbide.

A second adaptation is applied for samples that have a relatively high mineral content or comprise
demineralized bone protein. In such instances, an excess of manganese dioxide is added to the
charred residue which is retained within the pyrolysis reaction zone. The reactor vessel is resealed,
pumped free of air and subjected to a second cycle of differential heating. The manganese dioxide
begins to decompose, releasing free oxygen at temperatures above 530°C and this favors the predominant formation of CO, which reacts with the lithium melt in the base of the reactor vessel,
4Li + 2C0

-

Li 2C2 +2 LiO.

(4)

The dual reaction zone vessel is also used for processing carbonate samples via a single-cycle heating
process. Calcium carbonate dissociates (CaCO3 CaO + CO2) on heating to give a partial pressure
of 0.1 to 0.2 atmospheres CO2 between 500 to 560°C. The upper temperature zone is set to progress
this evolution of chemically pure CO2, which is simultaneously absorbed into the basal melt of lithium held at 750--800°C. The stoichiometric requirement for excess lithium (as in Equation 1) prevails
but calcium based impurities do not interfere with the yield or purity of the resultant carbide.

The Conical Reaction Vessel
The design of the alternative thin-walled conical reaction vessel that we use to produce lithium carbide from pre-prepared CO2 gas (Equation 1) is shown in Figure 2. Pertinent features of the configuration and construction are:
1. The relatively large (100 cm2 base) to maximize the surface area available for direct interaction

of CO2 and lithium.
2. The thin walls (2-mm gauge stainless steel) which facilitate rapid heat exchange and precise
temperature control via an inexpensive low-power heater plate (800-watt domestic stove element).
3. The ca.1 L internal volume, which is adequate for the processing of up to 17.5 L atmospheres
of CO2 (9.5 g carbon).
The experimental conditions of temperature and gas pressure used to initiate and control the
progress of lithium carbide formation are as described by Arslanov et at. (1993). No memory effects
are encountered between sample runs and completion of the process requires <50 min.
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COz

Fig. 1. Stainless steel reactor vessel for lithium
carbide production

Fig. 2. Thin-walled conical reaction vessel for lithium carbide
production

CONCLUSION

The equipment and procedures described here have been of considerable overall advantage in our
ongoing development of an economically viable program of natural 14C measurements. They represent a significant saving in time (manpower) and costs (of both chemical reagents and vacuum
equipment). They have proven to be appropriate for analyses of a wide range of sample types and
routinely produce high (>95%) yields in the conversion of sample carbon to high-purity lithium carbide. The combined vacuum pyrolysis/chemisorption procedure is particularly advantageous where
small samples have to be processed to benzene for LSC.
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CONTAMINATION AND FRACTIONATION EFFECTS IN AMS-MEASURED "C/12C
AND '3C/'2C RATIOS OF SMALL SAMPLES
CEES ALDERLIESTEN, Ki,AAS VAN DER BORG andARIE F. M. DE JONG
R. J. Van de Graaff Laboratorium, Utrecht University, P.O. Box 80.000, NL-3508 TA Utrecht

The Netherlands
ABSTRACT. In AMS measurements on small (m a 400µg) carbon samples, an m-dependence has been noted for the C/ C
and 13C/12C ratios that is due to the combined effect of contamination and fractionation. A simple formalism is presented to
describe the phenomena and to correct measurements on unknowns for their effect.

INTRODUCTION

For more than ten years the Utrecht AMS facility has been measuring isotopic abundances of cosmogenic radionuclides, primarily of 14C but also of 10Be, 26A1 and 36C1. For 14C, its present state
(van der Borg et al. 1997) allows a precision of -0.4% and a detection limit of 2x1015 in routine
measurements on recent samples of >0.4 mg of carbon.
Since 1987, ca. 600014C samples have been measured for various research projects. One of these
projects, 14C dating of the CO2 enclosed in polar ice (van de Wal et al. 1994; van Roijen et al. 1995),
produced a substantial number of samples with unusually low carbon mass m, typically m = 35 µg.
It was deemed appropriate to compare such samples with blanks and standards of the same mass and
chemical composition, produced in the same graphitization process. From the experience with these
and other small samples, two effects emerged (van der Borg et al. 1997):
First, the measured 14C-specific activity of preparation blanks (representing the graphitization
process only) increases with decreasing carbon mass. This is as expected and has also been
reported by others.
Second, the measured 13C/12C and 14C/12C ratios of m s 400 µg samples of reference material
decrease with decreasing mass, and in addition, their mutual relation is "anomalous", i. e., not
the quadratic one expected for chemical fractionation processes.
Initially, no explanation for the behavior of the small standards was trusted and its consequences
were simply eliminated in the normalization procedure, where the ratios measured for an unknown
were combined with those for blanks and standards of the same small mass.
Over the course of years, minor and also major (van der Borg et a1.1997) modifications of the setup
have been implemented, but the small-standards effects persisted. Meanwhile, mass-dependence
was also reported (but not quite believed) by another group with a very different setup (Klinedinst
et a1.1994). These two facts almost eliminated explanations in terms of AMS effects, such as a sample-dependent emittance/acceptance mismatch. And because fractionation in the Cs sputter source is
expected to show a nearly "chemical" behavior (Nadeau et a1.1987), the "anomaly" does not seem
to originate from AMS as such, so that contamination and fractionation during sample preparation
also have to be considered.

AMS SETUP AND SAMPLE PREPARATION
The Utrecht AMS facility has been described previously (van der Borg et a1.1997; van der Borg et
a1.1987). For the present discussion we reiterate that the setup includes a Van de Graaff EN tandem
accelerator with a recirculating gas stripper and a high-intensity Cs sputter source (Middleton, Klein
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and Fink 1989), and that 12,13,14C ions are injected quasi-simultaneously by a fast beam pulser and
measured at the high-energy end.

The samples to be discussed here are blanks and standards; the blank CO2 is obtained by treating
IAEA-C1 marble with HCI, the standard CO2 by combustion of HOxII reference material. Graphite
samples of both types (and of the unknowns) are produced by reduction of CO2 in the presence of
made in a 30-cm3
H2 and a catalyst of iron powder (Vogel et a1.1984). Large (m> 1 mg) samples are
temperature
oven
the
regulates
computer
quartz-Pyrex® unit, small ones in 1/3 of that volume. A
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the bottom.
MEASUREMENTS AND RESULTS

The small carbon samples were measured in special batches, with the 22-position sample wheel containing 1) the small unknowns; 2) a disc of commercial graphite, a normal blank and one or two normal standards; and 3) small blanks and standards, more or less covering the mass range of the
unknowns. The results to be discussed below are those for the small blanks and standards used over
the last two years and include the small-sample data already presented (van der Borg et a1.1997). As
expected, small samples last a shorter measuring time than normal ones and during this time they
yield lower currents (typically starting at ca. 60% of the normal value); results for currents below
r13 and r14;
10% of the normal value are rejected. The results are displayed in Figures 1 and 2 as
these are the 13C/12C and 14C/12C ratios for small samples normalized on the corresponding values
for the normal HOxII standard(s) measured in the same batch.
CONTAMINATION AND FRACTIONATION

The Model
The r13 and r14 data in Figure 2 show that fractionation as well as contamination plays a role: the narrow 13C/12C range in nature excludes the possibility that a reasonable admixture of any contaminant
could produce the rs3 (m) data of Figure 2A; on the other hand, given those data, chemical (quadratic) fractionation alone would only partly explain the decrease of rs4 (m) with decreasing mass
shown in Figure 2B. However, when fractionation is combined with contamination, of all blanks and
standards, with carbon of a 14C/12C ratio well below that of the standard material, we get a qualitative explanation of Figures 1 and 2. For this reason the data are compared with a formalism based
on the following premises:

Mass-dependent isotopic fractionation is of the "chemical" type and can occur both during the
graphitization (which may become progressively incomplete for smaller and smaller CO2 samples) and in the negative-ion formation (if this process is, e.g., Fe/C mass-ratio dependent,
Arnold et a1.1987).
2. All contamination precedes graphitization. In reality this is not true, but in the model it simplifies the formalism, with negligible quantitative inaccuracy at any practical level of contamination.
3. Contamination does not affect the 13C/12C ratio (see above).
1.

Contamination and Fractionation Effects
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Fig. 1. Normalized AMS-measured
ratios of small blank samples, plotted against sample carbon mass; for normalization, see text. The curve represents the function rb4 = 14(m)f3r4 with the values for 14, and r4 derived from the present
data.

f

f

4. Mass and isotopic composition of the contaminant have a (mean) value that is independent of
mass and type (blank, standard, unknown) of the original sample.
5. The original blank is 14C-dead.
b. Only contamination produces background counts.

The unknowns in this model are the mean 14C/12C ratio of the contaminant and the mean contaminant mass. The translation of the model into formulas is straightforward (Donahue, Linick and Jull
1990; Brown and Southon 1997); a new aspect is that now both 14C/12C and 13C/12C are considered,
so that fractionation as well as contamination can be taken into account.

The Formulas
The effect of contamination on R14 _ 14C/12C and R13 = 13C/12C is well described by the simple
two-isotopes mixing formula. When a CO2 standard sample of mass m (contamination included) is
graphitized and subsequently measured with AMS, one gets Rs4eXp(m) = aoa14(m)Rs4m;x , with
Rs4mix = ((m me)R14(Std) + mCR4)/m for a small sample, Rs4exp(oo) _ aoa14(oo) RS4mlx(OO)
for a "large" one. Here, ao stands for sample-mass independent fractionation (in, e.g., the stripper),
a14(m) for the combined fractionation in graphitization and negative-ion formation and R14(Std) for
the original 14C/12C ratio of the standard material (in our case HOxII); the subscripts s, b, x and c
refer to standard, blank, unknown and contaminant, respectively. Normalization yields

-

rs4(m)

=

Rs4eXp(m)/R$4exp(o) =

f14(m)(1- I + r4)

,

(1)
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Fig. 2. Normalized AMS-measured isotope ratios of small standard samples, plotted against sample carbon
mass; for normalization, see text. A. Normalized 13C/12C ratio; the curve represents the least-squares fitted
function r(m) = (1- ale- 2) (a1= 0.014, a2 = 0.007; m in µg) chosen to parametrize the data. B. Normalized
14C/12C ratio; the curve represents the model function r,4 = 14(mXl
with the values for 1a, I
+
and r4 derived from the present data.

-

f

r')

f

where 14(m) = a14(m)/a14(oo) denotes the fractionation factor normalized to that of "large" samples,
Rba/R14(Std) .
mc/m the relative amount of contaminant carbon, and rb4 = Rb4/Rm4x(ca) =
Along similar lines, one finds

f

rea(m) =

fi4(m)3ra

(2)

for a contaminated blank and for 13C/12C ratios, using assumption number 3 above,

f

13

(m) = r13(m)

(3)

.

With f'3(m) from experiment and la(m) _ (f 13(m))2, the unknowns
Equations 1 and 2:
(rba(m)

f

=

1

+

and r4 can be resolved from

- rea(m))/f14(m)

(4)

and
rya

=

rea(m)/(f

la(m) + rba(m)

- rea(m)) ,

(5)
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from which me = f3m and R4 = r4R14(Std) can be calculated for values of m at which measured
or interpolated rs4(m) and rb4(m) data are available. These m and R4 values (and their errors) can
then be used in a normalization formula valid for both small and normal unknowns (assuming, as
before, type-independent contamination). For the present model this formula reads:
14

Rx

R

Q

1-(Std) = f14rnx)(1
(

m
- s + Sr ) - f14(mb)br14 } +
{f14(1
14

- x)

f14(mb)
f14(mx)(1-

(6)

Pr

RbrC4

Nx)

(1- Nx)

where Q = (RX4eXp -Rb4exp)(Rsexp -Rb4exp) contains all the experimental results for unknown,
standard and blank and the function 14(m) their mass-dependent fractionation. The quantities m
and r4, characterizing the (mean) contamination, are deduced from separate measurements on
small blank and standard samples, as discussed above; they are valid as long as preparation and measuring conditions are not changed.

f

In Equation 6, all sample masses are assumed to be "finite", but the blanks and standards used in
practice are usually "large enough", which implies
13b-'0; f14(ms), f14(mb)-+f14(oo) =1) and
reduction of Equation 6 to
14

Rx
R14

14

=

Q

_ 1xrc

f14(mx)(1- fix) (1

(7)

This is the more practical formula in the present model to normalize unknowns of any mass mx. Note
that if these unknowns are also large, then (f14(m1)-'f14(oo) =1), and Equation 7 reduces to
the simple and much-used expression RX4 = QR14(Std) _ {(Rx4exp - Rb4exp) / (Rs4exp -Rb4exp )}

R14(Std).

DISCUSSION

The above formalism has been applied to the data given in Figures 1 and 2. Functions of the type
r(m) = 1- alea2m have been least-squares fitted to parametrize the rs4 (m) and rs3 (m) data sets;
from the latter one extracts the function f13(m) (see Equation 3) and thus the function f'4(m).
The expression r(m) = a + b/m is least-squares fitted to the rb4 values. These have a large spread
(see Fig. 1) that tends to obscure the systematic mass-dependence of the mean. This reflects the
partly random character of the contamination process, which becomes clearer for smaller samples.
For larger blanks, the mean contamination does not go to zero with 1/m as implied in the model, but
rather to some finite value somewhat below 0.15 percent of Modern Carbon (pMC), the mean level
for -1-mg preparation blanks. Even the background measured on massive graphite discs (no chemistry) is not zero but -0.05 pMC. The fact that both background levels tend to decrease with increasing beam current is a further indication of an additional 14C background component, not strictly proportional to the 12C beam intensity and therefore probably derived from cross-contamination in the
ion source. Ions wrongly identified as 14C, however, are certainly of minor importance.

f

The parametrizations of 14(m), rs4 (m) and rb4 (m) provide the input for Equations 4 and 5 to calculate m and R4 for m-values in the small-sample mass range. We find m =1.4 ± 0.5 µg and R4 =
33 ± 11 pMC. With these values, Equations 1 and 2 provide the rs4 (m) and rb4 (m) curves shown in
Figures 1 and 2. We conclude that the mass-dependence is reproduced by a combination of chemical
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fractionation and mass-independent contamination, with "reasonable" results for mass and specific
14C activity of the contaminant: the m value is a small but non-negligible fraction of the smallest
sample masses and the R4 value is well below that of contemporary material.
Formulas to describe the effect of contamination in 14C measurements on small samples have been
derived and confirmed by Brown and Southon (1997). Their model shares with ours the assumption
that an admixture of a contaminant with constant mass and specific activity is present in blanks,
standards and unknowns. But their AMS measurements were restricted to 14C/13C ratios and consequently cannot detect a possible mass-dependence of fractionation effects (assumed by Brown and
Southon (1997) to be at most secondary) in preparation and/or measurement. We can only report that
our data for m < 400 µg reveal mass-dependent fractionation.
For our smallest samples, fractionation originates largely from the graphitization: although the process is continued until an unambiguous leveling of the pressure curve shows that the conversion of
C02 should be complete, nevertheless recombustion and subsequent mass-spectrometric analysis of
small graphite samples (van der Borg et al. 1997) have demonstrated that 13C/12C fractionation
(compared to that for large samples) increases by up to 2% when m decreases to 25 µg-in agreement with the results from AMS 13C/12C measurements on similar samples. A smaller part is
expected from the fractionation in the C' ion formation, where Fe/C mass-ratio dependence has
been observed in an experiment by Arnold et al. (1987). They reported a -1% increase of the fractionation when the Fe/C ratio increases from 7 to 25. Although the absence of fractionation in the
graphitization was not proven, their test samples were relatively large (m > 200 µg), so we assume
that indeed a Fe/C dependence rather than fractionating graphitization has been demonstrated.
The applicability of the model to the present data set does not depend on any assumption about the
relative contributions of the two mechanisms just mentioned: for m < 200 µg, the amount of Fe is
constant, so data are specified by m alone and can be fitted with an empirical function <3 (m),
whereas for m > 200 µg, the Fe/C mass ratio is fixed, only m as such labels the data and an empirical
function f1>3 (m) can be determined. For the present 13C/12C values no difference in i3(m)-behavior
can be observed, so one parametrization was enough for the whole sample-mass range (see Fig. 2A).
The function(s)f13(m) thus obtained can be applied as long as the fractionations of 13C and 14C have
a known relation (taken as quadratic in the present model) for the processes involved.

f

f

As for the parameters reported by Brown and Southon (1997) to account for their test data, these are
in notable agreement with ours: m = 2.6 µg vs. m =1.4 µg and R4 =44 pMC vs. R4 =33 pMC.
As the deduction of our values includes correction for fractionation, we repeated it with 14 =1 and
found m = 2.6 µg and R4 =20 pMC. Such an agreement must be considered as fortuitous, but the
general picture may suggest a common "mechanism" of contamination in both laboratories. A similar remark can be made about the observed less-than-(1/m) decrease of the 14C content of preparation blanks.

f

CONCLUSION

In AMS measurements on small (m s 400 µg) carbon samples, a systematic sample-mass dependence of the measured isotope ratios may occur; at the Utrecht AMS facility, '4C/12C deficits of >5%
have been observed. The effects are explained as due to a combination of 1) a sample-mass independent contamination during sample preparation and 2) a sample-mass dependent fractionation, presumably in both graphitization and negative-ion formation. AMS measurements of not only 14C/12C
but also 13C/12C ratios allow a separation of the two factors. In the model description of the
mass-dependences, the (mean) mass and 14C concentration of the contaminating carbon are fitted as
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free parameters and get reasonable values. A formula is derived in which these values are used to
account for all small-sample effects. This provides a "unified" background-subtraction/normalization procedure for both small and large samples.
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REPRODUCIBILITY OF SEAWATER, INORGANIC AND ORGANIC CARBON 14C
RESULTS AT NOSAMS
KATHRYN L. ELDER, ANN P. M RICHOL and ALAN R. GAGNON

National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) Facility,
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543 USA
ABSTRACT. The majority of samples processed at the National Ocean Sciences AMS Facility (NOSAMS) thus far were collected as part of the World Ocean Circulation Experiment (WOCE). Due to the long storage time (2-3 yr) required to analyze
thousands of samples on the accelerator mass spectrometer (AMS), a test was designed and implemented to determine the
effects, if any, of storage time on 14C concentration. We find no systematic offsets in AMS measurements made over a 5-yr
period between a total of 16 replicate sets from surface and deep water collected at the same locality. Furthermore, the average
al4C value from the deepwater AMS replicates (-213.1%o, std. dev. 7.3) agrees very closely with the conventional 14C results
published for GEOSECS (-212.7%o) from station 320 taken 20 yr earlier.

A total of 73 WOCE shipboard replicate sets (162 AMS measurements) were analyzed with a mean precision of 4.3%o. AMS
results from 20 more shipboard replicate sets (44 AMS measurements) submitted as CO2 from the Stable Isotope Laboratory
(SIL) at the University of Washington were analyzed with a mean precision of 3.4%. These results suggest no significant difference between water stripping methods used in each preparation lab.
To assess reproducibility, we calculate a pooled estimate of v for replicates called s, which we use as an approximation of
QTOT for a given sample type. The s for WOCE seawater replicates is 4.9% and 5.8%o for SIL gas replicates. These numbers
demonstrate an overall reproducibility of seawater AMS results at NOSAMS that is in line with reported errors. We take the
difference between total error s and machine error as the overall standard deviation of combined uncertainties associated with
preparation of samples and with AMS. For seawater samples processed at NOSAMS, 0SPL is calculated to be 2.4%, and for
the SIL gas replicates it is 4.8%o.

Reproducibility of samples prepared with an acid hydrolysis technique is demonstrated using 24 coral samples submitted in
triplicate by Dr. R. G. Fairbanks of Lamont Doherty Earth Observatory. Seventy-two replicates were prepared and analyzed
at NOSAMS with a mean reported precision of 1.2%o. The pooled estimates for the Fairbanks triplicates is 2.6%o. We calculate a laboratory reproducibility uncertainty for coral hydrolysis samples of 2.2%o.
In 1993, NOSAMS participated in the Third International Radiocarbon Intercomparison (TIRI) Study. We report here 60
AMS analyses of the six TIRI test materials, five of which are organic carbon samples, to validate sample-processing methods
for organic carbon sample AMS analyses at NOSAMS.

INTRODUCTION

In 1991, the Sample Preparation Laboratory (SPL) at NOSAMS was established to produce graphite
targets for analysis on the NOSAMS accelerator and to develop methods to achieve routine ±3-4%o
precision for AMS 14C analysis of deepwater samples collected as part of the World Ocean Circulation Experiment (WOCE). To date, the SPL has produced >16,000 graphite targets that have been
AMS-analyzed. Ca. 70% of reported results thus far are from WOCE seawater samples; 13.5% are
from organic carbon and 12.5% are from inorganic carbon (CaCO3) samples.

Since 1993, we have routinely analyzed seawater samples with a machine precision of ±3%o (von
Reden et ai.1997). However, there is little point in achieving a very precise measurement if it is not
reproducible. When replicate analyses of the same material agree closely within the quoted precision of the individual analyses, then the quoted precision is meaningful. This paper reports on AMS
analyses of replicate seawater and coral samples to give evidence that supports our quoted precision.
We use the error of replicate analyses to estimate total error and, in turn, to place limits on the component of that error due to sample processing.
We also present results of our periodic analysis since 1992 of samples sent to us as participants in
the Third International Radiocarbon Intercomparison (TIRI) study. Analyses of internationally
Proceedings of the 16th International 14C Conference, edited by W. G. Mook and J. van der Plicht
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14C results by demaccepted standards demonstrate accuracy and validate methods used to produce
onstrating that there is no systematic offset from the consensus values.

METHODS

Ca. 13,400 seawater samples were collected during the WOCE program for AMS analysis at
NOSAMS. The samples were poisoned with mercuric chloride at the time of collection and then
stored at ambient conditions until processed further. Since storage time is typically on the order of
several years before the CO2 is stripped from the seawater, a test was designed to determine the
effects of long-term storage on the dissolved inorganic carbon (DIC) in poisoned seawater samples.

For the test, a site was chosen from a location in the Pacific (WOCE transect P06C, station 97,
32°30.40'S, 127°59.45'W) to coincide with one occupied 20 years previously as part of the
Geochemical Ocean Sections Study (GEOSECS). In June 1992, 24 replicate samples were collected
at both 20 m and 2500 m water depths (total 48 samples) at the reoccupation site. Since February
1993, replicates from each depth interval have been analyzed at NOSAMS on roughly a six-month
cycle for a total of 8 replicate sets over the 5 years since the date of collection. The results are compared to assess the variation with time, if any, due to storage. The test also allows us to compare our
results with the conventional 14C results published for the same location from a GEOSECS deepwater sample taken at the same depth (2450 m) 20 years earlier.

"Seawater replicates" are defined as two or more 500 mL aliquot subsamples taken from the same
NiskinTM bottle or from NiskinTM bottles fired simultaneously that collect from the same depth in the
water column. There are 73 WOCE replicate sets analyzed thus far that were processed entirely at
NOSAMS, and 20 sets that were processed to convert DIC to CO2 (water stripping) at the Stable Isotope Laboratory (SIL), in the School of Oceanography, University of Washington. "Coral replicates"
are samples that span the same intervals in a coral, i.e., the same growth. Each replicate referred to
in this paper was processed individually from start to finish according to methods previously
described for collection, handling, processing and analyzing AMS samples (McNichol and Jones
1991; McNichol et al. 1994; Vogel, Southon and Nelson 1987; Cohen et al. 1994) with the exception
of water stripping for the seawater CO2 SIL replicates.
Routine quality control procedures in the SPL assure us that all graphite samples meet stringent
quality checks and that the carbon (graphite) produced is both homogeneous and isotopically nonfractionated (Osborne et a1.1994). Graphite samples that are submitted to the AMS are pressed into
aluminum target cartridges and loaded into 59 positions on a sample carousel. In the AMS, each target is typically analyzed in three cycles over a 2-day period. The first 2-min exposure is part of the
cleaning cycle, followed by two 20-h acquisition cycles that sputter each target ca. eight separate
times totaling roughly 40 min of analysis time per sample. The deviation between repeated measurements of a target over time is used in a data-flagging scheme together with several other monitored
system parameters to filter out the time-dependent instabilities in sample and AMS performance
(Schneider et a1.1994). The reported error for any sample is the larger of the error computed from
counting statistics (internal error) or the standard error computed from the variance between
repeated measurements of a target (external error) (Schneider et a1.1994).

From two to five seawater replicates per set have been analyzed over the past 6 years on many different wheels. Replicates within a set are not necessarily run concurrently or on the same wheel.
Each of the coral triplicates was run on a separate wheel in the AMS during the months of August,
September and October 1995, respectively.
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RESULTS AND DISCUSSION

WOCE Seawater Samples
Results from the test to determine the effects of storage time on &4C are plotted in Figure 1.
AMS
results from 8 replicate sets for each of the 20 m and 2500 m water depths show no systematic
change with increasing storage time. The 15 analyses of surface water samples have an average
14C value of 127.O%o
with a standard deviation of 5.0. The 17 measurements from the deeper 2500
m depth have an average &4C value of -213.1%o with a standard deviation of 7.3. At
the deep station, the data collected on day 578 appear anomalously low. The 813C values measured
for this replicate are also low (unpublished data) and suggest that the data for this sample are less accurate
than
values measured for others in the suite. If we reject this sample, the average and standard
deviation
are -211.3 and 5.3%o, respectively, corresponding to the precision observed for the surface
samples.
This &4C value agrees very closely with the GEOSECS reported conventional value of -212.7
from
station 320, 2450 m (Ostlund et al. 1987). These findings indicate that there is no offset in AMS
measurements due to storage time since collection and confirm that our water stripping, graphitization and target preparation methods do not bias AMS results as compared to the GEOSECS data.
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Fig. 1. P06C Station 97, GEOSECS Reoccupation Site. Results from a total of 48 analyses in 8 replicate
sets over the 5
yr since the date of collection are plotted as A (20 m) and .r.:,. (2500 m). -- conventional 14C results published
=
for the
same location from a GEOSECS deepwater sample taken at 2450 m 20 yr earlier.

During the 40-min AMS analysis time for each seawater target, an average of 200,000 to 300,000
14C atoms are detected,
yielding a Poisson statistic of ±1.8-2.2%o. After incorporating blank corrections, normalization to 813C and referencing to the NBS Oxalic Acid I and II standards, we would
predict a theoretical overall machine precision of ±3.1%o for one analysis. However, since January
1997, 90% of WOCE seawater AMS analyses have a reported precision of s5.1%o; 50% are s3.5%o;
and 10% are s2.6%o. This higher precision than the theoretical reflects the increased uncertainty
introduced during sample processing and may include other random indeterminate errors. Here we
use our analyses of replicates to place limits on the error contribution of sample processing and that
of AMS analysis.
The standard deviation of replicates, a, is an assessment of the reproducibility of the techniques
used to produce an AMS measurement. AMS 14C analyses of seawater samples is time-consuming
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approximation
and therefore a large number of replicate analyses is not feasible. However, a good
the same
assume
can
We
sets.
replicate
discrete
from
s
estimate
pooled
a
of a can be made using
anabeen
sources of indeterminate error for the sets since they are of the same composition and have
lyzed using identical methods.
formula (Skoog and
We calculate s, or the theoretical a of seawater replicates using the following
West 1976: 58-59):
N

s

_2

(x -x)

- __ DOF

(1)

are
Deviations from the mean for each replicate set are squared; the squares for all of the subsets
by
taking
obtained
is
s
pooled
The
freedom.
of
degrees
of
number
then summed and divided by the
the total
the square root of this quotient. The number of degrees of freedom (DOF) is obtained from
sets.
replicate
or
subsets,
of
number
the
minus
number of measurements
therefore
We have 162 individual AMS measurements of seawater samples from 73 replicate sets;
a good
be
to
s
the number of DOF is 89. Since the DOF is >20, we can consider the estimate of
of the
histogram
approximation of a. The pooled s of seawater replicates is calculated to be 4.9%o. A
2A
x)
Figure
in
is shown
differences between individual AMS analyses and replicate means (x1 with
well
with a superimposed Gaussian-fit curve. The halfwidth for the curve is 5.1%o, agreeing
both the calculated s and the mean reported machine precision for the group of 4.3%o (Table 1).
TABLE 1. Replicate Analyses Performed at NOSAMS
Mean reported
No. of

Sample type (process)*
Seawater DIC (WS)
Seawater CO2 (GS)
Coral CaCO3 (HY)

No. of replicated
sets
analyses
162
46
72

precision
DOF

(as)

Pooled
estimate s

a associated with
sample processing

(GroT)

(QSPjJ

73
21
24

*WS = water stripping samples; GS = gas samples; HY = acid hydrolysis samples.

at SIL
To date, 20 replicate sets of seawater CO2 from 44 individual samples (DOF = 24) prepared
have been run at NOSAMS. These replicates were stripped of CO2 and sent to us in flame-sealed
to be further reduced to graphite and run on the AMS. The gas replicate samples have a pooled

tubes
s value of 5.8%o. These results suggest no significant difference between the water stripping methods used. A histogram of the differences between individual AMS analyses and the replicate means
(x - x) for the 20 gas replicate sets is shown in Figure 2B.
Because contributions to error are theoretically the same for all replicates, we can assume s is a good
approximation of the combined error of collection, water stripping, graphitization, target preparation and AMS analysis. It then follows that the difference between s (a'roT) and machine error (mean
reported precision) is an estimation of the overall standard deviation of combined uncertainties associated with preparation of samples, and with AMS analysis (a2ToT = a2spL + a2AMS) The term
used here is simply the mean reported error of all replicates, e.g., the larger of the error computed
from counting statistics (internal error) or the standard error computed from the variance between
incorrepeated measurements of a single target (external error) per carousel or wheel. Thus,
analywheel
of
period
porates some short-term component of noncounting statistical error over the
sis (-2 days). And since ca. 40% of the replicate pairs were not analyzed on the same wheel, s (a'roT)

as

as
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Fig. 2. Differences between individual AMS results and their replicate mean
(x; - x) with a
superimposed Gaussian-fit curve. A. Seawater samples processed in entirety at NOSAMS.
B. Seawater samples submitted by SIL as CO2.

must incorporate some component of noncounting statistical error over periods from days
to
months. Although we are not able to independently measure either
QSPL or opMS, we can use these
replicate analyses to place overall limits on these components. For seawater samples processed at
NOSAMS, QSPL is calculated to be 2.4%o and for the SIL gas replicates it is 4.8%o.

Fairbanks Coral Replicates
In 1995,24 Barbados coral samples were submitted to NOSAMS in triplicate by Dr. R. G. Fairbanks
of Lamont Doherty Earth Observatory. High-precision 14C analyses of these corals were used to calibrate 14C with U/Tb measurements.
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of
Using the same method described above to calculate a pooled estimate of s, we obtain a value
between
differences
the
of
2.6%o for the replicate coral samples with 48 DOF (Table 1). A histogram
72 individual coral AMS measurements and the replicate means is shown in Figure 3. The laborareptory reproducibility uncertainty for coral replicates is 2.2%o, very close to that for the seawater
licates.
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Fig. 3. Fairbanks Coral replicate CaCO3 analyses. Differences between 72 individual
coral AMS measurements made at NOSAMS and their replicate means.

TIRI Samples
In 1992, NOSAMS participated in the TIRI study. Since then, we have performed periodic analysis
of the six TIRI test materials, five of which are organic carbon samples (Table 2). Figure 4 shows the
preliminary results from participating laboratories together with 60 AMS analyses made at
NOSAMS to date of the same materials. These results validate sample-processing methods for
organic carbon sample AMS analyses at NOSAMS by demonstrating no systematic offset between
our measurements and the preliminary consensus values.
TABLE 2.

Measurements of TIRI Quality Assurance Materials
Preliminary consensus

NOSAMS

Sample

Value

Est. Q

value

A: Barley mash
B: Belfast pine

157.74 e14C
4503 BP
290.58 e14C
3810 BP
11,129 BP
46,750 BP

0.084

i14C

C:
D:
E:
F:

IAEA cellulose
Hekla peat
Ellanmore humic
Icelandic doublespar

6

e14C
7

*s = standard deviation of population, not standard deviation of the mean

tIncludes only 1997 data

BP
BP
BP

BPt

7
9
7
5

6

TIRI-A

TIRI-B

Glengoyne Barley Mash

Belfast Wood

TIRI-C
IAEA Cellulose

340

320

180H

U

a

U

..

a

160H

300

a

280
Sao

260

TIRI-D

TIRI-E
Ellanmore Humic

Hekla Peat
4400

,

TIRI-F
Icelandic Doublespar

13000

a

4200

a

12000

4000
1

3800
3600

3400

11000

1

r

m

4

U
10000

soon
3200

Fig. 4. Results from analysis of samples included in the TIRI study.

Preliminary results from otherParticiPatinglaboratories

and 60 AMS analyses made at NOSAMS

230

K. L. Elder, A. P. McNichol and A. R. Gagnon

ACKNOWLEDGMENTS

processing
We thank Daniel Hutton, Tracy Morin, Joanne Donoghue and Michael Dalton for sample
to Robert
and
AMS
the
operating
for
Reden
von
Karl
to
grateful
and target preparation. We are also
Science
National
U.S.
the
by
supported
was
work
This
support.
and
Schneider for his comments
Foundation, Cooperative Agreement OCE-8801015.
REFERENCES
Cohen, G. J., Hutton, D. L., Osborne, E. A., von Reden,
K. F., Gagnon, A. R., McNichol, A.P. and Jones, G. A.
1994 Automated sample processing at the National
Ocean Sciences AMS Facility. Nuclear Instruments
and Methods in Physics Research B92:129-133.
McNichol, A. P., Gagnon, A. R., Osborne, E. A., Hutton,
D. L., von Reden, K. F. and Schneider, R. J. 1995 Improvements in procedural blanks at NOSAMS: Reflections of improvements in sample preparation and
accelerator operation. In Cook, G. T., Harkness, D. D.,
Miller, B. F. and Scott, E. M., eds., Proceedings of the
15th International 14C Conference. Radiocarbon
37(2): 683-691.
McNichol, A. P. and Jones, G. A. 1991 WOCE Operations Manual. WOCE Report No. 68. Woods Hole,
Massachusetts, Woods Hole Oceanographic Institution.
McNichol, A. P., Jones, G. A., Hutton, D. L. and Gagnon,
A. R.1994 The rapid preparation of seawater 1C02
for radiocarbon analysis at the National Ocean Sciences AMS Facility. Radiocarbon 36(2): 237-246.
Osborne, E. A., McNichol, A. P., Gagnon, A. R., Hutton,
D. L. and Jones, G.A. 1994 Internal and external
checks in the NOSAMS sample preparation laboratory for target quality and homogeneity. Nuclear Instruments and Methods in Physics Research B92:

158-161.
bstlund H. G., et al. 1987 GEOSECS Atlantic, Pacific
and Indian Ocean Expeditions. Vol. 7. Shorebased
Data and Graphics. Washington, D.C., National Science Foundation: 200 p.
Schneider, R. J., Jones, G. A., McNichol, A. P., von Reden, K. F., Elder, K. L., Huang, K. and Kessel, E. D.
1994 Methods for data screening, flagging and error
analysis at the National Ocean Sciences AMS Facility.
Nuclear Instruments and Methods in Physics Re-

search B92:172-175.
Skoog, D. A. and West, D. M. 1976 Fundamentals ofAnalytical Chemistry. 3rd ed. New York, Holt, Rinehart,
and Winston: 804 p.
Vogel, J. S., Southon, J. R. and Nelson, D. E. 1987 Catalyst and binder effects in the use of filamentous graphite for AMS. In Gove, H. E., Litherland, A. E. and
Elmore, D., eds., Proceedings of the 4th International
Symposium on Accelerator Mass Spectrometry. Nuclear Instruments and Methods in Physics Research
B29: 50-56.
von Reden, K. F., McNichol, A. P., Peden, J. C., Elder, K.
L., Gagnon, A. R. and Schneider, R. J. 1997 AMS
measurements of the 14C distribution in the Pacific
Ocean. Nuclear Instruments and Methods in Physics
Research B123: 438-442.

THE ERLANGEN AMS FACILITY AND ITS APPLICATIONS IN 14C SEDIMENT AND
BONE DATING
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Institut fur Vor- and Fruhgeschichte, Universitat Munchen, Feldmochinger Str. 7
D-80992 Munchen, Germany
ABSTRACT. We report here on the radiocarbon dating of sediment samples from Bavaria using the Erlangen
accelerator
mass spectrometry facility. The absolute time calibration of different sediment profiles, together with pollen
analyses, should
establish a better chronology of climate and vegetation during Holocene in Bavaria. For an enhanced reliability
of sediment
dating, we measured different fractions such as bulk sediments, pollen grains, macrofossils and humic acids.
For these fraction, we describe the separation methods and conversion to sputter targets. Furthermore, we discuss
the sample preparation
for the dating of bones and present some results.

INTRODUCTION

The Erlangen accelerator mass spectrometry (AMS) facility (Kretschmer et al. 1997a), based on an
EN tandem accelerator, is now routinely used for radiocarbon dating with an annual throughput of
ca. 400 unknown samples. The accelerator is a shared facility with AMS using ca. 20% of the available beam time. The analyzing system is also designed for heavier isotopes, as has been demonstrated using the setup for quick detection of 90Sr (Arslan et a1.1994, 1995). In this contribution, we
describe the experimental setup, and the sample preparation for different fractions of peat sediments
and bones. For one continuous sediment core covering the time range of the last 15,000
yr, we compare the results for bulk sediment, macrofossils >100 µm, and pollen grains between 20 and 100 µm.
Finally, we report on preliminary tests for bone dating.

Experiment Preparation
The AMS facility consists of a high-current sputter ion source, a 90° injection magnet with fast isotope switching, an EN tandem accelerator, a 15° electrostatic deflector, a 55° analyzing magnet (for
14C), a 120° magnetic split
pole spectrometer (for heavier ions) and a AE-E gas detector. The sputter
ion source (Hopfl et al. 1992), equipped with a spherical ionizer and a cassette for 50 samples, is fully
computer controlled and delivers 12C' currents of up to 150 µA at an energy of 55 keV. The particle
transmission through the facility amounts to 80%, taking into account the charge distribution in the
high-voltage terminal. Thus, even with conservative ion source conditions of 25 µA 12C_ current, a
14C count rate of
100 Hz can be obtained for an ANU sucrose calibration sample. Machine background, determined with graphite samples, is measured at 0.07 pMC, corresponding to an apparent
age of 58,000 yr. The measurements are made in turns of 1-min runs, allowing an online control of the
system via the particle transmission and the isotope ratios. In the routine sequence of AMS measurements the quality of the whole facility is first checked with calibrated samples (ANU sucrose, wood
from 1860 AD, 23.05 pMC IAEA C5, graphite) that have been treated in the same manner as the
unknown samples. Then two to three unknown samples are measured before another calibrated sample is used. We have established accuracies of better than 1% this way. For the mass fractionation correction, we have used both standard and 138 values measured in a conventional mass spectrometer.
Proceedings of the 16th International 14C Conference, edited by
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Since it is the aim of our project to deduce the vegetation history from the pollen distribution in
grains
pollen
the
of
sediment core, direct dating of the pollen is highly desirable. For the extraction
from the sediment, we mainly follow a procedure described by Brown et al. (1992) and shown schematically in Figure 1. The material is heated in 1N NaOH at 80°C for deflocculation and the removal
of humic acids. Then it is sieved with a 100-.tm nylon mesh. The residue is investigated for single
macrofossils and then treated like the bulk sediments described above. The filtrate is repeatedly

Procedure of pollen extraction
40% cold HF (dissolving of silicate}

Peat sample containing pollen

<20pm+
1

Deflocculation in in NaOH at 80°C and
removal of humid acids

.
Sieving at 100pm
Fraction > l 00pm --) AAA
Repeated treatment with In NaOH at 80°C
and sieving at 20µm

<20pm

[_in HCl at 80°C (dissolving of carbonate
<20pm
Fig. 1. Extraction of pollen grains from sediment samples

f

70% cold H2SO4 (removal of cellulose)

Diluting to 7% H2SO4 and heating up to
80°C

<20pm'
Removal of non-pollen organic particles with
3% NaOCI

<20pm
Extracted pollen between 20 m and 100pm
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heated with 1N NaOH, followed by 1N HCl for the removal of carbonates. Silicates with <100 µm
are removed by ultra centrifugation and by dissolving in 40% cold HF. The cellulose is removed
with H2SO4, and finally, for the deflocculation of amorphous organic material, a treatment with
NaOC1 is performed.
After each step the dissolved material is separated from the pollen grains by sieving with a 20-gm
nylon mesh. The efficiency of this separation method is finally checked under a microscope. The
conversion to sputter targets via vacuum oxidation and catalyzed reduction is done in the usual manner described above. Depending on the pollen density in the sediment layers, the amount of remaining carbon varies between 50 and 500 µg. For a minimization of contamination with modern carbon
background, the reduction of these samples is performed in a recently built reduction apparatus with
a volume of only 2.9 cm3 (Kretschmer et al. 1997a). The background for sub-mg graphite samples
(Fig. 2) is mass-dependent and has to be taken into account for the pollen measurements.

pMC = P 1 / mass + P2
P1
= 252.04 µg ± 34.15µg
0.861±0.115
P2

-

0

100

200

300
400
mass [pg]

500

600

700

Fig. 2. Background for sub-mg graphite samples

For the dating of bones, we follow a modified procedure proposed by R. Longin (1971), as shown
schematically in Figure 3. The method is based on the removal of the inorganic fraction and the
extraction of collagen. In an ultrasonic treatment, the bone is cleaned with deionized water. Then the
carbonates can be removed in two alternative ways: 1) either the dried and ground bone, or 2) the
complete bone is treated with 0.5-1 N HCI. Grinding accelerates the procedure, but if the bone contains only a small amount of collagen, it may be lost. In the next step, humic acids are dissolved with
0.25-1 N NaOH, and finally the collagen is extracted by dissolving the residues in acidic water (pH
=1-3) at 58°C for 16 h. Remaining insoluble residues are separated by centrifugation and can be
dated for a comparison. By drying the solution at 80°C, all collagen can be obtained in form of gelatin. It is also possible to get rid of some remaining contamination by an additional ultra-spin-macrofiltration. In this way, the gelatin fraction with molecule masses >30 kD can be extracted and then
dried as described above. The residues are washed with deionized water after each step.
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Preparation of bones

Cleaned bones

.
Removal of carbonates with 0.5-1N HCl

f

Dissolving of humic acids with 0.25-1N
NaOH

Repeated treatment with 0.25-1N HCl

Extraction of collagen by dissolving in acidic
water (pH 1-3) at 58°C for lb hours
$

Separation of the fractions by centrifugation

.
Dried
gelatin

Insoluble
residues

Ultra-spinmacrofiltration

Dried >30 kD
fraction

Fig. 3. Preparation of bones for 14C dating

Sediment Samples from Bavaria
We investigated several sediment cores from southern Bavaria. In this paper we present the methodical study of a core from the Eggstatt Fen northwest of Lake Chiemsee, which has been a kettle hole
with no inflow or outflow of water. Therefore, a rather regular sedimentation rate is expected. The
bog is now covered by a 0.5-m thick layer of recent humus followed by a 3.50-m thick layer of water.
Therefore, the sediment core extends from 4 m to 10 m below ground level. The results of our 1C
dating are shown in Figures 4a-c for bulk sediment, pollen grains and the >100-µm fraction, respectively. As expected, the sediment growth rate is rather constant. All three fractions show an astonishing agreement in their absolute dates, except for the lowest layer close to 10 m, consisting mainly
of lake marl. At this depth, the bulk sediment is ca. 1500 yr older than the pollen grains, which may
be due to the hard-water effect. At a depth of 5.80 m to 5.90 m, we dated a seed and humic acids.
Both are in agreement with the results for the 100-µm fraction. In summary, for this site the overall
agreement for the different components increases the reliability of results for this sediment core.
However, the growth conditions of fen sites are not always that favorable. Another sediment core,
from the Oberau Fen, contained many small pieces of wood originating mainly from roots. As the
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detailed investigation of the vegetation history of this fen showed, there were dry periods, favoring
the growth of trees at this site. Because of this, both the dating of wood and of bulk sediment were
obscured by the roots penetrating into the deeper layers of the fen. Therefore, we consider the pollen
dates for this site representative for the corresponding layer, and thus most reliable.

Dating of Bones
In most cases, for bone dating we used collagen that was filtered by a 100-µm mesh and then dried
to gelatin. For the dates of bones that had already been measured at the Groningen facility, we
obtained with this fraction agreement within 2 Q for three samples and disagreement for two samples. The following predated samples were measured: two samples from Ireland (Chancellorsland A
10 and Clonmacnoise SCe burial), one from a pleniglacial settlement in Russia (Khotylevo II/
cultural layer), and one from Norexy, France (Norexy la fin tout chien 29). The results are shown in
Figure 5. The disagreement of the sample from Chancellorsland could be due to the very small
amount of extracted collagen resulting in only 46 .tg carbon.

As shown in Figure 2, the background for samples of this size is strongly mass dependent and may
have been overestimated in this case. The Kotylevo II sample was abundant with collagen and contained a large amount of carbonate that had been removed by a treatment with HCl for 24 d. The dis-
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2
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Date

BP
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Fig. 5. Comparison of bone-dating results from Erlangen (black bars) and Groningen (white bars)

agreement for this sample could be caused by a contamination with <2 pMC during the chemical
processing of the bone, or by an incomplete removal of the carbonate in Groningen.
For the unknown samples we got results within the expected age range. The rib of a wolf, found in
the Zoolithen cave near Erlangen, was dated to 24,330 370 BP; bones from ReckenbUhl were dated
to 982 BC 140 a and the dating result for bones from a Roman port at the river Danube was 91 AD

t

t
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t 125 a, the error corresponding to 2 a. For bones from this Roman excavation, we tested the ultra-

spin-macroftltration mentioned above. The >30 kD fraction was slightly older than the dried gelatin,
which may be an indication that younger impurities are <30 kD.
CONCLUSION

It has been shown that different fractions of sediment samples can be dated separately, which
increases the reliability of the measurement. For bone dating, collagen has been extracted and converted to a sputter target. Preliminary tests with predated and unknown bone samples of ages up to
25,000 yr exhibit promising results.
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Max-Eyth Str.11-13, 24118 Kiel, Germany
ABSTRACT. Since our first report on the performance of the Kiel accelerator mass spectrometry (AMS) system and our
early work on sample preparation, systems have been built to improve the sample quality and throughput of the laboratory.
Minor modifications were also made on the AMS system, mainly in order to reduce the amount of work and time needed to
maintain the system in optimal condition. The design and performance of a 20-port reduction system, a pneumatic target
press, and a remote alarm unit for the AMS system are discussed, along with an overview of the results obtained during the
last year and the procedure used to obtain them. Statistical analysis shows that the contribution of the AMS system to the measuring uncertainty at our current level (0.3% for a modern sample) is negligible.

INTRODUCTION

At the Tucson AMS-7 conference in May 1996 (Nadeau et al. 1997), we reported the performance
of the accelerator mass spectrometry (AMS) system (accepted from High Voltage Engineering
Europa B.V. (HVEE) on September 9, 1995) and the infrastructure needed to support it. After more
than a year of operational experience (in June 1997), we report that the accelerator mass spectrometry (AMS) system maintained its excellent stability and that the settings (optimal voltages and currents) still remain constant from experiment to experiment within the ranges mentioned previously.
The tandetron-based AMS system, characterized by the simultaneous injection of the three carbon
isotopes has been described in several publications (Nadeau et al. 1997; von Reden et al. 1992,
1994; Gottdang et a1.1995; Purser et a1.1988; Purser 1992) and will not be reviewed here.
The planned sample throughput of 2000 samples per year (which translates into 2500-3000 targets
when standard, blank and duplicate targets are included, excluding test targets) should be feasible
without difficulty from the accelerator standpoint. However, feeding the accelerator and keeping it
running 24 hours a day, 7 days a week places undesirable strain upon the personnel unless the sample preparation systems have more than sufficient throughput. Consequently, our effort in the past
year shifted from the AMS system itself to the logistics of the institute. It is still our desire to
improve and better understand the background of the AMS system, presently at 0.05 pMC (Schieicher et a1.1998), to study its ion optical properties and improve the stability of certain of its components, but this has a lesser priority at the moment. We report here changes in procedures and
equipment made over the last year that result in savings in personnel time and/or increases in sample
throughput. An analysis of the measuring uncertainty of the routine samples processed during the
past year and their results is also presented.

AMS System Improvements
Routine operation has shown it is necessary to clean the ion source every 6-8 wheels of 57 analyzed
targets. It has also become apparent that Penning gauges need to be cleaned 3 or 4 times a year (more
often at the ion source). For the gauges located at the entrance and exit of the accelerator, this cleaning procedure means opening the accelerator tubes to air, requiring several hours to pump down the
system and to condition the accelerator afterwards. Valves have therefore been installed in order to
isolate the gauges from the system during repairs or maintenance. Since the AMS system needs to
be at thermal equilibrium to perform at its optimum, and magnets and the accelerator need to be
Proceedings of the 16th International 14C Conference, edited by
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powered for at least 24 hours before the system can be used for routine measurements; we try to
limit the number and length of routine maintenance to these parts and to keep the system at voltage.
Measuring samples 24 hours a day, 7 days a week obviously implies unattended measurements. The
system delivered by HVEE was already well protected for such a mode of operation and we believed
that the system would safely shut itself down in case of problems. Yet, the desire to make sure that
the system was still working (and reduce extra warm-up delays) motivated us to check on it several
times a day.
The safety of the AMS system is ensured by a PLC (programmable logic controller), which manages
the various digital controls and readouts of the system. Thanks to a modification in its programming
by HVEE, this unit now also sends optical signals to an alarm system, built in-house, connected to
audio-visual alarms in the laboratory and a stand-alone modem. This unit was designed with as few
digital electronic components as possible, protecting it against voltage spikes. It would also have
been possible to use a personal computer for this purpose; however, one has to remember the sensitivity of PCs to electric noise such as that created by an accelerator spark. The modem sends a telephone message to a pager, which gives more freedom to the operator on duty.

Sample Preparation Improvements
We have opted for a two-step process where the sample material is first converted into CO2 (via
combustion or hydrolysis for organic and carbonate materials), then the CO2 (stored in transport
vessels) is reduced to graphite on a Fe catalyst in a separate system (Vogel et a1.1984; Nadeau et al.
1997). The graphite/iron powder is pressed into an aluminum target holder soon after the reduction
has terminated. Our main objectives in planning the sample preparation were to make the systems
flexible, to lower the blank results, and to have an excess capacity so that urgent samples can be
dealt with without too much disturbance to the normal schedule. With the concern that any shared

section of preparation system can introduce contamination from the memory effect, we have
designed modular systems (Vogel et a1.1984) where each unit can be isolated or used separately and
where the common manifolds are used only for pumping and clean gas handling. A discussion of the
contamination associated with each preparation step can be found in Schleicher et al. (1998).

C02 Production
After proper chemical extraction, organic materials are flame sealed in evacuated quartz tubes (--20
cm long, 3/8" outer diameter) together with pre-baked CuO and silver wool. The sample material is
first deposited in a smaller quartz tube to prevent contact with the walls of the outer tube to reduce
breaking. The combustion occurs at 900°C in a muffle oven. At present, the quartz tubes are broken
inside glass "ball joints" and the CO2 is transferred to transport vessels. We would like to transfer
this operation to the reduction system in the future to avoid the use of transport vessels and the possible related contamination. Carbonate samples are converted into CO2 in the hydrolysis system
described previously (Nadeau et a1.1997). However, we are currently investigating different modular systems. Few water samples have been analyzed thus far for the 14C concentration of their dissolved inorganic carbon (DIC). They were prepared in an automated on-line DIC-CO2 extraction
system connected to a stable isotope mass spectrometer.
Reduction System
With the knowledge gained from the operation of a reduction system prototype (Nadeau et al. 1997),
a two 10-port stainless reduction system was built. Each port, made of a 3/8" Cajon Ultra Ton steel
tee and
Swagelock tee welded together connecting a 3/8" quartz tube, a pressure transducer, a

a'"
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cold finger, a sample port and the manifold, is similar to the prototype in design but not in size. The
use of 3/8" quartz reduction tubes and ultratorr tees, instead of 1/4" in the prototype, reduced the
reduction time from 5-6 h to 2-3 h. Although this still exceeds the 1.5-2 h reaction time obtained
with a i" system, it shows that the influence of gas diffusion as a rate-determining step has been
strongly reduced. This also entails less kinetic isotope fractionation and more homogeneous samples.
The prototype using rubber-sealed valves (type Nupro Plug valves) showed a memory effect of 0.6%
of the previously reduced samples. Using metal-bellows sealed automated valves with Kel-F seats
(type Nupro BK) we were able to reduce the memory by a factor of 100 (down to 0.006% of the previous sample). This eliminates the need to flush the system with water vapor between samples. The
reduction ovens are temperature controlled individually by a thermocouple feedback loop and their
operating temperature can be set individually and collectively, providing more flexibility and faster
cycle times. Peltier cooling of the water traps used in the prototype has been abandoned in the new
system as the power needed and the heat produced by each element made it impractical for a 20-fold
system. The water traps of a line are cooled, at the moment, by a common dry ice cooled SylthermTM
bath raised and lowered by lab jacks. We are currently developing a water trap system based on a
cryo-cooled finger inserted in a copper bar, eliminating the use of cooling liquids. Each port is independently monitored by a pressure transducer (Next Sensors T05-30-A1), as was the prototype.

Each port described above is self-contained and the sample gas does not have to pass through a common manifold, thus reducing the risks of cross-contamination. Ten reduction units are connected to
a i" manifold providing a clean gas supply (02, H2, Ar) and pumping by a three-stage dry pump
system, eliminating the need for cold traps. The two manifolds are interconnected only via the clean
gas supplies through Nupro BK valves.

Pneumatic Target Press
To improve the uniformity of the targets and to ease target preparation, we built a pneumatic press.
Targets can be pressed either individually or in the ion source target wheel (59 target positions). To

facilitate the use of small amounts of material and reduce the risks of contamination (as observed
using different prototypes), the press was designed so that the target holders are filled from the surface
to be sputtered (top), which allows the use of short and wide filling funnels. Once filled, the top of the
target holder is covered with clean aluminum foil to prevent contamination and the sample material is
pressed flush with the surface of the holder by a steel pin pushed from below while a hard surface is
brought down from above (cf. Fig. 1). This inversion of the pressing process is more complicated than
if the target were filled from the back, already pressed to a fixed hard surface, but the advantages
seem, so far, to outweigh the problems. A pressure of ca. 17 t cm'2 is adequate for reduced material
with an Fe:C ratio by weight of -2. For commercial graphite, a lower value of 11 t cm-2 performs best.
Tests showed that the 12C- current and 14C/12C ratio were not affected by variations in pressure over
a wide range (11-30 t cm-2). At higher pressures, the material forms a pill, which might detach from
the holder when exposed to the Cs beam. The resulting poor thermal conductivity causes an increase
in the target temperature during analysis, which decreases the Cs coverage of the target, which in turn
decreases the ion yield. The construction of similar presses has been reported before (Aerts-Bijma et
al. 1997; Cohen et al. 1994), however, in both instances the sample powder is loaded from the back of
the target holder through a long funnel. The diameter of the hole receiving the C:Fe mixture has been
reduced from 2.0 to 1.5 mm, thus reducing the amount of material needed for a certain target thickness
by a factor of 2. The behavior of the targets in the ion source was not affected by this change.
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Fig. 1. Pneumatic press for Fe/C targets filled from the top, and pressed flush with the top (A) from below. The inset (B) shows
the 59-position target wheel in the press.

METHODS AND RESULTS

We have measured 1934 unknown samples from the acceptance of the AMS system (September 9,
1995) to the end of June 1997 (3700 targets including tests, standards, blanks and duplicates). We
measured 1236 of these in 1997, and we are confident that we will be able to reach our goal of 2000
unknown samples per year in our second year of operation.
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Measurement Procedure
Since the ion source wheel can accept 58 targets, each routine wheel contains 8 IAEA OX II targets,
6 background targets (3 from carbonate and 3 from organic materials), one chemical graphite blank,
one used target as "Cs beam dump" and 42 targets from unknown samples. The complete wheel is
measured 8 or 9 times (the first of these passes is considered a surface cleaning procedure and is not
included in the fmal result). During each pass, each target is sputtered on 12 locations for 30 s per
position in order to avoid cratering and to maximize the use of target material. Although the AMS
system stability and the target homogeneity have proven sufficient to reduce the number of times a
target is analyzed (keeping the measurement time constant but reducing the target changing time), we
are reluctant to do so since the scatter of the repeated measurement provides us with an additional
check on the quality of the result. The complete process takes 70 h per wheel, including target
changes between the measurements and pumping time after the wheel has been changed. We normally operate the ion source to obtain an analyzed 1303+ current of 250-300 nA, which provides a
<0.3 pMC counting statistic for a modem sample. Targets produced from samples containing 1 mg of
carbon can easily withstand three times the sputtering exposure mentioned above. It is tempting to
use larger currents and increase the precision of the measurements for the same analysis time. The ion
source has shown that stable currents of twice the operational intensity (600 nA 13C3+) can be produced without difficulty. More tests are needed to assess the stability of the whole AMS system at
higher currents before we can use it for routine analysis.
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Results
Due to counting statistics, it is rather difficult to accurately evaluate the reproducibility of the results
using 14C/12C measurements. Although the 13C beam is not analyzed through the same path and is not
(13C/12C) when
subject to the last ion optical elements of the spectrometer, the stability of the ratio
compared to a standard can indicate the stability of the results. Figure 2 shows the distribution of the
513C uncertainty interval (in %o PDB) (calculated from the scatter of the 8 measurements mentioned
above) for 1166 unknown and background targets measured from October 1, 1996 to July 1, 1997.
The maximum of the distribution, at 0.13%o PDB (internal uncertainty), corresponds the external
uncertainty calculated from the distribution of the results of repeated measurements made on two
samples: a sample of mixed foraminifera from the Eem period: 813C = (1.78 ± 0.11)%o PDB (93 repetitions) and a sample of mineral coal: S13C = (-24.04 ± 0.17)%o PDB (78 repetitions).
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14C meaAlthough this might be overly conservative (Currie 1994), we take as standard deviation for
surement the larger of the Poisson counting statistics or the scatter of the 8 individual measurements
(Donahue 1987). Figure 3 shows the error on the measured pMC versus the pMC result itself for 1164
routine measurements. The theoretical curve assumes that each sample was measured to a counting
statistics of 0.0025 pMC (160,000 counts) for a modern (100 pMC) sample. The fact that some points
lie below that curve means that, in several cases, we analyzed the targets for longer than what would
have been needed to obtain 160,000 counts. The ratio of the uncertainty in the measurement to the the-

Leibnit-LaborAMS Facility

245

oretical estimate (difference of the logarithm) would increase for results from younger materials if
there were a systematic scatter due to instabilities in the AMS system or inhomogeneities in the target
materials. The fact that this ratio, if anything, decreases for younger samples probably indicates that
the non-Poisson component of the error is smaller than the detection limit of this test, which is in
agreement with the 0.13%o obtained from the 13C uncertainty distribution for the system contribution
to the measuring uncertainty.
CONCLUSION

The laboratory is operating, in 1998, at the planned throughput of 2000 unknown samples per year.
Yet, more work is required to reduce the amount of work needed to produce the targets and measure
them. The new reduction system and target press described above already facilitate target production and the automation of the reduction system (planned for the end of 1997) should furthermore
decrease the workload. Analysis of the statistics of routine sample measurements during the past
year distinctly shows that it is possible to routinely measure down to 0.25-0.3 pMC precision for
modern samples with our equipment. It also shows that the patience of the operator (counting statistics translating into accelerator time) is, at the moment, an important limitation to the improvement
of the measurement precision.
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"C AMS MEASUREMENTS OF <100 µg SAMPLES WITH A HIGH-CURRENT SYSTEM
KARL F. VON REDEN, ANN P. McNICHOL, ANN PEARSON and ROBERT J. SCHNEIDER
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Woods Hole Massachusetts 02543 USA
ABSTRACT. The NOSAMS facility at Woods Hole Oceanographic Institution has started to develop and apply techniques
for measuring very small samples on a standard Tandetron accelerator mass spectrometry (AMS) system with high-current
hemispherical Cs sputter ion sources. Over the past year, results on samples ranging from 7 to 160 µg C showed both the feasibility of such analyses and the present limitations on reducing the size of solid carbon samples. One of the main factors
affecting the AMS results is the dependence of a number of the beam optics parameters on the extracted ion beam current. The
extracted currents range from 0.5 to 10 µA of 12C- for the sample sizes given above. We here discuss the setup of the AMS
system and methods for reliable small-sample measurements and give the AMS-related limits to sample size and the measurement uncertainties.

INTRODUCTION

The ongoing trend in AMS toward reducing sample sizes to significantly below 0.1 mg of carbon
presents challenges in both sample preparation and AMS data acquisition. The methods of sample
preparation (Osborne et a1.1994; Vogel, Southon and Nelson 1987) from the stage of original material to that of reduced carbon/catalyst mixture are not greatly affected by the sample size reduction,
except that there is a much larger excess of catalyst for small samples than for the "normal" 1-mg
sized samples. Making AMS targets out of very small amounts of carbon/catalyst powder is the first
challenge. Our automated large-sample target press (Cohen et a1.1994) is designed for pellets of 1.5
mm diameter, at least 0.25 mm thick (pressed at 4900 bar). For samples as much as 50 times smaller,
the resulting thickness would be too small for sustained AMS sputtering. We therefore manually
press the samples into 1-mm-diameter pellets at about the same pressure. The second challenge is the
introduction of very small samples into an ion source designed to extract very large currents in normal operation.

In the following sections, we will discuss 1) AMS beam optics in general; 2) our latest results for
small-sample measurements; and 3) dilution as an alternative method of dealing with small samples.

AMS BEAM OPTICS
In normal operation with a modern carbon sample (>0.5 mg carbon) we extract at least 35 .tA of
12C-, and detect in excess of 100 particles
per second of 14C (von Reden, Schneider and Cohen
1994). This is an appropriate rate for a reliable setup of the ion beam optics with respect to the transmission of 14C through the system to the gas ionization detector. For small samples, the extracted ion
currents are generally much lower, resulting in low count rates that prevent reproducible detection
of changes in the in 14C/12C ratio.
The AMS measurement method compares unknown samples with standards in a sequential fashion
and therefore relies on the stability of all system parameters or the exact knowledge of their variation
during the measurement period. It has been observed that samples with large differences in size also
exhibit large differences in the isotopic fractionation (Brown and Southon 1997). The most likely
reason for this effect lies in the ion beam generation itself. Using an ion source modeling program
(White 1987) capable of calculating space charge effects for two ion species (here, Cs+ and C-), we
compare two extreme cases for the extraction of ions from a Cs sputter source with hemispherical
ionizer. In Figure 1, a section of our ion source is shown with the scale along the beam direction compressed by a factor of 10. The sample is located at the bottom and the ion beam is extracted through
Proceedings of the 16th International '4C Conference, edited by W. G. Mook and J. van der Plicht
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Fig. 1. Model calculations (White 1987) for the extracted negative ion beam from the NOSAMS high-current ion
sources. Notice the different scales on the axes. The two cases (2.tA and 100 µA) represent the small-sample and the
"normal" sample limits. Space charge from Cs+ and C- is taken into account. The high-current beam displays a larger
divergence than would be expected from Coulomb repulsion. There is also a difference in the relative size of the beam
diameter between 12C and 14C for the two cases (indicated by the shaded beam envelopes after the einzel lens entrance
aperture, Z = 220 mm). Since the transmission through the AMS system is less than 100%, this implies a dependence
of the isotopic fractionation on the extracted beam current.

an aperture in the center of the ionizer in an upward direction. With otherwise identical parameters,
only the total extracted negative ion current is changed from 2 µA to 100 µA in the two cases. These
values are close to the observed values for the total negative current for samples containing <20 µg
C and >500 µg C, respectively. The negative "ion beams" are represented by 40 rays emanating from
the 1.5-mm-diameter target with equal fractions of the total beam current at an initial kinetic energy
of 2 eV and 45° half angle. The two parts of Figure 1 show the difference in the divergence between
the low- and the high-current case. The dominant feature is the size of the first beam waist (ca. 10
mm from the target). Coulomb repulsion leads to a significant increase of the beam diameter at that
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point and to the introduction of larger angles in the high-current case. The relative size of the beam
envelope diameters for 12C and 14C also differ.
The emittance diagrams (Fig. 2A,B) compare the two beams at a location 38 mm from the target,
downstream of the extraction electrode. Again, the introduction of larger divergence angles is visible
for the high-current case. The acceptable NOSAMS system beam divergence angle is mainly determined by the terminal stripper canal (1 m long, 12 mm diameter) and has been calculated with RAYTRACE (Kowalski and Enge 1987) to be ca. ±18 mrad at the entrance aperture of the low-energy
accelerator tube. Both cases shown here fall well within these limits. However, since none of these
calculations take into account realistic beam profiles with halos or tails, it is not possible accurately
to predict the dependence of the isotopic fractionation on the beam current. Rather than trying to
correct for the dependence of fractionation on sample size, we have adopted the strategy of preparing and comparing standards and unknown samples of equal sizes.
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Fig. 2. Emittance diagrams of the extracted 12C and 14C negative ion beams at Z = 38 mm (see Fig. 1) for (A)
2
µA, and (B) Iexc =100 µA. The high-current case displays larger angles and slight convergence (additional waist at Z =
50 mm), whereas the low-current beam is nearly parallel at this location.

RESULTS FROM RECENT SMALL-SAMPLE MEASUREMENTS AT NOSAMS

In recent years we have been trying to improve our ability to measure samples with <0.1 mg carbon
weight. The advent of preparative capillary gas chromatography (PCGC) has opened up a new
domain of research for AMS:14C analysis of individual organic compounds. For this study, a series
of samples ranging from 13 µg to 150 µg C with 14C contents ranging from 0.01 to 1 in units of the
fraction of modern carbon (fMc) were analyzed (Fig. 3). Detailed information about the samples and
the specific results can be found elsewhere (Eglinton et al. 1996; Pearson et al. 1998; McNichol,
Ertel and Eglinton 1997). In the AMS analysis several observations clarified the present limitations
of small-sample AMS at NOSAMS. Fig. 4 shows the extracted beam current as a function of the carbon weight of the sample. Standards, identified by open circles, covered the range from 20 µg to 110
µg. Since the amount of catalyst in all samples was approximately constant, a linear increase of the
current with carbon weight was expected, reflecting the areal density of carbon in the exposed surface of the sputter sample. The 14C results for the small-sample standards are compared to the largesample standard in Figure 5. Several test samples (open squares) were prepared by mixing a known
amount of prepared HOxI sample material with a known amount of additional Fe catalyst powder
to simulate small sample sizes down to 7µg carbon weight. These samples exhibit the same AMS
performance properties as the others. The measured 14C content drops by up to 10% for the lowest
sample weights. The average lifetime of the samples was ca. 03 h, before sputter depletion pre-
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Fig. 4. Analyzed average 12C current as a function of sample carbon weight. Note that the '2C beam current is
chopped by a factor of 95 before injection into the accelerator. 0 = standards; 0 = test samples generated by mixing
known amounts of prepared graphite (HOxI) with additional Fe catalyst powder, before pressing. The carbon/catalyst
ratio for all samples ranges from 1% to 10% by weight. Experience at NOSAMS indicates optimum current extraction at GFe ratios of 40-50% (Gagnon et a1.1997).

vented further AMS analysis. Figure 6 shows the total errors obtained for all samples as a function
of the product of carbon weight (Wc) and 14C content (fMc). This method of displaying the uncertainties allows us to state the present limitation for small-sample measurements in terms of the
obtainable precision. The measured relative errors very closely follow a (WcfMc)°5 dependence
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down to WCfMC =3 g (Wc 215 µg). For the purpose of assessing the feasibility of AMS, this curve
can be used to determine the minimum sample size for a sample of an expected 14C content to
achieve a desired precision at NOSAMS.
DILUTION

Instead of trying to measure very small samples directly with AMS, chemical dilution in the gas
phase of small unknown samples with standard sample gas may be preferable because of better
AMS performance. However, taking into account all sources of uncertainty one can establish the
conditions under which to choose dilution over direct measurement. Propagation of errors yields:
2

2

2

0Fs = rxOFX + (1- rX)20Fd + 2rX(FX

- Fd)2P2 + QFSt

where the F's designate fractional abundances of 14C for the sample (s), the mixture (x), the diluent
(d), and the standard (st), rX denotes the dilution ratio (mixture weight/sample weight), and P the
dilution uncertainty. For undiluted samples rX =1 and only the first and the last term contribute.
Figure 7 compares the achievable precision for small samples (-20 .tg C) ranging from 0.063 to 1.0
12C
fMC, using the two methods. We assume for the undiluted measurement: 1) ca. 2 µA extractable
ion current with a lifetime of ca. 0.5 h of continuous sputtering; 2) the standards measured in comparison yield Ca. 1.3% precision; 3) background is neglected. For the dilution it is assumed that: 1)
the diluent is modem; 2) both the composite sample and the diluent can be measured or are known
to 0.5% precision; 3) the uncertainty P of the dilution factor is 1%; 4) background is neglected. The
dilution ratios chosen here (4:1-6:1) generate reasonably sized samples (.-80-120 µg C) making it
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Fig. 7. Expected precision for 20-µg carbon samples as a function of the 14C content, comparing direct measurement
with various levels of dilution. See text for the assumptions made in this comparison.
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possible to obtain the count rate statistics stated above. A clear result of this comparison is that dilution does not generate any improvement for samples with 14C contents larger than -25% modern
carbon. This crossover may shift somewhat in either direction if backgrounds are significant. Also
not taken into account here are measurement uncertainties of the AMS instrumentation for very
small currents.
From this discussion it appears that dilution rarely makes sense. However, there are other reasons to
consider dilution beside those directly related to AMS. Preparing and handling very small samples
is tedious and the risk of losing the sample is considerably higher than for normal-sized samples. If
a sample is irreplaceable, dilution is a way to create sufficient sample material for more than one
AMS target as a backup.
CONCLUSION

We have established the feasibility of small-sample 14C AMS measurements at the NOSAMS facility for samples as small as 15 .tg carbon, depending on their 14C content. From considerations of

AMS beam optics and results of small-sample measurements it has become clear that the sample
sizes of both unknown samples and standards have to be well matched for accurate AMS analysis.
Dilution as a method to overcome the low-current AMS problems presents an improvement only for
samples "older" than 25 pMC.
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SYSTEMATIC INVESTIGATIONS OF 14C MEASUREMENTS AT THE VIENNA
ENVIRONMENTAL RESEARCH ACCELERATOR
WERNER ROM, ROBIN GOLSER, WALTER KUTSCHERA, ALFRED PRILLER, PETER STEIER
and EVA WILD
"

Radiumforschung and Kernphysik
Vienna Environmental Research Accelerator, Institut
Universitat Wien, Wahringer Strasse 17, A-1090 Vienna, Austria
ABSTRACT. A newly operating accelerator mass spectrometry (AMS) facility such as VERA has to go through an extensive
testing phase in order to establish optimal conditions for 14C measurements, especially in the field of archaeological samples
where an overall precision of 0.5% is desirable.
We discuss the results of our measurements at the milligram carbon level as they relate to long-term stability, reproducibility,

precision and isotope fractionation.

INTRODUCTION

VERA is built around a 3-MV Pelletron® tandem accelerator and uses fast sequential isotope injection for all three carbon isotopes (12C, '3C, 14C) with a cycle period of 120 ms. The main features of
the facility (Fig. 1), which was built by NEC, comprise a 40-target Cs-beam sputter source, a spherical electrostatic analyzer, a (nominally) double focusing 90° injection magnet with an electrically
insulated vacuum chamber for fast sequential isotope injection, the tandem accelerator operated
with an Ar gas stripper at 2.7 MV (with generating voltmeter and capacitive pick-off voltage control), a double focusing 90° analyzing magnet, an ExB Wien filter, and a surface barrier silicon
detector for 14C detection. The machine is fully software controlled and automatic measurements
(unattended overnight) are routinely performed.
After an introductory period (Kutschera et al. 1997; Priller et a1.1997), significant improvements of
the machine performance have been achieved by installing a magnetic quadrupole doublet lens to
correct the optics of the injection magnet and also by implementing a more elaborate tuning procedure. Due to a deficiency of the pole pieces, a circular object was imaged into an ellipsoidal one
elongated in the x-direction (deflection plane). To overcome this problem, the magnet has recently
been equipped with a correcting magnetic quadrupole lens.
All targets measured contained 1-2 mg of carbon catalytically deposited on iron powder (for target
preparation, see Wild et al. 1998). As a blank material for background corrections, high-purity
graphite was used. IAEA C-3 Cellulose was used as the reference standard material for normalizing
both b13C corrections and pMC values, whereas IAEA C-6 Sucrose mainly served as an additional
quality check. All isotope fractionation corrections were carried out with 813C values derived from
13C/12C ratios also measured with VERA, since no stable isotope spectrometer is yet available.

The main goal of the present investigation was the reliable prediction of the uncertainties connected
with the measurement of "C/12C ratios for a single target of an unknown sample material. To this
end a useful quantity, the so-called intertarget scattering, was introduced.
THE INTERTARGET SCATTERING Srr

For a systematic investigation of the reproducibility and the influence of the target position in the
target wheel, N targets are filled with the same target material (e.g., C-6 Sucrose) and are put into
different positions in the target wheel. Several runs of ca. 200 s are performed on each target (R1 runs
tat:
on target)). First, for each target we calculate the mean value xj and the statistical error Sf
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where xjk denotes the measured 1403+/1203+ ratio in the
responding statistical error.
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Next, the mean of the individual targets for the specific sample material, x, the standard deviation
from the mean, S, and the mean statistical error, Swan are computed:

z=

-N1N
1

j=

x.

N

j-1
S-y

(2a)

J

(xj

-72

N
N

Sstat =

N-1

1

'

(2b, 2c)

11(5stat)2
V

The standard deviation is split into two parts,
S2

- S2stat + S2IT

(3)

T.

where SIT is the intertarget scattering, being a measure of the excess of the observed error for 14C3+/
12C3+ ratios over the purely statistical error
Sstat, resulting in
S

I

=

S2

- S2stat

(3a)

In order to estimate the uncertainty of SI n we use the error of the standard deviation (best estimator):

2

(4)

N -1

Using error propagation and setting the error of the statistical error E Ssrar = Owe obtain from (3a) and
(4) the uncertainty of SIT:

ASIT'

SZ

2(N-1

1
(5)

IT
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In the case of S2 < S2rar it is reasonable to assume that

SIT-0.

(3b)

Still, an uncertainty of this value can be calculated from (3a):

5 1z

(t) °srr

' J(±)
S °S)2 - Ssrar

(*) °ssrar>2

(6)

Since D.Sstat is negligibly small, one obtains by using (3b)

esIT- (s+es)2 -s2star

(6a)

,

which indicates an upper limit for the intertarget scattering (see Fig. 4).
S13C AND BACKGROUND CORRECTIONS

For the 813C corrections we start from the following definitions:
13R

b 13C

sample
sample

-

13R

PDB l

13R

1000 Vo

PDB
13R

std

13C

std

_ 13R

13R

PDB 1000 %

PDB

'

J

where 13R is the measured 13C3+/12C3+ ratio, the subscripts PDB and std denote the PDB standard
and another standard material, respectively, and 813Cs was taken to be the recommended IAEA
value of one of the standard materials we used in our measurements (see the end of this section).
Eliminating 13RPDB from equations (7a) and (7b) results in

a 13C

sample

13R
sample
13R

1+

std

Finally, the
by

14C3+/12C3+ ratio

a13Cstd

_1] 1000 %

000

(7c)

J

of a sample is normalized to b13C = -25 %o (Stuiver and Polach 1977)

xsample, - 25 - xsample

1

2 (25 + 813Csample )

lppp

(8a)

Our present precision of 813C does not require use of the more precise quadratic form of the fractionation correction (see Stuiver and Robinson 1974):
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1000

- 25 - xsample

o13C

1+

sample

1000

On the assumption that either 1) the carbon masses of the sample, the standard and the blank material are all the same and contamination is equal for all those materials (in mass and isotopic composition) or 2) the carbon masses for all these materials may be different, but the contamination is
strictly proportional to mass, the following background correction is valid:

-corrected

xsample, - 25

- xblank, - 25

" -recommended xsample, - 25
xstd,-25

'std, - 25 - xblank, - 25

(9a)

ended

is the 14C/12C ratio derived from the absolute international standard activity and the
value recommended by the IAEA for a specific sample material, normalized to -25%o. This
equation is also valid for calculating the 14C content in pMC (% of modern carbon)
zstd,°
14C

140 corrected s 14 recommended xsample, - 25
sample

std

xstd, - 25

- xblank, - 25

- xblank, - 25

(9b)

The corresponding recommended values for the IAEA standard materials used in our systematic
investigations are (Rozanski 1991):

IAEA C-3 Cellulose: 813C = (-24.91 ± 0.49)%o; (129.41 ± 0.06) pMC
IAEA C-6 Sucrose: 813C = (-10.80 ± 0.47)%o; (150.61 ± 0.11) pMC
RESULTS AND DISCUSSION

The upper part of Figure 2 shows the dependence of the intertarget scattering SIT on the bouncer
voltage. The measurements were performed on 17 targets containing the same sample material,
IAEA C-6 Sucrose. No b13C or background corrections were applied to these data. The clear minimum in SIT (maximum of reproducibility) at ca. 0.95 kV corresponds to a maximum of the 14C3+
transmission through the machine, as depicted for the measurement of a single target in the lower
part of Figure 2. In our routine setup for 14C measurement, various parameters of the AMS system
(electrostatic analyzer, bouncer voltage, electric and magnetic lenses, steerers) are tuned for maximum readings of 13C currents. Interestingly, in this procedure the same optimal bouncer voltage was
reached, thus confirming the quality of our routine tuning procedure.
Long-term measurements were carried out on single targets in a regular 14C-dating run (Fig. 3).
From these measurements it can be concluded that 1) targets containing ca.1 mg carbon can be measured for at least 1 h; 2) even a decline in the 12C current by a factor of nearly 3 (see the rye grain
curve in the lower part of Fig. 3) has essentially no influence on the 1403+11203+ ratio measured at our
machine; and 3) there is no significant deviation from purely statistical error (see caption to Fig. 3).

'

The upper part of Figure 4 plots the absolute 1403+/12C3+ values measured before and after the installation of a magnetic quadrupole lens in the injection magnet. Proceeding from the absolute interna-
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Fig. 2. Dependency of the intertarget scattering (top) and of the transmission
(bottom) on the bouncer voltage (for details see text)

tional standard activity of 13.56 dpm per gram carbon (Karlen et a!. 1964), which translates into a
14C/l2C ratio of 1.189 x 10'12, one gets 1.530 x 10'12 for the 14C/12C ratio of the IAEA C-3 Cellulose
in 1997. The measured 1403+/1203+ ratios shown in Figure 4 approached 90% of the C-3 nominal
value, once the injection optics was corrected with the additional lens. Together with the corresponding 12C3+ transmission through the machine and the intertarget scattering (Sir), plotted in the
lower part of Figure 4, the improvements of the machine performance due to the optical correction
are evident: the 1403+/1203+ ratios measured over an 8-month period are quite stable, the average
transmission amounts to 47% and the intertarget scattering is below the 0.5% limit. It also can be
is the main contribution to the uncertainty in measuring a single target, since the
inferred that
excess over the purely statistical error in the long-term measurements is negligible.

S

As an additional quality control, S13C and pMC values of the IAEA C-6 Sucrose standard are compared to the IAEA C-3 Cellulose standard measured in the same target wheel (see Fig. 5). The values
obtained after installing the magnetic quadrupole doublet lens agree well with the values recommended by the IAEA.

14C Measurements

2.2

14C3+/12C3+

2.0

O

VERA

261

Ratios

1.8

' 1.6

v 1.4
r+

12

-

1.0

V

at

0.8

1.58731012 t 0.20%

yyvvv'vvvvvvvvyvvve
0000000000000000000000000000
1.373510'12

t 0.20%

0.88391012

t 0.24%

p0Q04'004pp00000paC)OOOpOpO

12C'

18

Currents

16

x,14
12

eNooooo_0

O

ado

0

oopO°ooo

U
10

8
6

V

0

0

C-6 Sucrose
C-3 Cellulose
Rye grain
(archeological
sample)

0op
o
Op
Opp
p000
000
°oo

4
0.5

1.0

1.5

2.0

Total time (h)
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= -25%o) and the relative standard deviation of the mean. The corresponding relative statistical errors of the mean are 0.19%, 0.18%, and 0.22% for
the C-6 Sucrose, the C-3 Cellulose, and the rye grain target, respectively.

It should be emphasized that all the data points shown in Figures 3-5 were obtained in regular 14Cdating runs with fully automated operation (except for the measurement in April 1996). They
include all the measurements performed without any rejection of data, therefore strengthening the
reliability for 14C measurements at the 0.5% precision level on a single target at VERA.
CONCLUSION

Mainly due to improvements of the ion beam optics and the tuning procedure of our machine, the
goal of 14C measurements at the 0.5% precision level for 14C/12C ratios with the new AMS facility
VERA has been reached. Systematic investigations on single targets containing 1-2 mg of carbon
show no significant deviation from purely statistical error, even after more than 1 h of total measuring time. However, the obtainable precision is limited by the intertarget scattering, i.e., the excess of
the observed error for 14C3+/1203+ ratios of several targets containing the same sample material over
the purely statistical error. This scattering is the main contribution to the uncertainty in measuring a
single target.
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Currently, the uncertainty of measuring S13C with our machine approaches ±1%o (Fig. 5). A considerably higher precision for g13C measurements will soon be available from an offline stable isotope
mass spectrometer.

The quality of our systematic tuning procedure is proved by the fact that the maximum in reproduc1403+/12C3+ ratios corresponds to a maximum
ibility (minimum in the intertarget scattering) for the
14C3+
machine.
through the
in transmission of

14C Measurements

at VERA

263

155

recommended IAEA value
(150.61 ±0.11) pMC

154
153
152

(,

a

151

150
149
148
147

before
after
er installing
the correcting magnetic
quadrupole lens

146

145
-2
-4

recommended IAEA value
(-10.80 0.47) 96

t

-6
-8
-10
-12
-14
-16
-18
-20
-22
-24
4196 10196

10196 2/97 3197 3/97 3197 4/97 5/97

Fig. 5. C-6 Sucrose normalized to C-3
Cellulose. Background corrections following equations (9a) and (9b) have been
applied to all data points.

Date of measurement
REFERENCES
Karlen, I., Olsson, I. U., KAllberg, P. and Kilicci, S. 1964
Absolute determination of the activity of two C14 dating standards. Arkiv for Geofysik 4(22): 465-471.
Kutschera, W., Collon, P., Friedmann, H., Golser, R.,
Hille, P., Priller, A., Rom, W., Steier, P., Tagesen, S.,
Wallner, A., Wild, E. and Winkler, G. 1997 VERA: A
new AMS facility in Vienna. Nuclear Instruments and
Methods in Physics Research B123: 47-50.
Priller, A., Golser, R., Hille, P., Kutschera, W., Rom, W.,
Steier, P., Wallner, A. and Wild, E. 1997 First performance tests of VERA. Nuclear Instruments and Methods in Physics Research B123:193-198.
Rozanski, K. (ms.) 1991 International Atomic Energy
Agency Consultants' Group Meeting on C-14 Refer-

ence Materials for Radiocarbon Laboratories, Feb 1820,1991. Report by K. Rozanski, Section of Isotope
Hydrology, IAEA, Vienna.
Stuiver, M. and Robinson, S. W. 1974 University of
Washington Geosecs North Atlantic carbon-14 results. Earth and Planetary Science Letters 23: 87-90.
Stuiver, M. and Polach, H. A. 1977 Discussion: Reporting of 14C data. Radiocarbon 19(3): 355-363.
Wild, E., Golser, R., Hille, P., Kutschera, W., Priller, A.,
Puchegger, S., Rom, W., Steier, P. and Vycudilik, W.
First 14C results from archaeological and forensic
studies at the Vienna Environmental Research Accelerator. Radiocarbon, this issue.

14C

MEASUREMENTS OF SUB-MILLIGRAM CARBON SAMPLES FROM
AEROSOLS
ROLAND WEISSENBOK "2 STEVENR. BIEGALSKI,2LLOYD A. CURRIE,2
DONNA B. KLINEDINST, 2 ROBIN GOLSER,' GEORGE A. KLO UDA, 2 WALTER KUTSCHERA,'
ALFRED PRILLER,' WERNER ROM,' PETER STEIER' and EVA WILD'
ABSTRACT. Accelerator mass spectrometry (AMS) at the milligram level is routinely performed, but it is difficult to go substantially below 100 µg of carbon. We discuss various approaches for sample preparation, machine operation and data evaluation, to meet the special requirements of 14C AMS measurements at the microgram-carbon level. Furthermore, we present
first results obtained at the Vienna Environmental Research Accelerator (VERA) from 14C measurements of a snow sample
from Gaithersburg, Maryland, USA, prepared at the National Institute of Standards and Technology (NIST).

INTRODUCTION

The importance of carbonaceous aerosols in atmospheric chemistry and related phenomena (e.g., air
pollution, radiation budget, climate) has been stressed many times (e.g., Andreae and Crutzen 1997;
Finlayson-Pitts and Pitts 1997). In principle, the measurement of 14C/12C ratios with accelerator
mass spectrometry (AMS) is well suited to understanding the origin of carbonaceous aerosols and to
study their transport (Currie et al. 1994, 1996, 1998). For example, aerosols originating from the
combustion of fossil fuel can be distinguished through their negligible 14C content compared to that
of biomass-burning aerosols. However, in most cases there is little aerosol material available, making 14C measurements at the microgram-carbon level necessary. However, the AMS technique,
which is established for milligram samples (Rom et al. 1998), cannot easily be extended down to
10 tg of carbon, necessary for aerosol studies. Good results are only possible through modifications
in the sample preparation technique and in the operating conditions of the used AMS machine.

A collaboration between the Institut "r Radiumforschung and Kernphysik of the University of
Vienna, and of the National Institute of Standards and Technology (KIST) was started to develop the
capability of measuring 14C/12C ratios in few-microgram-carbon samples. For that purpose we prepared small standard carbon samples (10-100 µg) at NIST utilizing a sample preparation method
based upon a method developed by Verkouteren, Klinedinst and Currie (1997). Then, their 14C/12C
isotopic ratios were measured with AMS at the University of Vienna.
We discuss here the sample preparation method, 14C measurements, and data analysis and evaluation, with the goal of to assessing the conditions for measuring 14C/12C ratios in few-microgram car-

bonaceous aerosol samples.
METHODS

Sample Preparation
The common methods for the production of AMS targets (Slota et at.1987; Verkouteren et a1.1987;
Vogel eta1.1987) are useful for carbon samples >100 µg. Samples below this amount give in general
smaller and less stable beam currents, and longer times are often required for the graphitization. Due
to the small mass of carbon from the samples, relatively large "blank" contributions come from the
1Vienna Environmental Research Accelerator, Institut fair Radiumforschung and Kernphysik, Universitat Wien, W" ringer
Strasse 17, A-1090 Wien, Austria
ZChemical Science and Technology Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland

20899 USA
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CuO used for the combustion to CO2.Other materials used in the sample preparation process (metals, gases) may also contribute to the chemistry blank (Verkouteren, Klinedinst and Currie 1997).

Therefore, a special method for the preparation of 14C AMS targets in the range of 10 to 100 .tg of
carbon was developed by Verkouteren, Klinedinst and Currie (1997). The sample material is combusted to CO2 with ca. 200 mg CuO (3 h at 950°C) in a sealed quartz tube. The CO2 is cryo-transferred to an evacuated quartz tube containing ca. 2 mg Fe wool and 30-300 mg Mn chunks. The tube
is flame-sealed and heated for 24 h at 500°C in a furnace. At this time, the CO2 from the sample is
first reduced to CO on the Mn surface and then to graphite on the Fe wool surface. After a magnetic
separation of the Fe-C matrix from the Mn, the Fe-C targets are melted at 1575°C in a furnace and
beads are formed because these beads provide more stable handling and beam conditions compared
to graphitic targets. Since the reduction and pretreatment takes place in sealed quartz tubes, parallel
processing of these time-intensive procedures can be performed.
By the method described above, we prepared AMS targets (see Table 1) from oxalic acid standards
(HOxI and HOxII), from the aerosol Standard Reference Material (SRM 1648), collected in St.
Louis, Missouri, USA, and from the 14C-free Research Material (RM 21). The latter was used to provide isotopic blanks. Furthermore, we prepared tube blanks (carbon from CuO, without any sample
material added), metal blanks (no CuO added, carbon essentially from the Fe wool, Mn and Al-target holder), and Al blanks (target holder with empty hole and without hole).

The diameter of individual beads varied from 0.7 to 1.1 mm. For that purpose a special method was
developed to guarantee a well-centered mount of each bead in an Al-target holder of the ion source.
We first milled a hole with a diameter of 1.2 mm into a solid target holder with a depth of 0.5 mm to
assure a geometry similar to the standard conditions (Rom et al. 1998). Then a deeper hole was
drilled into each target holder, with the diameter and depth adjusted to the individual bead. The
beads, having slightly irregular shapes, were finally pressed into these holes to fix them in a wellcentered position.
TABLE 1a.

Sample
material

Summary of Samples Used in the Present Investigation
Carbon
mass*

(µg)
HOxI

HOxII

SRM1648

SRM21

CuO
mass*
(mg)

mass*
(mg)

Mn
mass*
(mg)

Runs

1203+

(nA)

(counts)

(pMC)t

Nominal
value
(pMC)

8789

reference

105.3

1520
344

---

4707
1717
2171

135.2 ± 4.0

522

2.40

301

35.8
15.3

195
185

2.17
1.90

92
30

11
15
18

1646 ± 55
252± 10

67.5
31.6
14.9

522
213
297

2.71
1.91
1.77

301
89
31

10
14
18

870 ± 21

88.2
34.0
15.5

510

1.95

301

2.70
2.03

89
30

10
14
18

2110 ± 89

179
172

10
14
17

1740 ± 90
594 ± 26

465
185
186

2.49
2.45
0.91

301
93
31

50±1
196±6
215± 10

±8
84±3

183

129±8

*Standard deviations: C (<0.1 µg), Cu0 and Mn (<1 mg), Fe (<0.01 mg)
tpMC = percent Modern Carbon a 100 for 1950 AD
$Beta counting (Currie et al. 1984)

14C

content

65.7

116.2
31.2
12.5

14C3+

6369
647
426
380
623
278

136.0

135.8±6.6

148.1±14.2
60.9± 1.7

60±34

72.6 ± 4.1

73.3 ±6.7
2.2 ± 1.2

14.8 ±2.8

16.7±7.7

NO

Sub Milligram Carbon from Aerosols
TABLE 1b. Summary
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Sample material

Tube Blank

Al Blank (no hole)
Al Blank (with hole)

Carbon
mass
(µg)
4.90

440

1.90

185

1.99

0
0
0
0

0
0
0
0

1.58

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

mass
(mg)

mass
(mg)

mass
(mg)

of
Runs

(nA)

(counts)

9

*See footnotes for Table 1a.

14C Measurements

VERA is an AMS facility designed for fast sequential injection of all three carbon isotopes (12C-,
13C-,14C For a basic description of this new facility see Kutschera et al. (1997) and Priller et al.
(1997). All AMS measurements were performed at a terminal voltage of 2.7 MV using Ar for stripping, the standard conditions for 14C measurements (Rom et al. 1998; Wild et al. 1998).

j.

After loading all targets in the 40-position target wheel (made of Al), we tuned VERA to obtain
maximum transmission (12C3+/12C We then determined the mean 12C3+ ion current after the highenergy analyzing magnet for each sample. The results of these runs were used for selecting the sensitivity of the fast current amplifiers, because the ion currents of the small samples were substantially lower than in the case of the 1-mg samples. Changing the sensitivities also requires offset calibration of the amplifiers. Since the current amplifiers have a longer rise time for higher sensitivities
we had to lengthen the time periods of the sequential injection system to assure that the amplified
cup currents were sampled after reaching a "plateau". We injected 12C' for ca. 2 ms followed by
13C- for ca. 127 ms and 14C- lasting ca. 860 ms. Including waiting periods, the total cycle time was
1 s, which was ca. 10 times longer than in the case of measurements on mg samples (Rom et al.
1998). For each run, 200 cycles were used. Since the beam currents ('2C3, 13C3) for different targets varied over a wide range, corresponding adjustments of the current amplifier sensitivities were
necessary to obtain good results.

j.

The overall measuring time was 2004-3600 s per sample; the typical 12C3+-currents were stable
within 2.0 to 6.2% during the total run time and ranged between 50 and 2110 nA (see Table 1a). The
12C3+-currents of the Al target holders were substantially lower, with ca. 7 nA in both cases (drilled
and solid). The collected total 14C3+ counts ranged from 278 to 8789 (see Table 1a). This leads to a
maximum Poisson statistical error of 6%. In the case of a modern sample at the mg level, we usually
obtain a statistical error of <0.5% (Rom et a1.1998).
We noticed that the measured transmission decreased rapidly for targets with carbon masses of
<15 µg (see Fig. 1). The drop in the 12C3+/12C_ transmission is probably caused by a non-carbon

beam component affecting the 12C- current reading but not the high-energy analyzed beam. Furthermore, we noticed that the measured 12C3+ current was linearly correlated with the carbon mass, with
a slope of (18±2) nA/µg C (see Fig. 2).
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Data Analysis
First, we calculated the 12C3+/12C 13C3+/12C3+ and 14C3+/12C3+ ratios of the individual targets. Then
the raw data of each target were used to calculate the mean values, x , and standard deviations of the
mean, a, whereby n was the number of runs (10 s n s 18).

-1
x= -xi
a

(1)

n

i=1
n

(xl-X)2

v _

i=1

(2)

n(n-1)

The 1403+/12C3+ ratios of the individual targets were normalized to S13C = -25%o (Stuiver and Polach
1977).

(i2C)

s,-as

2(25+S13CS)

(i2C)5,measL

11000

(S denotes the individual sample, called "target" in the text.)

(3)

The S13CS values were determined from the measured 13C3+/12C3+ ratios of individual targets by the
following formula, which is designed for use on the PDB scale (Rom et al. 1998):
1000 + b13CHOXI 13C
(12,..
1000

S13C

s=

13C

12C

S, meas

HOxI, meas

(13C)

100060

(4)

12C/
HOxI, meas

(b13CHoI = -19%o).

We assumed that the total carbon mass, mmeu (measured as CO2 with the calibrated volume of the
sample preparation gas system), is the sum of a "true" carbon mass, m1C, and a contamination carbon mass,
(5)

mmeas = mtrue + moon

Assuming that the tube blank represents the major contribution to
14C/12C ratios of each individual target according to
14C

14C'
12

C S,-25 ]true

mmeas

-

2C S, -25

14C

mcon

12C

TB, -25

m true

(TB = Tube Blank).

it is possible to calculate the

(6)

270

R. Weissenbok et al.

t

The weighted average of 14C/12C ratios for several tube blanks was (7.33 1.53) x 10-13. The moon
values for each individual target were calculated by using Figure 3. The error is the larger of the
internal and external error calculated according to Priller et al. (1997).
T

1
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Fig. 3. Residual carbon background derived from Cu0 and from the quartz tube (measured as C02).
The solid line is a linear fit to the data points.

Finally, we calculated the relative 14C content 14Cre1. expressed in percent Modern Carbon (pMC).

14Cre1.

-

14C

0.95

(7)

2
1

L

100 pMC

C HOxI, -19Jtruc

RESULTS

The present investigation shows that it is possible to measure 14C/12C ratios of samples containing
10-100 µg carbon at VERA. Referenced to the particular HOxI samples, we obtained results which
were close to the nominal values, but with substantial scattering (see Table 1a).

Furthermore, we measured 14C originating from a snow aerosol sample (148 µg carbon) collected in
1996 at Gaithersburg, Maryland, USA. This sample was processed at NIST utilizing the sublimation
method developed by Biegalski et al. (1997). This method allows the preparation of carbon targets
from small snow and ice samples, resulting in low contamination and modest mass loss. The 14C
content, (130±9) pMC, was quite high, but may have been due to collecting the snow during a large
snow storm. At that time, the fossil-fuel combustion emissions from vehicles was likely minimal
and the residential wood burning was very high.
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CONCLUSION AND OUTLOOK

In this paper, we demonstrated that it is possible to measure the 14C content of sub-milligram carbon
targets at VERA. However, substantial improvements are required to decrease the uncertainties of
14C measurements at the few-microgram level.
In the near future we want to push the limits to <10 µg by using highly purified CuO, extra-pure metals (Fe, Mn, Al) and a stable isotope mass spectrometer (to be acquired in the near future). This will
allow us to measure g13C values (from CO2) with much higher precision than currently by using
AMS. Furthermore, we know now that part of the observed scatter of data was probably due the overall running conditions for the present experiment, which were somewhat less favorable as compared
to our standard conditions reported in Rom et al. (1998). This was due to a small misalignment of the
Cs-beam focussing electrode in the sputter source, leading to a slight off-center position of the Csspot on the targets. This problem can be eliminated in future experiments.

Consequently, we expect that it will be possible to measure 14C in carbonaceous aerosol samples,
extracted from snow from the Austrian Alps collected at the high altitude research station "Sonnblick" (3105 m), where ca. 50 µg carbon per sample should be available. In addition, aerosol samples from ice cores may be investigated in the future, where we expect only a few micrograms carbon per sample.
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Universitat Wien, Wahringer Strasse 17, A-1090 Wien, Austria

and
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Institut "r Gerichtliche Medizin, Universitat Wien, Sensengasse 2, A-1090 Wien, Austria
ABSTRACT. 14( dating with the new Vienna Environmental Research Accelerator (VERA) began with the age determination of a mummified marmot found in the Austrian Alpine region. Soft tissue and bones of the marmot were used for the
investigation. For comparison, bone material from known-age samples was also processed and measured. These exercises
showed that 14C dating with VERA is reliable, and since that time various samples from archaeological context have been
dated.
We also studied the applicability of the 14C method in forensic sciences to determine the time of death of human individuals.
14C/12C measurements

of samples from different organic human material (bone collagen, lipids from bone and bone marrow,
hair) were performed and compared with the tropospheric "bomb peak" values to transform the measured ratios into "calibrated ages". For specific substances with rapid turnover rates, this gives an estimate for the time of death of the individual.
In our study, lipids and hair yield reasonable times of death, whereas the collagen fraction from bones, which has a relatively
long turnover time, is not suitable for this purpose.

INTRODUCTION

VERA, the newly established AMS facility in Vienna, has been operational since 1996 (Kutschera
et a1.1997). After extensive testing of the machine (Priller et a1.1997),14C measurements of samples with unknown ages started in autumn 1996. Since that time, the 14C investigations have concentrated on two major fields of research, archaeology and forensic science.

Archaeological Applications
The first object for dating, a frozen marmot from the Pitztal glacial region in Austria, was submitted
to the VERA lab in September 1996 (H. Seidler, private communication 1996). It was speculated
that the marmot might date back to roughly the same period as the famous ice man "Otzi" found in
1991 in a glacier of the Otztal. Soft tissue and bone material of the animal was available for the age
determination. The isolation of collagen or gelatin from the bone matrix requires sample preparation
procedures that cannot be applied to the common 14C reference materials. Therefore, two bone samples from different time periods, dated by conventional beta counting at the 14C dating laboratory of
the Institut "r Radiumforschung and Kernphysik, and one sample dated by accelerator mass spectrometry (AMS) in Zurich, were chosen as control materials. Results on these samples established
the reliability of VERA's 14C dating and consequently its capability to perform routine dating. Since
that time, various samples of archaeological interest have been investigated.

Application in Forensic Sciences
An important new application of the 14C AMS method is in forensic sciences, with a current court
case motivating a study concerning the determination of the year of death of humans. The idea was
that the 14C concentration in recent organic human materials, actually at the end of the carbon uptake
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RADIOCARBON, Vol. 40, No. 1, 1998, P. 273-281

W. G.

Mook and J. van der Plicht

273

274

E. Wild et al.

14C concentration in the atmosphere, which is rapidly
time, reflects the "bomb" enhancement of
decreasing, presently by ca. 1% per year (Levin and Kromer 1997). The aim of this investigation
was to find organic components of the human body with a rapid turnover time, so that measuring the
14C/12C ratios of their organic fractions and comparison of the derived values with the atmospheric
"bomb" peak would lead to an accurate estimate of the time of death of the human individual. Different turnover times for bone collagen of only a few months up to many years can be found in the
literature. Many studies applying isotope labeling techniques focusing on the investigation of common laboratory animals (rats and mice) determined short turnover times, but inference from shortlived animals to humans seems not to be valid (e.g., Knese 1979). A study of stable isotope values
(813C and S15N) of collagen isolated from ribs of human remains originating from various historical
burial sites in Canada led to the conclusion that the collagen turnover may be >20 yr and that the
turnover rate depends on the biological age of the individuals and is slower for older individuals
(Katzenberg 1993).

Because of these divergent estimates of the turnover rates of human collagen from bones, materials
with expected shorter turnover rates were also examined. Lipids from the bones and the bone marrow, and hair samples of some excavated or recently deceased individuals with known biological
age and time of death were used. In addition, bone material and hair were analyzed from two
-85-yr-old women-subjects of the current court case mentioned above-with unknown time of
death.
METHODS

Sample Preparation
In most cases the samples were first cleaned in an ultrasonic bath to remove adherent particles. The
so-called ABA (acid-base-acid, sometimes also referred as "AAA", acid-alkaline-acid) method was
applied as a further pretreatment for sample materials such as charcoal, textiles and peat, (see, e.g.,
Bonani et al. 1992).

The isolation method of gelatin referred to in the literature as "crude gelatin" was applied to both
forensic and archaeological bone samples (Law and Hedges 1989). In the case of the forensic samples, traces of lipids not removed during the alkaline step of the procedure will be present in the gelatin fraction. However, this amount should be negligible since lipids degrade faster than collagen as
a consequence of general decomposition. For example, the lipid concentration in the bone sample of
a 30-yr-old man, deceased in 1995 and recently excavated, was only -0.2% (w/w), whereas the collagen content of recent bone samples is in the range of 20% (w/w).
Lipids from the bones and the bone marrow were extracted with distilled (residue-free) acetone.
After removal of the solvent, the residue was kept in a rotavapor at 90°C (pressure: 14 mmHg) for
2 h. Hempseed oil harvested in 1995 was used as a check for a possible contribution of dead carbon
from acetone to the lipid fraction. Therefore we also processed one oil sample treated with acetone
in the same way as the bones, along with one untreated sample.

An amount of 10 mg pretreated sample material was transferred to a quartz tube containing 1 g CuO.
Silver wire was added as a binder for sulphur and halogens and the tubes were evacuated and sealed
with a glassblowing torch. For complete combustion of the sample carbon to CO2, the sealed samples were heated in a muffle furnace at 900°C for 2 h.

The catalytic reduction of CO2 to elemental carbon was adopted from Vogel et al. (1984) according
to the reaction:
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Fe or Co

C02 + 2H2

580

C + 2H2O

.

This "graphitization" technique is now a standard method used by many AMS 14C laboratories and
was also chosen for the VERA lab.

An amount of the catalyst-carbon mixture corresponding to -1 mg carbon was pressed into the
1-mm holes of the aluminum target holders with a recess of 0.5 mm. From one graphitization process up to three targets can be produced.
During the start-up phase of our AMS facility and for our first age determinations, the target materials were produced using Co as catalyst. The graphitization reaction was completed after 6-7 h.
This time could be decreased to 3-4 h by changing the catalyst from Co to Fe. Since no deterioration
of the accelerator beam quality was detected after this change, all further targets were produced with
the iron catalyst.
For all age determinations, the IAEA standards C-6 (ANU-sucrose) and C-3 (cellulose) were used
as reference materials. Dead carbon from graphite rods was selected as machine and chemistry
blanks.

AMS Measurements
Two to three replicates (targets) were used for all samples, including IAEA C-3 and C-6 standards
and both chemistry and machine blanks. They were distributed uniformly in the 40-position target
wheel of the MC-SNICS sputter ion source of VERA. The targets gave 12C' currents in the range of
15 to 25 .tA at relatively cold running conditions of the ion source. Sequential isotope injection was
used with cycle times of 120 ms. Typical time periods were 0.5, 1.5 and 98 ms for 12C, 13C and 14C,
respectively, plus some waiting time. During the time of 14C' injection, 12C' and 13C' (+12CH') currents were measured in the low-energy offset Faraday cups. The tandem accelerator was operated at
2.7 MV terminal voltage, with Ar gas stripping and with generating voltmeter plus capacitive pickoff voltage control. At the high-energy analyzing magnet, 13C3+ and 12C3+ currents were measured
in the respective offset Faraday cups. A quasi-continuous monitoring of the accelerator transmission
was possible through the 12C3+/12C' ratio (ca. 47%). For 14C detection, the high-energy ion beam
was further cleaned up with the Wien filter and 14C3+ ions were counted with a solid-state surface
barrier detector. After careful tune-up of the entire AMS system, 14C3+/1203+, 1403+/1303+ and 1303+/
12C3+ ratios for the 40 targets
were measured in a fully software-controlled mode. Typically, each
target was measured 5 to 7 times with 3 min per individual measurement. The precision (stand. dev.
from mean) achieved for the measured 14C/12C ratios of modern samples was <0.5% by averaging
the measured values of three targets.

Details of the machine performance and longtime characteristics are described in Rom et al. (1998),
where it is also shown that a precision of 0.5% can be reached for single targets.

Age Determination
The 14C content in percent Modern Carbon (pMC) and the 14C ages of the investigated samples were
calculated from the 14C/12C and the 13C/12C ratios measured with the AMS system as described in
detail in Priller et al. (1997). For background correction, the 14C/12C ratio of the chemistry blank was
subtracted from the 14C/12C ratios of both the standards and the samples.
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The 813C values of the samples were determined from the 13C/12C ratios measured with the AMS
machine and referenced to the value of the C-3 cellulose standard. Currently, this leads to uncertain14C values. In the
ties of at least ±1%o, which causes a non-negligible contribution to the calculated
613C
near future, a stable isotope mass spectrometer will be added to the VERA lab, allowing for
measurements (from C02) with much higher precision. Although this will undoubtedly help in char613C values can only be used reliably for
acterizing the sample material, these offline-measured
overall fractionation corrections, if no differences of fractionation occur after the CO2 production.

The 14C ages of the samples were transformed into calibrated ages with the computer program
OxCal (Brook Ramsey 1995) using the calibration curves from Stuiver, Long and Kra (1993). For
the recent samples the atmospheric bomb peak values measured at Schauinsland and Vermunt by
Levin and Kromer (1997) and Levin et al. (1985) were added to the calibration curve and "calibrated ages" were determined with a modified version of the OxCal program.
RESULTS AND DISCUSSION

Archaeological Applications
The 14C dating results of selected archaeological samples are shown in Table 1. An improvement of
both 813C and 14C measurements is apparent for VERA sample numbers greater than 6. This is due
to a corrective measure applied to the injector magnet (Rom et al. 1998). The ages of a mammoth
and a human bone sample dated with the conventional 14C method (E. Pak, private communication
1996) and the age of a mummified cat (mean value of bone and soft tissue), previously dated by the
AMS lab in Zurich (G. Bonani, private communication 1993), are listed together with the ages
derived by VERA. The ages of the cat samples and the human bone agree very well. A small discrepancy between the AMS method and conventional dating was found for the mammoth sample,
which is not yet understood. One possible explanation may be that the age determination of old sample material is very sensitive to the background correction, which is large for both methods. Further
cross-checks between the conventional 14C method and the AMS method on old samples are
planned to clarify this problem.
14C levels due to
The marmot turned out to originate from the time period of enhanced atmospheric
14C02
started to rise after 1950, with a maximum of almost 200 pMC
atmospheric nuclear testing.
in the early sixties. After the Nuclear Test Ban Treaty in 1963,14C02 decreased steadily by the
exchange of atmospheric CO2 with other reservoirs (Levin and Kromer 1997). This seems to be
reflected by the higher 14C content of the marmot bone compared to that of the tissue sample. As discussed below in the forensic studies, the time lag can be interpreted as a consequence of the slower
turnover rates of bone collagen compared to those of soft tissue. Therefore, from the two time periods obtained by using the "bomb peak" as "calibration curve" (compare Fig. 1), we consider the
period of 1975-1977 to be the more likely time of death of the marmot. For the cat samples, no difference was found between the 14C values of bone and tissue. This is consistent with the results of
anatomic investigations, which found that the biological age of the cat was only a few months at
death (Weisgram et a1.1996).

The wood sample (Thmpen, KBT3) was correlated with a landslide event, and from the sediment
above an age of the sample of >3000 yr was estimated by the sample submitter (G. Patzelt, private
communication 1997). The age determined with the 14C method is in agreement with this estimate.
The charcoal samples (Spiegelmahd, SM-2 and Leiersalm, LA-5) were suspected to originate from
man-made forest fires, and the ages of the samples were important for dating early settlements in
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813C

14C concentr.

age

(%o)

(pMC)

BP)

0001

Marmot bone

-30.1 ± 3.0

1.1

0002

Marmot tissue

-29.9 ± 2.5

0.9

0003

Cat bone

-19.6 ± 4.7

1.3

0004

Cat tissue

-27.7 ± 7.4

2.4

-23.7 ± 0.7

123.7 ± 0.5

0005

Human bone

0006

Mammoth bone

-22.8 ± 4.3

-20 ±2

0016

0008

0019
0036

0037
0038

Wood
(Tumpen, KBT3)
Charcoal
(Spiegelmahd, 5M2)
Charcoal
(Leiersalm, LA-5)

Antler (China, Han
Dynasty)
Linen (Eastern Europe)

>Modernt

-23.0 ± 6.4

-20 ±2

0013
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Lab code Sample
(VERA-) (sample identification)

0009

VERA

81.9 ± 0.5
0.10
3.89 ± 0.23

1600 ± 504
250

26,100± 450$

-27.3 ± 0.8

0.33

±39

0.9

0.47

47

1.1

0.24

39

-27.9 ±

age*
AD (0.04),
1973-1976 AD (0.96)
AD (0.05),
1976-1979 AD (0.95)
AD (0.42),
1981-1985 AD (0.58)
AD (0.36),
1982-1984 AD (0.64)
AD,
1980-1983 ADt
0 AD-650 AD (1.00)
AD (1.00)

±0.52

BC (0.05),
1320-1060 BC (0.95)
BC (1.00)

BC (0.10),
4620-4460 BC (0.90)
BC (1.00)

-25.5 ± 0.8

0.35

±34

2.3

0.47

54

1.4

0.33

38

BC (1.00)

35

BC (1.00)

Wood (Tusch, spruce,
outer tree rings, 70-80 yr)
Wood, (Tusch, spruce,
middle tree rings, 36-45 yr)
Wood, (Tusch, spruce,
inner tree rings, 1-8 yr)
Chemistry blank

1.1

0.30

-30.2 ± 0.8

0.31 ± 0.03

Machine blank

-29.2 ± 0.9

0.05 ± 0.01

BC (1.00)

+850/-760
+1800/-1500
*Values correspond to 2a confidence levels, probability for the time range is given in parentheses.
tMean value of tissue and bone determined by AMS measurement at Zurich (ETH-10325/6; G. Bonani, private communication 1993).
$Results from the conventional radiocarbon laboratory of our institute (E. Pak, private communication 1996). The 613C
values are taken from Stuiver and Polach 1977.

Alpine highlands. The determined ages of both samples also confirm the time periods expected by
the sample submitter (G. Patzelt, private communication 1997).
The 14C result on an antler sample (part of a sculpture) from a Viennese gallery for ancient art confirmed that the object originates from a time period belonging to the Han Dynasty (206 BCAD 220).
A second sample from art trade-a linen with lithography of possible significance for ancient art in
Eastern Europe-turned out to be modern.
The other three samples (Thsch) listed in Table 1 are tree rings from different parts of a spruce log
cross-section from the Hallstatt region (F. E. Barth and P. Stadler, private communication 1997). The
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age of the spruce is related to the beginning of salt mining in this famous cultural region. These samples may allow wiggle matching to achieve a tighter time resolution.

Results of typical blank measurements are listed in Table 1. For the chemistry blanks, values of
0.3 pMC, corresponding to a 14C age of -46 ka BP, were achieved for our 3 mg carbon batches
(used for three targets). The values of the machine blanks-pure carbon mounted directly into the
target holders of the ion source-were -0.05 pMC, which is equivalent to a 14C age of -60 ka BP.
This indicates that cross-contamination in the ion source is virtually nonexistent.

Application in Forensic Sciences
The 14C results of the forensic samples investigated up to now are shown in Table 2. It can be seen
from this table that without a model describing the turnover rates of bone collagen as a function of
the biological age of humans, an estimate for the time of death is not possible based on the determined 14C values of gelatin. This is most striking in the case of the 30-yr-old male person deceased
in 1995: without modeling, the 14C value of the gelatin misleadingly suggests a time of death
between 1973 and 1975 (see Fig. 1). The second value of 1962 can be ruled out because at this time
the man was not yet born. Our results from bone collagen confirm the findings of a study by Jull,
Kahn and Burns (1995). From the lipids extracted from the bone of the same individual a time of
death in the period of 1990 to 1994 can be determined. (Again, the second time period derived from

200

180

u
140

t

120

100

80

1920 1930 1940 1950 1960 1970 1980 1990 2000

Calendar date [year AO]

Fig 1. Annual averages of tropospheric
14C concentrations measured during the
"bomb peak" period at Vermunt and
Schauinsland (Levin et al. 1985; Levin
and Kromer 1997) extended to 1920 by
data from the 14C calibration curve of
Stuiver et al. (1993). The 2Q ranges for
the collagen and the lipid fraction of a
long bone from a 30-yr-old man are indicated (death date 1995). "Calibrated
ages" from the measured 14C values
falling within the lifespan of the individual are also shown.
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Lab code
(VERA-)

Individual

0020

30-yr-old male

1995

0076

30-yr-old male

1995

0021

Newborn baby

1994/1995

0023

Newborn baby

1994/1995

0024

-85-yr-old female

1985 (?)

0026

-85-yr-old female

1985 (?)

0027

-85-yr-old female

1986 (?)

0028

-85-yr-old female 1986 (?)

0029

-85-yr-old female 1986 (?)

Year of death

Sample

concentr.

age*

(AD)

bone,
collagen
bone, lipid
fraction
bone,
collagen

bone,
collagen

bone,
collagen
collagen

t 3.8
t 0.9
t 2.6
t 2.1

t 1.20
t 0.55
t 0.88
t 0.63

t 0.6
t 2.1
t 2.9
t 2.7
t 2.4

t 0.74
t 0.68
t 0.89
t 0.84
t 0.72

(0.04)
1973-1975 (0.96)
(0.07)
1990-1994 (0.93)
(0.09)

1991-1997(0.91)
(0.08)
1991-1995 (0.92)
(0.09)
1985-1989 (0.91)

1983-1986 (0.64)
(0.09)
1991-1997 (0.91)
1981-1984 (0.65)

1983-1986(0.65)
0030

0083

0082

-20-yr-old male
46-yr-old female

46-yr-old female

1943/45

1997

1997

bone,
collagen
bone, lipid
fraction
from bone
marrow

0084

46-yr-old female

1997

0080

73-yr-old male

1997

0079

73-yr-old male

1997

bone, lipid
fraction
from bone
marrow

0081
0077
0078

73-yr-old male

1997

Hempseed oil 1995,
untreated
Hempseed oil 1995,
acetone treated

t 2.8

t 0.7
t 3.1
t 1.0
t 2.6
t 2.4

t 1.7
-28.6 t 2.6
-28.0 t 3.6

t 0.65
t 1.32
t 0.86
t 0.77
t 0.77

t 0.75
t 0.84
t 1.18
t 0.93

1630-1880(0.77)
1520-1580(0.07)
(0.11)

1989-1996(0.89)
(0.10)
1990-1995 (0.90)
(0.10)
1990-1994 (0.90)
(0.11)
1989-1993 (0.89)
(0.09)

1990-1995(0.91)
(0.10)
1991-1996 (0.90)
(0.11)
1991-1997 (0.89)
(0.11)

1992-1997(0.89)

*Values correspond to 2v confidence levels; probability for the time range is given in parentheses.

the bomb peak can be ruled out for the same reason as given above.) From these results it can be
concluded that the turnover rate of lipids in bones is rapid compared to the turnover rate in collagen.
Clearly, the 14C values of lipid samples lead to a more reliable estimate of the time of death. The fast
exchange of carbon could also be verified for the lipids extracted from the bone marrow and for the
hair samples. This can be seen from the results of the samples from a 46-yr-old woman and a 73-yrold man also listed in Table 2. As expected, no difference between the bone collagen and the hair
sample from the newborn baby could be found. The 14C value determined for a soldier from the Second World War was in the range of the pre-bomb values.
The two hempseed oil samples at the bottom of Table 2 show no difference in 14C values, confirming
the negligible contribution of the acetone treatment of the lipid samples (see "Sample Preparation"
above).
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The results of the two old women with unknown date of death also show that the turnover rate of
14C measurement, the one ca.
collagen in bone is very slow. Of the two time periods indicated by
whereas the second, very
turnover,
slow
1958-1960 may be the more likely time period, reflecting
turnover times even
short
extremely
recent, periods can be ruled out, because these would indicate
14C
of the two ladies
death
of
time
the
values of the hair samples,
in very old individuals. From the
shelf life of the
the
by
biased
be
may
can be estimated to lie between 1983 and 1986. This value
"older carbon"
of
uptake
the
to
due
foodstuff comprising the diet of the individuals, but the error
samples (ca.
hair
the
for
derived
with food should not exceed one year. The alternative periods
to a
(corresponding
women
the
style
of
1960) can be ruled out because of the relatively short hair
short hair lifetime).
From our results it can be concluded that for the determination of the time of death of humans14C method yields good
often an important question in forensic investigations-application of the
estimates, provided that lipids from bones or from bone marrow are available. In cases of advanced
decomposition, where lipids are already degraded, hair is a good alternative for such investigations.
CONCLUSION
14C
measurements at VERA gave valuable results in the most common application of the
method-the age determination of archaeological samples-and in the relatively new application in
forensic sciences. Besides routine dating, investigations in the forensic field will be continued with
the aim of establishing a model for the turnover rates of different organic materials of human
remains, especially of bone collagen.

14C

Future 14C projects will deal with carbon target preparation and measurements of sub-milligram
samples from both atmospheric 14C0 studies initiated by C. Brenninkmeijer (see, e.g., Brenninkmeijer 1993) and from aerosol samples in cooperation with L. Currie, where first results are already
presented by Weissenbok et al. (1998).
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AN ION SOURCE FOR THE HVEE 14C ISOTOPE RATIO MASS SPECTROMETER

FOR BIOMEDICAL APPLICATIONS
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United Kingdom
ABSTRACT. During the past two decades, accelerator mass spectrometry (AMS) has allowed major developments in many
areas of geosciences and archaeology. In the near future, AMS should realize a similar potential in the field of biomedical
research, leading ultimately to clinical applications. For such applications, the required instrument differs significantly from
that presently used in the field of 14C dating. Whereas the needed accuracy and sensitivity is more than an order of magnitude
less demanding than that for present state-of-the-art 14C instrumentation, the widespread acceptance of 14C AMS in biomedical research will require AMS spectrometers that are small, simple to operate and capable of handling CO2 samples. In order
to satisfy these demands, HVEE has developed a compact 14C AMS spectrometer dedicated to biomedical research. The
instrument consists of a compact accelerator with a footprint of 2.25 x 1.25 m and an ion source that features direct CO2
acceptance and optimal user friendliness. Having previously described the layout and design of the accelerator, we here discuss progress on the accelerator and present the design and first results of the CO2 ion source.

INTRODUCTION

In the past two decades, AMS has developed into a mature scientific tool for a variety of applications in the geosciences and archaeology. The usefulness of AMS has been recognized in other disciplines as well, notably biomedical research (Davis et al. 1990; Davis 1994), as demonstrated by an
exponential increase in the number of contributions in this field at recent AMS conferences in Canberra-Sydney (Fifield et a1.1994) and Tucson (Jull, Beck and Burr 1997).
The required instrumentation for biomedical research differs significantly from that presently used
in the field of 14C dating. The use of AMS instrumentation within the biomedical community is presently handicapped by the size of existing systems and their need for expensive support personnel;
widespread acceptance will require small AMS spectrometers that need little or no maintenance and
that are easy to operate. Size reduction of the instrument can be achieved by sacrificing sensitivity
and accuracy, since these specifications are at least one order of magnitude less demanding in biomedical research. Throughput requirements are an order of magnitude higher, however.

The present AMS technique relies on a laborious graphitization procedure that is unknown to the
biomedical community. The introduction of AMS instrumentation to this community would be
eased by the availability of ion sources that directly accept C02, enabling direct interfacing with a
CHN analyzer or a gas chromatograph.

HVEE has developed a compact AMS spectrometer dedicated to biomedical research that overcomes the shortcomings of the presently available AMS instruments. With a footprint of 2.25 x 1.25
m, it is easy to operate and capable of analyzing CO2 samples. Previously (Mows et al. 1997) we
reported on the design and layout of the instrument, whose accuracy and throughput have yet to be
fully characterized. Here we discuss progress on the system and present the development and first
results of a compact cesium-type sputter source that directly accepts CO2.
1These authors were exclusively involved in the design and development of the CO2 ion source.
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THE CO2 ION SOURCE

The design of the CO2 ion source results from cooperation between HVEE and Oxford University.
Its design is based on that of the OXGIS source developed at Oxford (Bronk 1990), with improvements seeking to minimize memory effects and optimize user friendliness. The operation characteristics of the ion source are reflected in the following features:
acceptance of both graphite samples and CO2 samples admitted from ground potential;
an easily exchanged 50-sample carousel;
source embodiment at ground potential ensuring easy and safe operation;
almost complete absence of radiation hazard as a result of a stainless-steel source embodiment;
optimal vacuum conditions for low memory effects;
easy, quick source maintenance via sideways disassembly of the source-head.

A schematic layout of the Cs sputter-type ion source is shown in Figure 1. Its principle of operation
is well understood and described extensively in the literature (e.g., Alton 1990). In this section we
concentrate on the technical aspects of the new source design.
»-360 l/s
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Fig. 1. Schematic layout of the CO2 ion source

The stainless-steel source embodiment, including carousel, is at ground potential during operation,
avoiding the necessity of a large isolation cage, thereby reducing the space requirements of the total
assembly. Isolation of the extraction and target voltage is achieved by insulators within the source
embodiment (Fig. 1). All high-voltage connections to the source, including the Cs reservoir, the CO2
feed tube and the cooling lines, are brought together on the source-head insulation flange, keeping
the space needed for external high-voltage isolation to a minimum. The source-head (Fig. 2) can be
pulled sideways from the source embodiment, making maintenance easy and quick.

A 360 L sturbomolecular pump is directly mounted on the source embodiment, just above the
source-head, providing optimal pumping speed in the source area. This fulfills an important condi-
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Fig. 2. Photograph of the source-head

tion for low memory in the case of CO2 targets, which is of paramount importance for biomedical
applications, where the 14C content of a sample can vary by many orders of magnitude.

The sample carousel can accommodate up to 50 samples and is isolated from the source by a 100mm diameter gate-valve, ensuring good vacuum conditions at the carousel at all times. A pneumatically operated cylinder transports the sample under investigation into the ion source.
The source accepts graphite as well as CO2 samples. Solid graphite sample material is pressed in a
target holder in a similar manner as is done in most modern AMS laboratories. CO2 samples can be
admitted into the ion source from ground potential. A He carrier of ca. 1 sccm transports the CO2 via
an isolation tube and a stainless-steel capillary into the ion source (Fig. 1). Here, the CO2 is absorbed
on the surface of a titanium target, where it is sputtered and ionized to form a negative carbon beam.
During gas admission, the vacuum level in the source is maintained at ca. 1 x 10-5 mbar.
OPERATION AND FIRST RESULTS

The source is operated at a target potential of 6 kV and 19 kV extraction, giving a 25 keV ion energy.
Analyzed 12C currents from graphite samples were measured at between 50 and 100 .tA, with moderate Cs supply into the ion source. No attempts have been made to push the source to its limits, but
currents well in excess of 100 µA should be achievable. Figure 3 shows the analyzed 12C- current
for different graphite samples as a function of time. After target insertion, the 12C current rises
quickly, stabilizing within ca. 30 s. Furthermore, it can be seen from the figure that the sample transfer time (for neighboring samples) is ca. 7 s. During sample exchange (t = -55 s in Fig. 3), a few,uA
of 12C- current is still present. This current probably results from the distorted ion optics of the sputtering Cs beam due to the absence of the target in the source and does not reflect actual source background.
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Fig. 3. Analyzed 12C- ion source current as a function of time for two different graphite samples

The Cs spot size on the target was measured at ca. 0.8 mm in diameter, which corresponds reason12C beam was meaably well to the design value of 0.6 mm. The emittance of the source for a 50µA
sured at ca. 6 mm mrad MeV- 5.
Exchanging of the carousel, which houses 50 targets, is easy; pump-down takes ca. 5 min before the
next analysis can be started.
The source was briefly tested with CO2 samples, using a He carrier of ca. 1 sccm to transport the
12C currents of 5-10 uA were
CO2 gas from ground potential into the source (Fig. 1). Analyzed
achieved, which is ca. one order of magnitude less than currents from graphite samples. Further tests
in progress seek to optimize source output and to quantify the memory effects of the source in the
case of CO2 samples.
PROGRESS ON THE

14C

AMS SPECTROMETER

Figure 4 shows a schematic diagram of the HVEE biomedical 14C AMS spectrometer. Negative ions
are extracted from the ion source and mass analyzed by a small 90° permanent magnet. At the exit
of the magnet, 12C ions are collected in a Faraday cup for normalization; ions with a mass of 14 proceed to pass a 90° electrostatic analyzer (ESA), the tandem accelerator with a 180° ESA in its terminal and a magnetic deflector before they are collected in a particle detector. A detailed description, together with the principles of background reduction of the instrument, is given elsewhere
(Mous et aL 1997).

Since the early tests on the system, various improvements have been made to optimize the beam
optics. A remotely controlled power supply in the high-voltage terminal for the adjustment of the
ESA and a gridded lens following the high-energy (HE) tube were incorporated.
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Fig. 4. Schematic layout of the HVEE 14C AMS spectrometer

To evaluate the ion optical quality of the accelerator, the 13C2+ current in the HE Faraday cup located
just in front of the detector was measured during a scan of the low energy (LE) steerer and the 180°
ESA in the terminal. Figure 5 presents the results. Both traces show a flat-top tuned transmission,
indicating that the beam is transported through the system without loss. Furthermore, the figure indi-

cates the usefulness of the LE aperture during tuning of the system.

T

Injector steerer voltage

--*

1800 deflector voltage

-*

Fig. 5. HE Faraday cup current as a function of injector steerer voltage and 180° electrostatic
analyzer voltage
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CONCLUSION

The cooperation between HVEE and Oxford University has resulted in a unique, compact ion source
that accepts both graphite samples and CO2 samples from ground potential. The source will be
applied on the HVEE 14C AMS spectrometer dedicated to biomedical research. Early tests have
showed that analyzed 12C- currents of 50-100 ,uA are easily extracted from graphite samples,
whereas 5-101uA is obtained from CO2 samples.
,

Beam transmission of the HVEE 14C AMS spectrometer is flat-top tuned, which guarantees that
accurate 14C analysis can be achieved.
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CONSENSUS DATING OF MAMMOTH REMAINS FROM WRANGEL ISLAND
Kh. A. ARSLANOV,1 G. T. COOK,2 STEINAR GULLIKSEN,3 D. D. HARKNESS,4
TUOVI KANKAINEN, s E. M. SCOTT, 6 SERGEY VARTANYAN 7 and GANNA I. ZAITSEVA8
ABSTRACT. Previous results from remains of tusks, teeth and bones collected from Wrangel Island (Vartanyan et al. 1995)
had given results in the range 3730 BP to 20,000 BP and the authors had concluded that "mammoths inhabited Wrangel Island
for as long as 6000 yr after the estimated extinction on the Siberian continent". There still remained the question of the earliest
date for such remains. Further, the authors had noted such samples may present some difficulty in dating and therefore duplicate samples had been measured in a second laboratory with satisfactory results. The replicate dating of important or controversial samples in more than one laboratory is well-established (e.g., Turin Shroud) and in this paper, we present results for
5 mammoth samples dated by 6 laboratories. Such interlaboratory comparisons provide an independent means of verification
of laboratory comparability, and give added confidence in the results, particularly when applied to more controversial samples. A further objective of the work has been to evaluate the material for inclusion in any large-scale interlaboratory comparison, such comparisons having in the past formed part of laboratory quality assurance protocols. The design and
organization of a laboratory intercomparison requires homogeneous samples in sufficient quantity to satisfy participants, and
so in principle, a single mammoth tusk would meet these criteria. Samples such as the mammoth tusk have been used in previous intercomparisons: e.g., in the last large-scale international intercomparison (Gulliksen and Scott 1995), whalebone was
one of the materials distributed. One of the key advantages of such material is that a single sample (a mammoth tusk) can be
resampled for analysis by multiple labs and thus does not require bulk homogenization. Therefore, as part of a preselection
process for a future intercomparison, five samples from separate mammoth tusks were collected from Wrangel Island in 1995
in sufficient quantity to allow multiple dating. The aim was to identify five separate samples of young age, sample up to 1 kg
from each tusk and mark the location so that after preliminary dating, samples could be retrieved as required in the future. Six
laboratories received samples for dating. The paper will discuss the results from the laboratories, present consensus values,
and make recommendations concerning use of these samples in a future laboratory intercomparison.

INTRODUCTION

Wrangel Island is located on the border of the East Siberian and Chukchi Seas, separated from the
mainland by Long Strait. As such, many of the mammoth samples found in the frozen ground or in
river-bed sediments are well preserved. Dating of mammoth remains from Wrangel Island has
resulted in improved knowledge concerning time scales on which the animals became extinct and so
have contributed to an understanding of the causes of extinction.
The significance of the Wrangel Island samples relates to the young ages measured for some of the
remains. It is hypothesized that mammoths on the mainland became extinct between 20 and 30 ka
ago but that in different locations, they may have survived till less than 13 ka ago. However, the
remains from Wrangel Island (Vartanyan et a!. 1993, 1995) showed that mammoths survived even
until the Holocene-considerably younger than any previously dated mammoth remains.

Objectives of this Project
The main aim of this project was the investigation of the suitability of the Wrangel island material
for a further intercomparison for radiocarbon labs, during which the material could be formally
characterized. Amongst the key properties such samples need to have are: well-identified prove1
Geographical Research Institute, St. Petersburg State University, St. Petersburg, Russia
2Scottish Universities Research and Reactor Centre, Scottish Enterprise Technology Park, East Kilbride, Scotland
3Radiologisk Datering, NUST, N-7034 Trondheim, Norway
4NERC 14C Lab, Scottish Enterprise Technology Park, East Kilbride, Scotland
SGeological Survey of Finland, Espoo, Finland
6Department of Statistics, University of Glasgow, Glasgow, Scotland
WWrangel Island State Reserve, Magadan Region, Russia
8Institute of the History of Material Culture, St. Petersburg, Russia
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nance, availability of large amounts of material and crucially that the material should be homogeneous, as well as, of course, being of scientific interest. The mammoth samples of Wrangel Island,
on the basis of a preliminary scrutiny, seemed to be suitable. The critical issue of sample homogeneity could be easily resolved by using material from a single tusk. Accessibility of the material is
of course also important, and unfortunately Wrangel Island is both remote and inhospitable. Nevertheless, because of the interest in mammoths and their extinction at this location, it seemed of interest to 1) assess the material for use and 2) to further investigate the question of the earliest period
when mammoths were still found.

Sample Collection and Preparation
The tusk samples used were cut from complete tusks belonging to the working collection of the
State Reserve. One of the authors (SV) collected them from two river beds on Wrangel Island during
fieldwork of 1991-1993. Bone material arrives at the river beds from friable sediments destroyed by
the river. The friable sediments on Wrangel Island are not thick and there are no horizons containing
large amounts of fossils. Thus, the most studied material comes from the resedimented material collected in the river beds and beaches. Five distinct mammoth tusks were selected: (24M-28M), 25M
and 26M come from the same river bed (Gusinaya River), while 24M, 27M and 28M come from
Tundrovaya River. It is possible that 25M and 26M come from a single animal, since they were
found very close together and are of a similar size. 27M is also very interesting, since it was broken
in the animal's lifetime and then the end of the tusk was polished through the activities of the animal.
The tusks were all well preserved, indicating that they were only recently released from the permafrost (tusks on the surface are destroyed over several years). Single sections were cut from each tusk.
The tusks were then marked and reburied so that they could be retrieved again at a future date. With
the permission of the authorities, the material was then shipped to the United Kingdom, where the
sections were cut into smaller samples and distributed to the participants.

A small number of labs (listed in Table 1) had previously been approached and asked if they would
be willing to date up to 5 samples of mammoth tusk. The labs made use of liquid scintillation counting (LSC), gas proportional counting (GPC) and, in two cases (NTH and N/AMS), prepared targets
and submitted them for measurement by accelerator mass spectrometry (AMS) (to the Uppsala and
Arizona facilities, respectively). No instructions were given concerning methods of pretreatment. In
most cases, however, collagen was extracted by acid-alkali extraction.
TABLE 1.

List of Participants

Name of lab and code

Type of
analysis

Radiologisk datering, Trondheim (NTH)

AMS

Geological Survey of Finland (GSF)
SURRC, East Kilbride (SURRC)

GPC

Institute of History and Material Culture (IHM), St. Petersburg
Geography Institute, St Petersburg (GI)
NERC, East Kilbride (NERC, N/AMS)

LSC
LSC
LSC
LSC
& AMS

Participants
Steinar Gulliksen
Gro Locke
Tuovi Kankainen
Gordon Cook
Philip Naysmith
Ganna Zaitseva
Kh. A. Arslanov
Doug Harkness
Charlotte Bryant
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RESULTS

t

The results (14C age BP 1Q error and 813C) are given in Table 2. It was not possible for all labs to
receive all five samples. Two labs were unable to make 813C corrections and their preliminary results
were submitted without correction. After the preliminary results had been circulated, both labs (indicated in the table) made corrections based on the reported 813C results. The results for each sample
are also plotted in Figure 1 in the form of a range, age ±2a. We can see that the results generally
overlap.
TABLE 2.

Results of Mammoth Dating

Sample code
Lab name
NTH

24M

813C

6225 ±80
-22.7

GSF
8130

6155 ±40
-22.7

SURRC
S13C

IHMt

t 90
6110 t 40
6110

-23.4

NERC1

t 110
6660 t 30

t 55

6720

-21.9

-22.0
6640 ±70
-24.9
6360

t 40

6625 ±40
-22.5

813C

N/AMS

25M

t 55

8130

6250 ±60
-22.3

6660

GIt

6100 ±70

6640 ±70

-22.1

t 30
t 50
t 50
6355 t 45
-21.9
t 55
t 70

t 50
t 70
4530 t 70$

t 60*
t 30
±70

7460

t 70$
45

t 50
t 80

t 65
t 120

*Redated result for 28M
tCorrected for 613C, using values reported in table
*After correction for residual activity in benzene used for sample dilution

One of the advantages for participating laboratories is the identification of any potential problems.
Several were indeed identified. One lab identified a problem with the benzene used for sample dilution (residual activity), and submitted a set of corrected results (marked by in the table) resulting
$
in corrections of 800-1000 yr in two samples. A single anomalous result for 28M was also identified; this result was obtained by AMS and the lab had previously noted that there had been a reduction in ion current for this sample. At the same time, in-house quality assurance checks showed a
problem. A redating of the material (from the same collagen extraction) gave a result 1000 yr
younger. Further investigation of the reason for this anomalous result is underway, but these two
comments indicate some of the advantages provided by the opportunity to cross-check results. This
demonstrates that participation in such programs provides information on laboratory performance
not otherwise obtainable. Summary statistics for each sample are shown in Table 3. The results for
this suite of samples again confirm that the mammoth remains of Wrangel Island are among the
youngest known, dating to the mid-Holocene. The 613C results confirm the terrestrial origin of the
samples.
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Statistical Analysis of the Results
The remaining section is concerned with the statistical analysis of results from interlaboratory comparisons. Such analysis can be used to answer questions of interest; for example, what is the level of
agreement between labs? Do they agree on average, or is there any relative bias, and also to investigate the variation in the results? The summary statistics in Table 3 show that the range of results
for each sample spans several hundreds of years and in most cases, the standard deviation of the
results is greater than the quoted errors. Finally, the coefficient of variation in Table 3, which indicates the variation in results relative to the age, varies by a factor of 2 over the samples; 25M, 26M
and 27M show more variation relative to their mean age than 24M and 28M. Graphical analysis can
also prove useful in this context and there are a number of possible graphical representations.

Figure 2 shows the deviations from the average value for each sample. The extent and location of the
points relative to zero line shows the scale of variation in results. Such a plot makes it easier to
assess the magnitude of disagreement (both in terms of precision and bias). Such a diagram may also
be used to assess if the difference in results is related to the age of the samples. From Figure 2, it is
clear that there are differences in results, which might indicate the existence of small, relative biases.
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Summary Statistics
Sample code
Average
Median
Standard deviation

24M
6158
6132
64.7

25M
6615
6640

Range

125

360

6582
139.9
370

Coefficient of variations

1.05

1.76

2.13

TABLE 3.

26M
6554

116.5

27M
4483
4487

28M
7443

90.2
230

82.1

2.01

1.01

7450
210

*Coefficient of variation evaluated as (standard deviation/mean) x 100
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Fig. 2. Scatterplot showing deviation of results from mean ages

CONCLUSION

The results from the five mammoth tusk samples from Wrangel Island show that mammoths lived on
the island during the Holocene (the youngest specimen has a 14C date of ca. 4490 BP). Individual samples show some differences among the labs, and there is evidence of relative biases, explanations for
which are being sought by the labs. The variation in the results (up to several hundred years) is larger
than might be predicted given the use of single tusks but may reflect differences in standards, any natural variation in the material, and pretreatment effects, as had been identified in previous intercomparisons (Scott, Long and Kra 1990). Further samples will be sought for use in a large-scale intercomparison.
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NEW 14C REFERENCE MATERIALS WITH ACTIVITIES OF 15 AND 50 pMC
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ABSTRACT. Two new 14C reference materials have been developed for international use, filling a gap in the present C1-C6
series available from the IAEA. By mixing a modern and a synthetic substance, 150 kg of C7 (ca. 50 pMC activity) and C8
(ca. 15 pMC activity), respectively, were obtained.

INTRODUCTION

As l4C/C measurements are precise but not accurate, they are always measured and reported relative
to a standard. The primary standards are HOxI and HOxII (formerly known as Oxalic Acid I and II)
with activities of 103.98 and 134.06 pMC, respectively (Stuiver and Polach 1977; Stuiver 1983;
Long 1995). Recently, an IAEA working group introduced six additional 14C reference materials
with values for 813C and 14C as shown in Table 1(Rozanski et al. 1992).
TABLE 1.

Consensus Values of IAEA Reference Materials C1-C6

LEA
14C (pMC)

(%o)

Marble

0.0

0.33

Chalk

41.14

code

Material

C-1
C-2
C-3
C-4
C-5
C-6

Paper
Wood
Wood
Sucrose

0.03

0.31

129.41 0.06
0.20-0.44

0.49

23.05
150.61

0.72
0.47

0.02
0.11

A reference material is most useful when it has a precisely known value, is completely homogeneous and is as similar as possible to a sample being measured. For this purpose, two new materials
were developed with predetermined 14C values that would complement the C1-C6 materials listed
in Table 1.
By mixing two chemically identical substances, a modern one (i.e. natural in origin) and a fossil one
(i. e., synthesized from oil or natural gas), in principle materials can be fabricated in bulk quantities
with any desired apparent age. It was decided to complement the list of C1-C6 materials by fabricating new substances, tuning the 14C activities at 15 and 50 pMC.
METHODS

In order to make new reference materials with a desired 14C activity, materials from both a natural
and a synthetic source have to be mixed in a known ratio. The most thorough method of mixing two
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solids is recrystallization. In order to undergo this process, the material has to meet a number of
requirements:
1. It must be soluble and stable in water;

2. It must be available at a reasonable price from both a synthetic and a natural source;
3. It must be a solid with a low vapor pressure under room conditions;
4. It should not cause problems in a laboratory combustion system.

Ironically, the only compound that met these four criteria was oxalic acid, which has two industrial
sources (Kroschwitz 1996).

The first production method is oxidation of carbohydrates such as sugar or sawdust with nitric acid:
C2H1206 +4 HNO3

V205, 70 %C

3 C204H2 + 2N2 + 5H2O

.

The alternative is a route from CO and water:

NaOH + CO
2 HCOONa
(COONa)2 + Ca(OH)2

(COO)2Ca + H2SO4

-->
-->
pressure

heat

--

HCOONa
(COONa)2 + H2

(COO)Ca + 2NaOH
> (COOH)2 + CaSO4.

Both production methods are used in industry. The carbohydrate route is not used in Europe, however, due to environmental regulations (Hoechst, Inc., personal communication 1996). Therefore,
natural oxalic acid was purchased in India from the Vaishali firm, Aurangabad. Synthetic oxalic acid
was obtained from Rhone-Poulenc. The two were mixed by recrystallization at Chemie Uettikon
GmbH, Lahr, Germany, a company specializing in the production of fine chemicals for pharmaceutical use.

A 150-kg mixture of the two oxalic acids was placed in a stainless steel container, and dissolved in
140 L deionized water. The solution was checked for clearness to ensure that no solid starting material was left. The solution was stirred vigorously for 1 h to ensure complete homogeneity. The solution was then cooled while being continuously stirred to a temperature of 4°C, during which the
oxalic acid crystallized. The product was washed with deionized water and dried to the dihydrate.
This was done for two batches with the desired activities of 15 and 50 pMC.
RESULTS

The Groningen laboratory first measured these newly fabricated materials for 13C and 14C, in order
to check homogeneity. Since oxalic acid is the primary standard, we avoided that name for the new
reference materials and called them simply GS-36 (50 pMC) and GS-37 (15 pMC). Next, these
materials were sent to several laboratories for measurement. Table 2 shows the values obtained for
the two materials for the laboratories that submitted results.
Based on these results, the following values were assigned to the new reference materials:
GS 36 (IAEA-C7)
GS 37 (IAEA-C8)

Si3C = -14.48 (%o)

14C

813C =

14C =15.03 ±

-18.31(%)

= 49.53 ± 0.12 pMC

0.17 pMC

New 14C Reference Materials
TABLE 2.
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Results of Measurements for the New IAEA Reference Materials C7 and C8
GS36 (LAEAC7)
GS37 (IAEAC8)

Code

Laboratory

Technique*

GrN
GrA

Groningen
Groningen

PGC
AMS

A

Tucson

LSC

Hd

Heidelberg

PGC

Q

Seattle

PGC

UB
Wk

Belfast
Waikato

LSC
LSC

(%o)

(pMC)

(%o)

(pMC)

*PGC = Proportional Gas Counting; LSC = Liquid Scintillation Spectrometry; AMS = Accelerator Mass Spectrometry

In addition, the measured results show that the new materials are also homogeneous.
In the near future the new reference materials GS-36 and GS-37 will be available via the IAEA in
Vienna as C7 and C8, respectively.
CONCLUSION

By mixing a modern natural and a synthetic (fossil) oxalic acid, we produced new 14C reference
materials. These reference materials (C7 and C8) complement the present IAEA series. Their 14C
activities and 813C values were measured by several laboratories. Based on these measurements, we
determined the values as follows: for C7, S13C = -14.48%o and 14C = 49.53 ± 0.12 pMC; for C8,
S13C -18.31%o and 14C =15.03 ± 0.17 pMC.
=
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ABSTRACT. The need for increased quality assurance for radiocarbon measurements performed by the monitoring laboratories at nuclear stations has spurred the introduction of a number of interlaboratory comparisons. We organized two such
intercomparisons: the first set, circulated in 1994, consisted of two milk samples, one containing current global levels of 14C,
the other containing an added spike of 14C-methylated casein. The second set, circulated in 1995, consisted of two samples
of natural vegetation growing on the site of the Chalk River Laboratories (CRL), containing two different levels of 14C, both
well above global background. The response to our invitation to participate in these studies was very encouraging; six laboratories took part in the first intercomparison, eleven in the second. The list included both monitoring laboratories and those
whose main function is 14C dating. Understandably, some of the latter preferred not to analyze the higher-activity samples.
The results in 3 of the 4 data sets were consistent with a statistical distribution based on the reported errors. This report provides details of two intercomparisons, including the preparation of the samples, which may now be considered potential secondary reference materials, the range of analytical techniques in use at the participating laboratories, and a statistical analysis
of the results returned to us.

INTRODUCTION

Historical Review
Although the need to maintain a precise definition of the conventional radiocarbon time scale has
always concerned the international 14C dating community, the need for formal interlaboratory calibration programs was not recognized as early as it was in related fields (e.g., natural tritium measurement). The use of oxalic acid distributed by the National Bureau of Standards as a primary standard ("present"=1950 = 0.95 x NBS-HOxI), plus a number of ad hoc sample exchanges among
small groups of laboratories, was considered adequate to maintain internal and outside user confidence in measurements.
One of the earliest comparisons of results was introduced by Polach (1972) in an evaluation of replicate oxalic acid measurements. Clark (1975) similarly analyzed data for bristlecone pine. By 1978
the stocks of HOxI were practically gone. Consequently, a new batch was prepared and sent out to
16 laboratories for intercomparative mass spectrometry (13C) and activity-concentration (14C) measurements. Close to that time, another cross-calibration exercise (Polach 1979) was organized (with
15 laboratories) to derive consensus values for two relatively homogeneous materials; Australian
National University (ANU) prepared sucrose and 1850 wood. However, it was not until 1980 that
the first large-scale interlaboratory comparison was organized jointly by Harwell and the British
Museum Laboratories (Otlet et a1.1980), to include all the working 14C laboratories in the United
Kingdom. The experiment was run along the lines of that organized by the International Atomic
Energy Agency (IAEA) for tritium, and explored the problems associated with preparation of samples for intercomparison, verification of equivalent levels and presentation of results. Samples of
benzene representing rive age equivalent levels between twice modern, and ca. 20 ka BP, were prepared and distributed. The results showed close agreement, both between laboratories and in comparison with the known relative activities of the prepared solutions.
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In 1982-1983 an International Study Group (1982) representing 20 laboratories in 12 countries
organized an interlaboratory comparison of 14C measurements for replicate samples from one tree.
By the time of the 12th International 14C Conference in 1985, a strong consensus had emerged for a
new and more comprehensive intercalibration study. Consequently, a much more ambitious study
was mounted the following year by a Scottish consortium, representing the Natural Environment
Research Council (NERC) Radiocarbon Laboratory, Scottish Universities Research and Reactor
Centre (SURRC), and Glasgow University, in which 60 laboratories took part. Details of the design
and sample preparation, as well as preliminary results from stages 1 and 2, are described in Harkness
et al. (1989) and Scott et al. (1989). More complete information was published in the Proceedings
of the International Workshop on Intercomparison of 14C Laboratories (Aitchison et al.; Cook et al.;
Scott et al. 1990). The goal of stage 1 was a direct assessment of the inter- and intralaboratory variance as determined by 14C counting procedures. Samples distributed were benzene and calcium carbonate. Stage 2 offered the opportunity to assess the contribution from routine preparation and/or
synthesis methods in determining overall confidence. The sample options were algal carbonate, peat
and Irish bog oak.

The final suite of samples was selected as being representative of the raw materials used in routine
dating: wood from four growth sections, bivalve mollusks, and a humic extract from peat. Only relatively young ages were covered in this study (<2 half-lives in all instances).

Reference Materials Presently Available
More recently, at a meeting held during the 13th International 14C Conference in 1988, it was recognized that a number of reference materials were needed, spanning a time scale of >40 ka BP to
>"modern," and in large enough supply to satisfy requirements for the foreseeable future. The IAEA
undertook preparation and calibration of suitable materials. Six samples, in a wide variety of matrices (including the previously mentioned ANU sucrose), and spanning the full range of ages from
"infinite" to 1.5 times modern, were prepared and sent out for intercomparison to 137 laboratories
around the world. A report on the results received was presented at the 14th International 14C Conference (Rozanski et al. 1992), and these materials are available from the IAEA on request
(Table 1).

Addressing the Needs of Monitoring Laboratories
The reference materials listed in Table 1 are extremely useful to all scientists working in the field of
14C. However, they do not address the specific needs of many monitoring laboratories, which routinely measure 14C at levels between one and ten times modern.
Early in 1992, a four-laboratory intercomparison of the current levels of 14C in milk was organized
by B. C. J. Neil, at that time the senior scientist, environmental safety, of the Health and Safety Division of Ontario Hydro. A sample was made from supermarket-purchased skim milk powder, reconstituted at 100 g L'1, and containing added tritium to ca. 100 Bq L-1. The purpose of the tritium was
to check on the ability of the analytical method to separate the two radioisotopes satisfactorily. Since
no preservative had been added to the samples, the entire sample received in our laboratory was
taken to near dryness under infrared heat lamps in lined polyethylene trays. By using this method,
we avoided the excessive foaming and potential fractionation likely to occur using vacuum evaporation. The uncertainty (2 Q) of the 14C results reported by the four laboratories, mean value 240 Bq
L-1, was ca. 30 Bq L1 (Neil 1993).

Subsequent to this initial work, we submitted a proposal to a workshop on 14C held in November
1992 (Milton 1993), to prepare samples containing 14C specific activities between one and ten times

Interlaboratory Comparisons
TABLE 1.14C Quality

Assurance Materials Available from IAEA*
14(

IAEA
code
C-1

C-2
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Material

Prepared by

consensus
(pMC)

s13C

consensus
(%o)

Carbonate
Slab of freshly cut Carrara marble
supplied by IMEG, Vareggio, Italy,
and milled down to a dust-free fraction of 1.6 to 5.0 mm by the IAEA.
Carbonate
Fresh-water travertine deposit collected near Munich, Germany, supplied by GSF, Institute of Hydrology,
Neuherberg, and homogenized by the
IAEA

C-3

C-4

C-5

C-6

Cellulose
Batch of cellulose produced in 1989
from one season's harvest of about
40-year-old trees, supplied by a paper
factory in Bergum, the Netherlands.
Subfossil Wood
Subfossil wood excavated from peat
bogs in the north island of New
Zealand, near Waikato.
Subfossil Wood
Subfossil wood originating from buried bed forest in Eastern Wisconsin,
U.S.A., near the western shore of
Lake Michigan.
Sucrose

G. Mook

J. van der Plicht

G. Hogg
H. A. Polach

M. Kahn
A. Long
IAEA

H. A. Polach,
ANU

From a report of the IAEA Consultants Group Meeting (1991)

modern. The samples comprised ca. 10 kg of each of the following, at two or more specific activities:1) tree leaves; 2) milk powder; and 3) meat (beef).
To date, we have prepared and circulated samples of two of these matrices, at two different levels of
specific activity. We are storing a third material for a subsequent round. This report lists the analytical laboratories that participated in the exercises and the techniques in use therein (Appendix I),
lists sample preparation and homogeneity testing (Appendix II), and presents a statistical analysis of
the results. It is intended that this publication will provide documentation for the quality assurance

of 14C measurements routinely reported by the laboratories involved, and that the materials prepared
for the intercomparisons will continue to be of use as secondary reference materials during routine
operations.
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METHODS OF PREPARATION OF MATERIALS FOR INTERCOMPARISON AND THEIR SUBSEQUENT
TESTING FOR HOMOGENEITY

The following brief description of methods of preparation and homogeneity testing has been
abstracted from the journal publications indicated in the text; see those documents for details. The
analytical techniques used during the tests are described in Milton and Brown (1993). All samples
were combusted in oxygen under 20 atmospheres pressure using a Parr bomb. The 14C concentrations were determined by liquid scintillation counting of the CO2 evolved, using a Carbo-Sorb/Permafluor E+ cocktail.

The basic requirements in each case were preparation of sufficient amounts, homogeneity of material, and sample packing for long-term storage. (Suggested test for homogeneity: if 14C concentrations measured in five out of six samples differed by <5% of the average, then inhomogeneity was
said to be <5%.)

Milk (Used in the First Round of Intercomparison)1
Two materials, MK-B at the natural level of 14C, and MK-C4 at an elevated level, were prepared
from pasteurized 2% dairy milk. The MK-C4 was spiked with an appropriate amount of 14C-methylated casein tracer to achieve the elevated level, taking precautions to avoid spoilage during the
mixing stage. Aliquots of both spiked and unspiked material were poured into cans that were hermetically sealed with a canning machine and steam autoclaved. Several cans chosen at random from
both sets were opened, and the entire contents were freeze-dried and rehomogenized by grinding to
a fine powder.

The samples treated in this manner were subsequently analyzed to test the homogeneity of these
materials for the distribution of 14C. The results indicate that the materials are homogeneous with
respect to 14C concentration even in subsample sizes of 0.25 g of the freeze-dried material. Table
A2-1, Appendix II, from Rao et al. (1995), provides the supporting data.

Vegetation (Used in the Second Round of Intercomparison)Z
Vegetation was picked at two sites on the Chalk River Laboratories (CRL) property; the first
(labeled Veg A) was collected midway between the Public Information Centre and the Custodia
Chimney, and the second (Veg B) was collected outside the fence at Waste Management Area C.
Gloves were worn while picking the leaves; stems were separated from the leaves at that time. The
leaves were subsequently rinsed in double distilled water, placed in glass beakers, which were covered with watch glasses, and oven-dried (Fisher Isotemp Oven Series 200, Model 230F) overnight
at ca. 65 °C. Following hand crushing, the dried leaves were ground in a Waring Commercial
Blender, and the resulting powder was put through a 300-mm sieve. The collected fines were bottled
in 30-mL Nalgene bottles (...20 g in each), with a heat-shrink sealant placed around the neck of each
bottle.

Samples were set aside after filling every fifth bottle to assess the homogeneity within a sample set.
One bottle of each label was subsampled repeatedly in order to evaluate variability between subsamples as a function of sample size. The data listed in Table A2-2, Appendix II, indicate that these
materials are homogeneous in samples of 0.5 g or greater.

'Abstracted from Rao et al. (1995).
ZAbstracted from a Chalk River Laboratories internal report, manuscript in preparation.
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Bovine Muscle (Prepared and Stored for a Subsequent Intercomparison)3

Ca.1 kg of beef muscle tissue, well trimmed of fat and connective tissue, was ground to a thin paste
in a domestic meat grinder, as well as in domestic and commercial blenders. Following subsampling
to determine the uniformity of water content and the natural 14C specific activity, the remaining
homogenized tissue was spiked with 14C-methylated bovine hemoglobin. Immediately after this
addition, the material was rehomogenized in the blender. Subsamples were taken at this stage to
evaluate the partitioning of 14C between the solid matrix and the juices before and after sterilization,
and to demonstrate the uniformity of mixing of the labeled compound in the bulk sample. The
remaining paste was apportioned into eight cans of -100 g sample size; six were sealed under nitrogen, and two under ambient atmosphere. The cans were then sterilized in a steam autoclave. All subsamples taken, including the contents of two sealed cans, were mixed thoroughly, freeze-dried in
their entirety, and ground to a fine powder. Table A2-3, Appendix II, summarizes the measurements
made on these samples. These observations indicate that the 14C-labeled compound is homogeneously distributed in the freeze-dried material. Furthermore, the results for the raw material and the
two cans confirm that the whole batch of muscle is homogeneous with respect to 14C concentration,
with no measurable subsampling uncertainty for sample sizes of a2 g.
PARTICIPATING LABORATORIES

We sent a letter, inviting participation in our first intercomparison exercise, to a wide range of analyt-

ical laboratories thought to be active in the measurement of 14C, either for monitoring purposes or 14C
dating. We recognized that many of the dating laboratories would not wish to handle the higher-activity samples we planned to send out. However, we considered it important to have some of these laboratories involved, at least in the measurement of the lower-activity samples, to take advantage of the
high credibility given to their measurements by the international scientific community.
In January 1993, we mailed out nine pairs of cans (ca. 150 g in each) of our two milk samples. The
results were reported by six laboratories for the contemporary or "background" sample, and by five
laboratories for the sample containing ca. 60 times contemporary 14C. These results, their mean and
standard deviation, were reported to the participating laboratories in a letter dated 3 June 1994.

Later that year, we sent a second set of letters, soliciting participation in a planned second round,
which would use two samples of vegetation growing naturally on the CRL site. The response was
considerably higher than in the first round. Starting in December 1994, we mailed out 13 parcels,
containing 2-20 g each of the two different specific activity samples. At the time of the specified
cut-off date for reporting results, 10 analyses of the low-level sample, and 10 analyses of the higherlevel sample, had been received. A preliminary report was mailed to all participants on 30 October
1995. Since that date, one more result has been reported, and will be included in this final document.
The full addresses, contact persons, and analytical methods for each participating laboratory are
listed in Appendix I.
RESULTS AND DISCUSSION

Interim Reports
We derived consensus values from the results reported to us for these two intercomparisons. We sent
interim reports to all participants, accompanied by displays of the data in bar graph format (Figs. 1
3Abstracted from Cooper and Rao (1995)
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and 2). The agreement among measurements reported for MK-B was extremely good (Fig. 1). The
larger variability in the results for the higher specific activity sample was unexpected, but suggested
that some fractionation may have occurred whenever our recommended method of freeze drying
and homogenization of the entire sample was not followed prior to subsampling. The agreement in
the measurements reported for the vegetation samples was also good (Fig. 2).
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Interlaboratory Comparisons
TABLE 2.

Results of an Interlaboratory Comparison of
No. of
determinations

Lab

Arithmetic
ave.
(Bq kg-' C)

(Bq kg-' C)*

15,574.0

15,562.2

15,265.5
14,675.2
5
41

15,149.7
14,669.8
5
41

15,433.38

15,432.25

1231.62
1376.99

1207.75
1350.31

615.81
3.99%
1206.97

603.88
3.91%
1183.58

14C Content

Weighted
SD of mean
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in Two Milk Samples
Assigned
in
the meant

chit

MK-C4
Code

1

2
Code 3

Code
Code S
Code 6
Code 7

3
3

0
0
6
24
5

No. of laboratories
Total no. of determinations
Average
Standard deviation
Standard deviation of sample
Standard deviation of mean
Rel. Stand. deviation of mean
Confidence level (95%)

MKB
Code

1

3

2

3

Code 3
Code 4
Code 5
Code 6

3

255.3
255.0
264.0
268.0
267.2
241.3

1

6
27

No. of laboratories
Total no. of determinations
Average
Standard deviation
Standard deviation of sample
Standard deviation of mean
Rel. Stand. deviation of mean
Confidence level (95%)

6
43
258.48
9.27
10.15
3.78
1.46%

8.90

255.0
264.0
268.0
267.5
239.9
6

43
258.36
9.72
10.65
3.97

134%
9.33

*The variance, s2, is given by s2 = E (x; - x)2 w;/E w;, where i runs from 1 to n, w; -1 for the arithmetic average column, and
w; =1/(assigned error)2 in the weighted average column, where x is the average. The standard deviation, v, is s/n't2, the standard deviation of the sample,
is 5/(n-1)1n, and the standard deviation of the mean, aQ, frequently called the standard error,
equals ve/nit.
tme error assigned to each laboratory was calculated from the larger of the variances calculated from the individual determinations (reduced x2 greater than one), or the variance expected on the basis of the quoted errors (reduced x2 less than one).
tme column headed "reduced chi" is the square root of x2; that headed P(chi) is the probability of obtaining x2 by chance.

o

Final Report
We have subsequently applied more rigorous statistical analyses to the results (Barington 1969).
Tables 2 and 3 list the arithmetic and weighted averages (average of replicates submitted by the analysts, weighted by their stated errors) for all values reported, and the standard deviation of the replicates so weighted in each case. When a first calculation of the overall mean for the vegetative samples showed that the results reported by one laboratory in each group met the specifications for an
outlier (>3 standard deviations (SD) from the mean), those values were omitted from the final anal-

yses reported here.
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TABLE 3.

Results of an Interlaboratory Comparison of 14C in Two Vegetation Samples
No. of

determinations

Lab

Arithmetic
ave.
(Bq kg-1 C)

ave.
kg-1 C)

Veg A
Code 1
Code 2

3

4

2
2
6

Code S

5

Code 6
Code 7
Code 8
Code 9
Code 10
Code 11

1

3

5
14
2
1

5

Total no. of determinations
Average of 11 labs
Average (W.O. #11)
Standard deviation
Standard (W.O. #11)
Standard deviation of sample
Standards (W.O. #11)
Standard deviation of mean
Standard deviation of mean
(W.O. #11)
Rel. Stand. deviation of mean
Rel. Stand. deviation of mean
(W.O. #11)
Confidence Level (95%)
Confidence (95%) W.O. #11

464.3
465.5
475.5

504.2
462.9
451.9
457.4

4633
467.0
712.7

46

46

430

72.71
13.62
76.26
14.35
22.99
4.54

4.63%
0.96%

4.70%
0.97%

44.41
8.41

45.07
8.48

71.65

1330
75.15
14.23
22.66

Veg B
Code

1

2
3
Code 4
Code 5
Code 6
Code 7
8
Code 9
Code 11

3
2
3
4
4
1

5
16
2
5

2095.00

208130
2125.25
2006.93
2138.20
1815.24
2056.88
2155.24
2021.60

Total no. of determinations
Average of 10 labs
Average (W.O. #7)
Standard deviation
Standard (W.O. #7)
Standard deviation of sample
Standards (W.O. #7)
Standard deviation of mean
Standard dev. of mean (W.O. #7)
Rel. Stand. deviation of mean
Rel. Stand. deviation of mean
(W.O. #7)

45
2061.25

Confidence level (95%)
Confidence level (95%) W.O. #7

58.61
30.49

45

94.09
48.64
99.18

2056.96
2083.81
96.59
56.14
101.81

5139

5935

31.36

32.20

17.20

19.85

132%
0.82%

137%
0.95%

208838

35.19

of mean

error in
mean

chi

Interlaboratory Comparisons
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The assigned relative error in the mean is the larger of the error calculated from the observed variance and that from the variance expected on the basis of the quoted errors.
The reduced chi square (x2) is equal to s2/(n-1), with s2 =
- x)2 w; / Ew;, where i runs from 1 to
n, and the w; are given by the inverse square of the quoted errors. A value near unity indicates that
the observed variance is close to the value expected from the quoted errors. A value less than one
means that all the replicates are close together by chance, or that the errors have been overestimated.
A value much greater than unity means that the individual values differ by more than just chance
(systematic errors), or that the errors have been underestimated.
Because a weighted average of the laboratories gives too much weight to a few laboratories reporting very small errors, we have chosen to compute an arithmetic average of the weighted averages of
the individual laboratories.

Recommended Values (Bq kg-1 C)
Milk Samples
MK-C4

15,432 ± 604 (10), ± 1184 (95% confidence level)

MK-B

258.4 ± 4.0 (lo), ± 9.3 (95%)

An analysis of the variance indicates that for:

MilkMK-C4: With only five laboratories reporting, three of the values are outside the ± 1 o band
about the average; two of them are well outside. The probability P() )2 is zero, implying that the
hypothesis that the values reported by the various laboratories are statistically distributed by chance
is false. Because the internal consistency of three of the laboratories was also poor, this observation
probably implies that most of the laboratories have nonstatistical variations in their results. It is possible that a knowledge of the high activity of the sample caused some analysts to reduce sample size,
introducing an increased risk of inhomogeneity. Of course, the errors could be underreported, but
that seems unlikely in this instance.
Milk MKB: Results for this sample, on the other hand, showed very good consistency both within
and between laboratories. As the activity in this sample is low, it would indicate that the sample was
homogeneous and that the background corrections were adequate.
Vegetation Samples
Veg A

467.0 ± 4.5 (10), ± 8.5 (95% confidence level)

Veg B

2083.8 ± 19.9 (10), ±35.2(95%)

An analysis of variance indicates that for:
Veg A: The variance of all the laboratories taken together is approximately consistent with the
errors assigned to each individual laboratory. The probability P(x2)> 0.5 [without #11].
Veg B: The variance of all the laboratories taken together is inconsistent with the errors assigned to
each individual laboratory. The probability P(x2)> 0 [without #7]. Much of the contribution to the
variance comes from laboratory 7, but no good reason for rejecting it could be found.
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This means that in the case of Veg B, either:
a) There are systematic differences between laboratories, or

b) Some of the errors are underreported, or
c) Replicate measurements within a given laboratory are unusually consistent by chance, or
d) The sample homogeneity was inadequate, or
e) A combination of all four above.
We believe that (e) provides the most likely explanation.
SUMMARY
14C secondary
Five materials, in three different organic matrices, have been prepared as potential
reference materials and tested in our laboratory for homogeneity. Subsamples of four of these were
subsequently sent out for 14C analysis by a number of laboratories that utilize a variety of analytical
techniques. Statistical analyses of the measurements returned to us are contained in this report; the
data presented in graphical form. The close agreement among the participating laboratories reflects
very favorably on the caliber of the analyses performed, and permits the use of this report in laboratory Quality Assurance documentation.
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APPENDIX I. PARTICIPATING LABORATORIES
TABLE Al.

List of Participating Laboratories

Lab

Analytical technique:
Oxidation; final form; measurement

Sample analyzed
Mk-B

Berkeley Tech.

Wet oxidation; CO2 in Carbo-sorb/
Permafluor; LSC

CRL, AECL

Parr bomb; CO2 in Carbo-sorb/
Permafluor; LSC

Hungarian Academy of
Science

Pan bomb; CO2 in CO2 carrier gas; GPC

Hydro-Quebec

Bomb; CO2 in Carbo-sorb/Permafluor;
LSC

x

Lawrence Livermore
National Laboratory

Bomb; graphite; AMS

x

Ministry of Agriculture,
Fisheries and Food

Wet oxid.; CaCO3; LSC

NERC

Bomb; Cam; LSC

Ontario Hydro

Bomb; CO2 in Carbo-sorb/Permafluor;
LSC

x

Radiocarbon Dating

Bomb; Cam; LSC

x

U. of Bern

Tube comb.; CO2 in CH4; GPC

U. of Waterloo

Bomb; Cam; LSC

Whiteshell Laboratories, AECL

Canberra/Packard Oxid.; CO2 in
Carbo-sorb/Permafluor; LSC

*GPC=gas proportioned counting; LSC=liquid scintillation counting

x

Mk-C4

Veg A

B

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

x

x
x

x
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APPENDIX II. HOMOGENEITY TESTING
TABLE A2-1. Homogeneity Tests for 14C Distribution

Sample code

in Milk Candidate Reference Materials*

Mean ± SD
g'1 of carbon)
(Bq

No. of samples
analyzed

RSE
(%)

RSD
(%)

I. Candidate reference material: MK-B
Test of homogeneity between samples at natural levels of 14C in 2% dairy milk
MK-B-5 to
MK-B-39

0.26 ± 0.01

6

1.6

3.8

II. Candidate reference material: MK-C4
14C
(a) Test of homogeneity between randomly selected samples at elevated levels of
MK-C4-2 to
MK-C4-29

6

15.4 ± 0.3

1.9

0.8

15.1 ± 0.3

2.0

0.8

(b) Test of homogeneity within a sample

MK-C4-19a to
MK-C4-19f

6

(c) Test of homogeneity as a function of sub-sample mass (varying between 2 g and 0.25 g)

MK-C4-7a to
MK-C4-7h

15.3 ± 0.4

8

2.6

0.9

Mean ± SD of the three population means between sample groups (a),(b) and (c)
15.3 ±0.2

3

1.3

Grand mean ± SD of all 20 individual values within sample groups (a), (b) and (c)
2.6
15.3 ± 0.4
20

0.8

0.6

*Taken from Rao et aL (1995)

TABLE A2-2. Homogeneity Tests for 14C Distribution in Vegetative Candidate
Mean ± SD
No. of samples

Sample code

analyzed

(Bq

g'1 of carbon)

Reference Materials*
S.E.

I. Candidate Reference Material: Veg A (vegetation containing slightly elevated levels of 14C)
(a) Test of homogeneity between randomly selected samples all >2 g
0.011
0.456 ± 0.033
9
Veg A #1-32
(b) Test of homogeneity within a sample, all >2 g
0.018
0.456 ± 0.040
5
Veg A #18(a-e)
0.013
0.457 ± 0.026
4
(c) Test of homogeneity as a function of sub-sample mass (varying between 1.5 g and 0.5 g)
0.015
0.439 ± 0.032
5
Veg A #18 (f-j)

II. Candidate reference material: Veg B (vegetation containing elevated levels of i4C)
(a) Test of homogeneity between randomly selected samples, all >2 g
0.81
2.076 ± 0.017
11
Veg B #5-6 to #25-26
(b) Test of homogeneity within a sample, all >2 g
0.011
2.035±0.027
6
Veg B #13 (a-f)
0.008
2.075 ± 0.018
5
(c) Test of homogeneity as a function of subsample mass (varying between 2.6 g and 0.5 g)
0.023
2.065 ± 0.052
5
Veg B #13 (g-k)
*In each set of tests there were three values outside 10, and none outside 2 a; consequently, the materials can be considered
homogeneous down to sample sizes of 0.5 g.

Interlaboratory Comparisons
TABLE

A2-3. Natural Levels of 14C in Bovine Muscle Tissue
Individual values

Sample
and code

Bq kg-1 of
carbon

RSD of count rates
from three cycles (%)

Mean ± SD
(Bq kg-1 of carbon)

BF-B-1
266
2.8
BF-B-2
253
3.1
260 ± 7
BF-B-3
262
2.6
I. Samples taken from different parts of the blender before canning
BF-H-1
7880
4.3
BF-H-2
8320
4.7
8250 ± 340
BF-H-3
8550
3.7
II. Samples from the can sealed under ambient atmosphere
BF-A-1
8070
1.7
BF-A-2
8420
2.9
8210 ± 190
BF-A-3
8140
4.5
III. Samples from the can sealed after purging with nitrogen
BF-N-1
7910
3.3
BF-N-2
8230
3.5
8110 ± 180
BF-N-3
8200
3.6
IV. Mean SD of all nine results
8190 ± 220

t

RSD
(%)

RSE
(%)

2.6

1.5

4.2

2.4

2.3

1.3

2.2

1.3

2.7

0.9
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l4C DATABASE AND GEOGRAPHIC INFORMATION SYSTEM

FOR WESTERN SIBERIA
LYOBOV A. ORLOVA,1 YAROSLAV V. KUZMIN2 and IVAN D. ZOLNIKOVI
ABSTRACT. We illustrate here the combined use of geographic information system (GIS) technology and a radiocarbon
database for analysis of the environmental components and ancient sites in Western Siberia during the period 10-45 ka BP. In
total, 23014C dates from 75 Late Pleistocene outcrops and Paleolithic sites were used to generate paleolandscape maps and
to establish the features of the spatiotemporal distribution of Paleolithic sites.

INTRODUCTION

We aim here to examine the interrelations between the natural environment and ancient people in the
territory of Western Siberia from 10 to 45 ka BP, a period of rapid and severe environmental change
throughout the Northern Hemisphere (e.g., Wright 1983; Velichko 1984). Because Late Pleistocene
and Early Holocene humans were hunter-gatherers, environmental conditions greatly affected the
their lifestyle, economy and cultural development. The Late Pleistocene landscapes and climatic
changes also influenced the peopling of different parts of Northern Asia. Western Siberia, including
the southern part of the West Siberian Lowland and the Altai and Sayany Mountains, is a promising
area for the study of human-environment interaction because a large body of data is available for
both Quaternary geology and archaeology. Our radiocarbon database and geographic information
system (GIS) technology for data processing and map generation are being used by scientists to
establish a new approach for geoarchaeological research in Siberia.

The time interval under consideration, 10-45 ka BP, includes two major climato-stratigraphic subdivisions, the Karginian and Sartan horizons. The Karginian Interglacial has been 14C dated between
50 and 23 ka BP (Kind 1974), and corresponds in general to the Middle Wisconsin Interglacial in
North America. The Karginian period includes several warm intervals, such as an early warming at
45-50 ka BP, the Malaya Kheta warming/optimum, 35-41 ka BP, and the Lipovka-Novoselovo
warming, 23-30 ka BP. The cold events are dated to 41 to 45 ka BP (the early cooling), and 3035 ka
BP (the Konoschelye cooling) (Arkhipov 1984; Arkhipov et a1.1986). The Sartan Glaciation dates
to 10-23 ka BP and corresponds in general to the Late Wisconsin in North America.
METHODS

As sources of information, we use both our own data (Panychev 1979; Firsov, Panychev and Orlova
1985; Orlova and Panychev 1993; Orlova 1995) and the results published previously by other investigators (Tseitlin 1979; Arkhipov et a1.1980; Derevianko et a1.1990; Abramova et a1.1991; Derevianko and Markin 1992; Goebel 1993; Goebel, Derevianko and Petrin 1993; Arkhipov and Volkova
1994). The Western Siberian Radiocarbon Database, developed from 1995-1997, focuses on information about the environment and archaeological sites, divided into a "geological" and "archaeological" categories, respectively. Some "archaeological" data may be included in the "geological" category if they have paleoenvironmental information as well. In total, we collected 95 14C dates
associated with natural environmental records from 36 Late Pleistocene outcrops, and 13514C dates
from 41 Paleolithic sites in Western Siberia (Figs. 1, 2; Appendix: Tables 3, 4).
1United Institute of Geology, Geophysics and Mineralogy, Siberian Branch of the Russian Academy of Sciences, Universitetsky Pr., 3, Novosibirsk 630090 Russia
2Pacific Institute of Geography, Far Eastern Branch of the Russian Academy of Sciences, Radio St. 7, Vladivostok 690041

Russia

Proceedings of the 16th International 14C Conference, edited by
RADIOCARBON, Vol. 40, No. 1, 1998, P. 313-329

W. G.

Monk and J. van der Plicht

313

314

L. A. Orlova, Y. V. Kuzmin and I. D. Zolnikov

m

50

.2

3

8

9

r4
10

5

W

6

11

Fig. 1. Spatial distribution of the Paleolithic sites in Western Siberia and key to figure: 1. reference points (see Tables 3,4);
2. Early Karginian (42-55 ka BP) sites; 3. Middle Karginian (32-42 ka BP) sites; 4. Late Karginian (24-32 ka BP) sites, S. Sartan (14-24 ka BP) sites; 6. Late Glacial (10-14 ka BP) sites; 7. steppe; 8. forest steppe; 9. taiga; 10. forest tundra; 11. tundra.

All reference points are assigned geographic coordinates and are placed on a chronological scale
based on 14C dates (Tables 3, 4). Each "geological" reference point is characterized by several kinds
of information, separated into three blocks: 1) spatial coordinates, including latitude and longitude
with degrees and minutes as decimal values, absolute elevation above sea level, and the depth below
surface in the section; 2) a chronological component (i.e., '4C dates); and 3) paleoenvironmental
information such as geomorphic features (e.g., relief type, form and microfeatures), sediments
(including data on lithology, stratigraphy, and the genesis of deposits), biotic features (vegetation
type, faunal ecotype, and paleolandscape type), and paleoclimatic data (humidity and temperature)
(Table 1). For "geological" points (Table 3), we combined the 14C dates from each outcrop together,
even if they belong to different strata. In the computer database, each 14C date, or set of them, corresponds to a particular paleoenvironmental record subdivided into layers.
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TABLE 1.

Features of Environment on Key Points

SOAN-2488, SOAN-2489

I4C datenames

[eithmeanage

2.00 Amount I4C dates 2.00

Typeages

[Name Denisova Layer 21

84.70

Longitude
Distancetop

Latitude

1.20
51.20

Code typerelief

Surfaceheight
Inssectioheight

3.20

Typerelief
Iow-mountain

34,700.00 Mlmagc 39,31001

hlaxage

37,827.00 Deviation

Elcmelisf

Formrelef

central 1aII of cave

cave in original slope

Coda ehmantrttiej

Code formreliej

Lithology
dark-grey hurnic sandy loam

Stratigraph,
Karginskii

Frost process

Code

Ceneszc

of genes.

cave-dvelling deposits

Vegetation type
sparse wood

Temperconditions
nearto modem

Tempercode

VegeLcode

Fauna code
mountain-steppe and silvan species

Fauna type

Humidity

Codehumidity

Paleolandscape
sparse wood

Faleolandseape code
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TABLE 2. Archaeological
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Database
FEATURES OF HUMAN SITES

Site name

Denisova Layer 21

Exposition ofslope

SW

Epoch

Middle Palaeolith
(Mousterian-Acheulian)

Thicknessofoverlyingdeposits
3.20

Lithology of underlying deposits
yellow clay with rock debris and blocks

Epoch code

Culture code
Culture

Code ofgenesis of underlying deposits

Mousterian

Genesis of underlying deposits

Traces of human activity
hearth

cave-dwelling deposits
Code ofgenesis of overlying deposits

Genesis
cave-dwelling deposits

ofoverlying deposits

Lithology ofoverlying deposits
light-brown dark grey sandy-loam

Material an d raw material
stone and bone

Environmental peculiarities
strategic position, cover, illumination
(across natural well), nearness of water,
lateral galleries

For "archaeological" points incorporated into the database, we added as characteristics the traces of
human activity (e.g., dwellings, fireplaces) and cultural affiliation (epoch and culture) (Table 2). All
14C-dated archaeological sites were subdivided into five groups in terms of climatostratigraphy: l)
Early Karginian, 45-50 ka BP; 2) Middle Karginian, 30-33 BP; 3) Late Karginian, 24-30 ka BP; 4)
Sartan,15-20 ka BP; and 5) Late Glacial, 10-15 ka BP. The first group corresponds to the Mousterian, and the groups 3 through 5 belong to different stages of the Upper Paleolithic. Group 2 contains
both terminal Mousterian and early Upper Paleolithic sites. There are two major geographic groups
of ancient sites located quite far from each other, one in the Yenisei River basin and the other in the
Altai Mountains foothills (Fig. 1).
To analyze the Late Pleistocene biotic and non-biotic environmental components and their influences
on the spatial and temporal distribution of ancient sites, a Regional GIS Atlas was compiled. This

Atlas is supported by several software packages, including GIS "ARCIINFO-ARCVIEW" (ESRI,
Inc.), GIS "SOCRAT-GEO" (created at the Novosibirsk Regional Center for GISTechnologies, Siberian Branch of the Russian Academy of Sciences), and the Paradox® (Borland International, Inc.)
database management system (DBMS). At the core of the GIS Atlas are the numerical and textual
databases. The numerical database contains the morphological description and geographic position of
the reference points, and this information may be processed by both ARC/INFO-ARC/VIEW and
SOCRAT-GEO software. The textual database contains the information about the chronological,
paleoenvironmental, and archaeological characteristics of the reference points, which are manipulated using the Paradox DBMS (Dementyev et a1.1997). The analytical functions of the GIS Atlas
were executed through different types of requests to the Paradox DBMS, and the data processing
results output on worksheets (Zabadaev and Zolnikov 1996). These results were combined with the
numerical database to create computer maps within the GIS. The presentation of results is pictorial
and easy to understand, allowing analysis of the data in many different combinations.
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Fig. 3. Modern landscapes and the paleolandscape reconstruction for Western Siberia (10-45 ka BP). A. modern landscapes; B. Holocene Climatic Optimum (5-6 ka BP) landscapes; C. Preboreal period (9-10 ka BP) landscapes.
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Fig. 3 (continued). D. Sartan Glaciation (18-20 ka BP) landscapes; E. Konoschelye cooling (30-32 ka BP); F. Early
Karginian warming (45-50 ka BP).
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RESULTS AND DISCUSSION

Using the Radiocarbon Database and GIS technology, maps of paleovegetation and ancient site distributions for several chronological intervals within the Karginian-Sartan period were generated.
Maps of both modem landscapes and Holocene Climatic Optimum paleolandscapes, derived from
published sources (Bukreeva et al. 1995; Arkhipov and Volkova 1994), are also presented (Fig.
3A,B). We present here the maps for the Early, Middle and Late Karginian, Sartan, and Late Glacial
intervals (Fig. 3C-F).

Karginian Interglacial, 20-45 ka BP
For the Early Karginian, 45-50 ka BP, we have only a few 14C-dated Paleolithic sites in the Altai
Mountains, such as Kara-Bom and Okladnikov Cave. The paleolandscape reconstruction for this
interval (Fig. 3, F), however, shows quite favorable climatic conditions for human occupation. The
climate was even warmer than today, and similar to the Holocene Climatic Optimum (Fig. 3B).
Despite this fact, we have only two 14C-dated sites corresponding to the Early Karginian warming.
Later, ca. 42-33 ka BP, the number of sites in the Altai increased slightly (these include Denisova
Cave, Kara-Tenesh, and Malyi Yaloman) but the number of sites remains very low compared with
the Late Karginian, 24-30 ka BP, when environmental conditions were similar. No 14C-dated sites
have been found in the Yenisei River basin for the Early Karginian period. This scarcity of the Mousterian and early Upper Paleolithic sites is probably due to the fact that this was the period of the initial human colonization of Western Siberia.

During the Middle Karginian period, 30-33 ka BP, the environmental conditions in Western Siberia
were very unfavorable for human habitation. The vegetation in the vicinity of the Ust-Karakol 1 and
2 sites in the Altai foothills, dated to ca. 31,400 BP, consisted of a "cold steppe" and forest-tundra
(Fig. 3, E). We have quite a few sites for this time interval in the Altai, such as Okladnikov Cave,
Strashnaya Cave, Kara-Tenesh, Kara-Bom and Ust-Karakol 1-2. No Middle Karginian sites were
found in the Yenisei River basin. The Malaya Syia site in the Sayany Mountains foothills, western
Yenisei River basin, yielded three 14C dates-20,300 BP, 33,060 BP and 34,500 BP (Table 4). The two
oldest dates we consider less reliable because material dated was animal bone (Kuzmin and Tankersley 1996: 583). The most reliable 14C date for this site is 20,300 ± 350 BP (SOAN-1124), from charcoal (Table 4).
In the Late Karginian, 24-30 ka BP, the conditions for human existence were more favorable than in
the Middle Karginian. The vegetation cover during the occupation of the Okladnikov Cave, Strashnaya Cave, and Denisova Cave sites was characterized by steppe in the Altai piedmont zone and by
taiga-like forests in the river valleys within the mountainous Altai. In the southern part of the West
Siberian Lowland, the main vegetation type during the entire Late Karginian time period was foreststeppe and steppes. This landscape situation was almost identical to present (Fig. 3A). The first welldocumented sites in the Yenisei River basin, such as Kurtak 4 (layers 11-12) and Kashtanka 1(layer
1), date to the Late Karginian period.

Sartan Glaciation and Late Glacial, 10-20 ka BP
In the Sartan interval, 20-15 ka BP, the geographic distribution of ancient sites was quite different
from that of the Late Karginian. There is a cluster of five sites in the Yenisei River valley, and there
are a few sites in the southern West Siberian Lowland (Mogochino and Tomsk). The concentration
of sites in the Yenisei valley may be explained by comparatively favorable environmental conditions
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at this time. Evidence of severe environment, such as "cold steppe" vegetation, is known in the
Yenisei valley only for the maximal Sartan climatic deterioration, ca. 20 ka BP (Fig. 3D). Within the
interval 19,300-14,750 BP, the main vegetation types were forest-steppes in the upper Yenisei River
and taiga in the lower part of the Yenisei basin to the north (Kind 1974).
In the Altai Mountains and the southern West Siberian Lowland, during all of the Sartan period and
in most of Late Glacial (12-20 ka BP), the vegetation was mostly forest-tundra and tundra (Fig. 3D).
Both taiga and forest-steppe have survived as separate "islands". The distinct feature for this time
interval is the absence of Paleolithic sites in the Altai Mountains and their foothills. Human occupation of the Volchiya Griva and Chernoozerie sites ca. 14,200-14,500 BP probably correlates with the
general climatic amelioration shortly after 15 ka BP and the rather favorable environmental situation
in the southern part of the West Siberian Lowland, compared with Altai Mountains.

In the Late Glacial, 10-15 ka BP, the environmental situation in the Yenisei River basin was quite
favorable for human existence. Here we have a cluster of ca. 1714C-dated Late Paleolithic sites
(Table 4). The main vegetation type near the Maininskaya (Layers 1-4), Tashtyk 1(Layer 1), and the
Bolshoi Kemchug sites was pine and pine-birch forest with an admixture of dwarf birch. In the Altai
region, however, the vegetation in the vicinity of Kaminnaya and Denisova Caves between 9300 and
11,900 BP was mostly tundra-steppe (or "cold steppe"). The paleolandscape reconstruction for the
Pleistocene-to-Holocene transition in Western Siberia (Fig. 3C) shows that in Preboreal times, ca.
9-10 ka BP, entire area south from 64°N was covered by forest-tundra, whereas the area north of
64°N was occupied by tundra.

The Dynamics of Human Colonization of Western Siberia
Using the most updated information on the spatiotemporal distribution of the Paleolithic sites, it is
possible to establish the general features of the human settlement of Western Siberia. It seems that
the first human settlements appeared in the Altai Mountains ca. 42,500-46,000 BP, as shown by
Okladnikov Cave and Kara-Bom. There is one Mousterian site known in the western part of Yenisei
River basin, Dvuglazka Cave (Abramova 1989), without 14C determinations. In the Altai region, the
earliest Upper Paleolithic sites such as Kara-Bom (Layer 2 a-b), Kara-Tenesh, and Malyi Yaloman,
very probably coexisted with the latest Mousterian sites during the time interval of ca. 33-43 ka BP
(Table 4). It is quite clear that in Western Siberia we have "overlapping" in 14C chronologies for the
Mousterian and early Upper Paleolithic, rather than the very early (pre-43 ka BP) Middle-to-Upper
Paleolithic transition suggested by Goebel (1993).
In the Yenisei River basin, the first well-documented evidence of human occupation known so far is
from the Kurtak 4 site, 14C-dated to ca. 27,500 BP. After this time we have evidence of a permanent
human presence in the Yenisei River basin. In the Altai and Sayany Mountains, however, there is a
marked gap in the sequence of dates from the Upper Paleolithic sites from ca. 20 ka BP to ca. 12 ka
BP. This probably reflects the unfavorable natural environment for human occupation during this
time in the foothills and intramontane areas of the heavily glaciated Altai Mountains (Serebryanny
1984; Arkhipov et a1.1986). After ca. 12 ka BP, human populations returned to the Altai and Sayany
Mountains
CONCLUSION

This paper illustrates the application of a Radiocarbon Database and GIS technology for the analysis
of both natural environments and ancient site distributions. The employment of a GIS Atlas allows
us to create maps of the paleoenvironment for different time intervals. Data on the spatiotemporal
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distribution of Paleolithic sites can then be superimposed on the paleoenvironmental maps. The
simultaneous analysis of both kinds of information helps to reveal the peculiarities of human existence in the natural environments of Pleistocene Western Siberia. In the near future, similar research
will be carried out for the entire territory of Siberia and the Russian Far East.
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APPENDIX
TABLE

3.14( Dates for the Late Quaternary Sections in Western Siberia

Section name

Lat.
(°N)

Western Siberian Lowland
Taradanov
53.77

Iskitimskaya
Lower soil
Lower soil
Upper soil
Kargapolovo

Ogurtsovo

Mamonovo

54.63

53.70

54.85

54.47

date
(°E)

(yr BP)

81.83
83.37

450

SOAN-10690

1600
32,780 ± 670
29,000 ± 450
26,300 ± 700

SOAN-629
IGAN-168
IGAN-167

81.95

2000

SOAN-744
SOAN-1254

detritus
Plant detritus
Plant detritus

30,050 ± 850
24,490 ± 320

SOAN-1587
SOAN-1623

Charcoal
Charcoal

SOAN-411
SOAN-11
SOAN-10

Wood
Peat
Wood

83.00

84.09

330

37,100±2000
53.45

85.43

53.73

82.07

53.72

Humates

33,450 ± 550
32,275 ± 420

12,820 ± 495

Nizhni Suzun

no.*

38,850 ± 2200

12,450±55

Kytmanovo
Malyshevo

323

2700

detritus

1000
35,350 ± 470

SOAN-1633

10,450±50

SOAN-2153

33,600 ±
36,600 ±
28,000 ±
12,660 ±
10,950 ±

SOAN-29
SOAN-741
SOAN-30

82.15
2400
310
620
130
150

12,050±50
12,640±50

SOAN-1638

SOAN-54
SOAN-2148
SOAN-2149

detritus
Plant detritus
Wood
Wood
Wood
Peat
Peat
Peat
Peat
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Section name
Verkhnii Suzun

Novy Syrt
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for the Late Quaternary Sections in Western Siberia (Continued)
date
Lat.
no.*
(°E)
(°N)
(yr BP)
53.72

52.25

82.15

1100
35,300 ± 800
46,100 ± 2300
28 800 ± 310
26,650 ± 200
26,800 ± 200

Bolshaya Rechka

52.29
53.03

1200
100
700
680

84.82

365

84.80

13,600± 120
±720
37,340
24,750
24,870
25,970

±
±
±
±

660
300
260
180

27,900 ±600
23,300 ± 200
23,080 ± 190

Kalistratikha

52.53

SOAN-740
SOAN-739
SOAN-1637

Wood

SOAN-748
SOAN-746
SOAN-747
LG-14

Wood
Peat
Plant detritus

Bobkovo

52.47

82.75

Koinihinskoye

54.02

81.53
83.24

55.13

82.83

52.67

85.67

Srostki

52.17

85.72

LG-68
SOAN-39
SOAN-154
MGU-203

Wood

SOAN-152
SOAN-153
SOAN-1257

detritus
SOAN-164

Humates

SOAN-15

Wood
Wood
Wood
Wood
Plant detritus
Wood

300

±250
29,640
28,600
30,870
33,060
32,930
41,530

Volchii Log

detritus
Plant detritus
Wood
Wood
Wood
Wood
Wood
Wood
Wood

SOAN-1258

900
19,550 ± 900

52.34

SOAN-69

Peat

500

83.38

31,000±600

Bekhtemirka
Krasnyi Yar

SOAN-1636

Wood
Wood

85.98
39,600 ±
17,500 ±
35,400 ±
15,850 ±

Anuiskoe

SOAN-738

±
±
±
±
±
±

2750
340
300
1030
1540
1650

170
±
380
25,030

SOAN-1065G
SOAN-1457
SOAN-1458

BashGI-52
SOAN-1459

24,800±200

SOAN-2405A
SOAN-2405B

26,090 ± 180

SOAN-2406

26,700± 140

SOAN-2407A
SOAN-2407B

25,300 ± 400
25,815 ± 160

SOAN-2408

Wood
Humates
Wood
Wood
Humates
Gyttja
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for the Late Quaternary Sections in Western Siberia (Continued)
Lat.
date
(°N)
(°E)
no.
(yr BP)
54.03 83.17
550
54.04 83.91
380

Kozyulino

56.50

84.99

2300

44,990 ± 2100

SOAN-335

Peat

SOAN-3119

Carbonates

Altai Mountains
Bele

1

±435

51.42

27,060 ± 850

Bele 2
Elinovo

51.42
51.31

87.78

145

83.24

240

Karakudur

50.65

87.75

100
10,650 ± 110
10,820 ± 100
15,195 ± 65

Rakhomysty

50.50

88.17

1675

Kuekhtanar

50.15

88.32

1255

Eshtykhkol

50.20
50.58
51.42

87.73

Kubadru
Tabunka

87.87
83.36

50.75

87.82

Bogoyash

50.47

89.47

Lozhok

54.80

83.09

Turochak

52.25

87.12

Bolshoye Eniseiskoye

52.66

85.67

SOAN-2186
SOAN-2101
SOAN-2100

Carbonates
Mollusk shells
Carbonates

±80

detritus

105

shells
12,555 ±55
13,945 ±50

Bashkaus

shells

SOAN-2598

Wood

SOAN-2597

Plant detritus
detritus

1000

620
25,900 ± 340

SOAN-52

Wood

*I.ab codes: SOAN=Institute of Geology and Geophysics; IGAN=Institute of Geography; LG=All-Union Research Geological Institute, Leningrad (inactive); BashGI=Geological Institute of the Bashkirian Scientific Center, Ufa (inactive);
MGU=Moscow State University.
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4.14C Dates for the Paleolithic Sections in Western Siberia
date
Lat.
no.*
(°E)
(°N)
(yr BP)
Western Siberian Lowland
240
57.75 83.52
Mogochino

TABLE

Site name
Layer

Tomsk
Volchiya Griva

56.48
54.63

Cheroozierye 2
Layer 2
Altai Mountains
Okladnikov Cave
Layer 1
Layer 3
Layer 3
Layer 2
Layer 1
Layer 1
Layer 1

56.23

Strashnaya Cave

51.75

Denisova Cave
Layer 21

51.67

51.20

84.92
80.25

1000
110
14,200 ± 150

SOAN-78

14,500 ± 500

GIN-622

43,300± 1500
40,700 ± 1100
32,400 ± 500
37,750 ± 750
33,500 ± 700
>16,210
28,470 ± 1250

RIDDL-722
RIDDL-720
RIDDL-721
RIDDL-719
RIDDL-718
SOAN-2458
SOAN-2459

31 , 510 ±2615

SOAN-3219

73.50

84.00

83.84

84.70
>34,700

SOAN-2488

Layer 21

39,390 ± 1310

Layer 11
Kara-Bom
Layer 2a
Layer 2b
Layer 2b
Layer 2c
Layer 2c
Layer 2c(?)
Layer 2d
Layer 2d
Kara-Tenesh

>37,235

SOAN-2489
SOAN-2504

50.10

86.40

30,990 ± 460

GX-17593

4170
31,400 ± 410

SOAN-1160

Bone

SOAN-3358
SOAN-3359
SOAN-2515
SOAN-2869
SOAN-3260
IGAN-837
SOAN-3261

Charcoal

33,800±600

85.90

Malyi Yaloman

49.80

86.30

Ust-Karakol
Layer 6
Layer 6
Layer 5
Layer 5
Layer 5
Layer 5
Layer 4

51.10

84.70

1

34,180 ± 640
33,780 ± 570
32,000± 600
38,080 ± 910

GX-17597
GX-17596
GIN-5935
GX-17595
GX-17594
GIN-5934
GX-17592

43,200 ± 1500
43,300 ± 1600

50.10

Bone

1145

29,860 ± 355
29,720 ± 360
31,410 1160
31,345 ± 1275
30,460 ± 2035
29,900 ± 2070
26,305 ± 280

t
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TABLE 4.14C Dates for the Paleolithic Sections in Western Siberia (Continued)

Site name
Layer
Layer 4
Layer 4
Layer 4
Layer 3
Layer 2
Ust-Karakol 2
Layer 5
Anyi 2
Layer 12
Layer 8
Layer 3 (4?)
Layer 3
Layer 3
Layer 3

Denisova Cave, pit
Kam innaya Cave
Layer A
Layer A2
Layer 11

Lat.
(°N)

date
(°E)

(yr BP)
27,020 ± 435
26,920 ± 310
26,920 ± 310
33,400 ± 1285
28,700 ± 850

no.*
SOAN-3356
SOAN-3357
SOAK-3356
SOAN-3257
SOAN-2614

31,430 ± 1180
51.30

51.20

84.60
26,810 ± 290
24,205 ± 420
27,125 ± 580
21,280 ± 440
20,350 ± 290
22,610 ± 140

SOAN-3005
SOAN-3006
SOAN-2868
SOAN-3007
SOAN-2863
SOAN-2862

10,690±65

SOAK-2866

11,900 ± 140
9335 ± 190
10,310 ± 330

SOAN-2551
SOAN-2553
SOAN-3402

84.70
Charcoal

50.90

Sayany Mountains
Mokhovo 2
Shestakovo
Malaya Syia

Bolshoi Kemchug

54.40
55.64
54.50
54.45

445
560

88.00

89.42

350
33,060 ± 300
34,500 ± 450

SOAN-1287
SOAN-1286

Bone
Bone

10,890±60

SOAN-1126

Charcoal

27,470 ± 200
24,890 ± 670
24,800 ± 400
24,170 ± 230
24,000 ± 2950
23,800 ± 900
23,470 ± 200

LE-2833
LE-3357
GIN-5350
LE-3351
LE-4156
LE-4155
LE-2833a

24,805 ±
24,400 ±
23,830 ±
21,800 ±
20,800 ±

SOAN-2853
IGAN-1048
IGAN-1050
IGAN-1049
GIN-6968

89.50

Yenisei River basin

Kurtak 4

55.17

91.58

Layers 11-12

Layer 11
Layer 11
Layer 11
Layer 11
Layer 11
Layer 11
Kashtanka
Layer 1
Layer 1
Layer 1
Layer 2
Layer 2

1

55.13

91.42

425
1500
850
200
600

Charcoal

327

328
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4.14C Dates for the Paleolithic Sections in Western Siberia (Continued)
date
Lat.
Site name
Sample no. *
(°E)
(°N)
Layer
(yr BP)

TABLE

Ui

52.93

1

91.50

Layer 2
Layer 2
Layer 2
Layer 2

Novoselovo 13
Layer 3
Afontova Gora 2

55.08
56.00

1

55.20
52.08
52.22

LE-4189
LE-4257
LE-3359
LE-3358

Charcoal
Bone
Bone
Bone

22,000 ± 700
20,900 ± 300
11 , 330 ± 270
15,130 ± 795
14,070 ± 110
14,330 ± 95

LE-3739

Charcoal

20,100 ± 300
17,200 ± 140

GIN-3017

15,200 ± 150
12,110 ± 220
11,700 ± 100
16,540 ± 170
13,690 ± 390
12 ,910 ± 100
12,330 ± 150
12,120 ± 650
10,800 ± 200
12,120 ± 220
15,500 ± 150

LE-2383
LE4255
LE-3019
LE-2135
LE-4251
LE-2133
LE-2149
LE-4252
LE-2378
LE-2300
LE-2299

Charcoal
Bone
Charcoal
Bone
Bone

700
100
200
100

GIN-2102
LE-1456
GIN-2101
LE-1457

Charcoal
Charcoal
Charcoal
Charcoal

300

GIN402

15,460 ± 320

LE-540

Charcoal

14,320 ± 330

LE-469

Charcoal

15,900 ± 250
14,450 ± 150
13,300 ±50

IGAN-104
LE-628
GIN-91
IGAN-102
IGAN-105
IGAN-103
LE-526

Charcoal
Charcoal
Charcoal
Bone
Charcoal
Bone
Charcoal

91.00
92.75

Layer 5
Layer 4
Layer 3
Shlenka
Nizhny Idzhyr
Mayninskaya
Layer B
Layer A-1
Layer A
Layer 5
Layer 4
Layer 4
Layer 3
Layer 3
Layer 2-2
Layer 2-1
Layer 1

22,830 ± 530
19,280 ± 200
17,520 ± 130
16,760 ± 120

92.05

92.33
91.50

Charcoal
Bone
Bone

LE-1984

Bone
Charcoal
Bone
Bone

91.58

Kurtak 3
Pit 1
Pit 1
Pit 2
Pit 2

55.17

Novoselovo 7

55.07

91.00

Kokorevo 4a
Layer 2
Kokorevo 4
Layers 3-5

54.83

90.92

Kokorevo 1
Layer 3
Layer 3
Layer 3
Layer 3
Layer 2
Layer 2
Layer 2

54.83

16,900
14,390
14,600
14,300

54.83

GIN-117
Mo-343
SOAN-3251
SOAN-3075
SOAN-3077

±
±
±
±

90.92
90.92

13,000±500
15,200 ± 200
13,100 ± 500
12,940 ± 270
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TABLE 4.14C Dates for the Paleolithic Sections in Western Siberia (Continued)

Site name
Layer
Oznachennoye
Tashtyik 4

1

Listvenka
Layer 8
Layer 7
Layer 6

Golubaya 1
Layer 3

Lat.
(°N)
53.10

(°E)
91.50

54.70

90.85

55.92

92.33

date
(yr BP)
150
150
12,750
14,750
13,590
13,850

53.00

±
±
±
±

140
250
350
485

IGAN-1078
GIN-6092
IGAN-1079
SOAN-3463

Charcoal

LE-1101d
LE-1101a
LE-1101c
LE-1101b

Charcoal
Bone
Bone

91.50

13,650±180
13,050±90

Kokorevo 2

54.83

90.92

Bolshaya Slizneva
Layer 8
Layer 7
Kokorevo 3
Tashtyik 1, Layer 1
Eleneva Cave, pit
Layer 21
Layer 20
Layer 19
Layer 18
Layers 16-17
Paleolithic
Layer 1
Layer 1
Layer 1
Layer 1
Paleolithic
Layer 2
Novoselovo 6

55.95

92.30

12,980 ± 140
12,900± 150
100
13,540 ± 500

12,930±60
54.83

90.92

140

54.70

90.85

120

55.93

92.30

54.70

no.*

90.85

±90
10,380±85
10,460±95

SOAN-3315
SOAN-3009

11,250 ± 335
12,040 ± 150
10,485 ± 310

SOAN-3255
SOAN-3254
SOAN-3253
SOAN-3252
SOAN-2948

12,050 ± 325
12,040 ± 160
12,085 ± 105
11,430 ± 115

SOAN-3308
SOAN-3309
SOAN-3310

13,665 ±90
500

#Lab codes: SOAN=Institute of Geology and Geophysics; GIN=Geological Institute; RIDDL= Radioisotope
Direct Detection Laboratory, Simon Fraser University (inactive); GX=Geochron Laboratories;
IGAN=Institute of Geography; LE=St. Petersburg; Mo=Institute of Geochemistry, Moscow (inactive).
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INTERLABORATORY COMPARISONS: LESSONS LEARNED
E. M. SCOTT,1 D. D. KARKNESS2 and G. T. COOKS
ABSTRACT. Interlaboratory comparisons have been widely used in analytical chemistry and radiochemistry as an important
part of ongoing quality assurance programs. The 14C community has been no exception in this respect, and in just under 20
years, there have been a number of significant and very extensive interlaboratory trials organized by individual laboratories
and the International Atomic Energy Agency (IAEA) to the benefit of the 14C community (both labs and users) (Otlet et al.
1980; ISG 1982; Scott et aL 1990; Rozanski et aL 1992; Scott et aL 1992; Gulliksen and Scott 1995). The comparisons have
varied widely in terms of sample type and preparation, but all have had as their primary goal the investigation of the comparability of results produced under possibly quite different laboratory protocols. As techniques have been developed and new
labs formed, the reference materials created as a result of the intercomparisons have presented an opportunity for checking
procedures and results. Users have been reassured by the existence of regular comparisons as one sign of the concern that laboratories have to ensure highest quality results, but also confused about how to make use of the results from past exercises in
the interpretation of sets of dates from many laboratories. The laboratories have also learned valuable lessons from participation in such studies. These have included identification of systematic offsets and additional sources of variation and in studies
which have used realistic samples requiring pretreatment, chemical synthesis and counting, it has been possible to identify the
stage at which such problems have arisen and to quantify the relative contributions to the overall variation. In this paper, we
will briefly review the comparisons so far, draw some conclusions from their findings, and make proposals for the future organization of intercomparisons.

INTRODUCTION

The two questions of reliability and reproducibility of routinely acquired 14C dates have been and
continue to be of interest to both providers and users. One of the most direct means of assessing
these properties has been through organized interlaboratory comparisons, of which there are a number of significant examples. We will discuss these in detail later. Such intercomparisons form an
important part of a laboratory quality assurance program, the other components of which include
documented in-house laboratory procedures and the provision of suitable and well-referenced standards or reference materials.

Participation in interlaboratory comparisons has a number of advantages: for an individual laboratory, an opportunity to verify analytical performance, to identify any problems, their source and
magnitude; for new laboratories in particular, such organized intercomparisons provide an invaluable opportunity to test procedures and equipment and for the user, an opportunity to be assured of
the reliability and traceability of the 14C results and to have confidence in the quality of the laboratory. In addition, it provides an independent assessment of interlaboratory variation, which may be
important within any given research project which uses dates from different laboratories.

General Objectives and Design
There are a number of objectives of an interlaboratory comparison. In the first instance, and for the
user and laboratory, it provides direct evidence of the comparability or otherwise of the results from
different laboratories. It requires that a series of test samples be provided to each participating laboratory, and that it should be possible to demonstrate the homogeneity of these samples in terms of the
analyte of interest. One of the main concerns is to describe the pattern of variation and to identify lab-
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2Natural Environment Research Council (NERC) Radiocarbon Laboratory, Scottish Enterprise Technology Park,
East Kilbride, G75 OQF, United Kingdom
3Scottish Universities Research and Reactor Centre (SURRC) Radiocarbon Laboratory, Rankine Avenue, Scottish Enterprise
Technology Park, East Kilbride, G75 OQF, United Kingdom
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oratories producing discrepant results. It is possible to quantify the extent and possible causes of interlaboratory variation, which is often broken down into a systematic component, the bias and the random component, the precision, which will include components of within-test sample and betweenlaboratories variation. It may, if designed appropriately, give an insight into the contributions of the
various dating processes to the overall dating error. Commonly, interlaboratory trials are summarized
by the properties of repeatability and reproducibility. They are defined as follows: repeatability refers
to the variability of results performed in a single laboratory, under as near identical conditions as possible while reproducibility refers to the variation in results under widely varying conditions in different laboratories. In effect, they represent two extremes of variation. Typically, the focus of the trial is
the laboratory and laboratory performance, but in the case of characterization of reference materials,
the trial can also be used to define the qualities of the test specimens. The quality of performance of
an individual laboratory can be assessed and compared with that of other laboratories (evaluation of
relative bias and precision); where a laboratory falls outside performance requirements, remedial
action can be taken. If the laboratories can be divided into two or more (e.g., gas proportional (GPC),
liquid scintillation (LSC) and accelerator mass spectrometry (AMS)) categories, the results can be
compared on a method basis. If the true ages or activities of the test specimens are known, then an
assessment of overall accuracy can be obtained, otherwise the results may be used to produce a consensus value for the material.

Design Issues
There are a number of design issues of a collaborative trial; many relate to the sample material, but
there are also issues concerning the conduct of the trial. These are discussed briefly below.
Sample Material

There are two options in the selection of material. In the first case, all samples are of a single class
of material (e.g., only shell or peat or wood). This limits the generalizability of the results, and so
more commonly for 14C dating at least, the materials used have been representative of routinely
dated material. The activity or age of the test samples should cover the 14C time scale. A key question when using natural samples particularly is the homogeneity of the material, which should be
tested. Obviously, as sample requirements in terms of weight may vary quite widely (through differences in pretreatment procedure, counting and technique), it is necessary that the sample should be
demonstrably homogeneous at the finest level required. This is an important issue as there is an
ever-growing demand for dates from smaller and smaller samples.

The number of samples is balanced between the needs of the statistical analysis of the data and of
course the practical commitments of the participating laboratories. Preferably, numbers of test samples should be greater than four, and there should be replication (with the identity of duplicate pairs
withheld from the participating laboratories). The presence of duplicate samples allows a direct
assessment of a laboratory's repeatability, or the within-lab variation.

Other Issues
Other issues include the anonymity of participating labs, the detail of instruction concerning treatment of the samples and the reporting of results. It is hoped that the test samples from the trial will
be treated routinely by the laboratory, but it is not generally feasible to introduce the samples blindly
to the laboratory. Also, laboratories have typically been given no detailed instructions concerning
method of pretreatment, thus increasing the variation observed, but the results are therefore more
typical. Reporting of results is another important feature of the design of the trial; it must be clearly
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stipulated exactly what is required for each test sample in terms of any corrections applied, the error
quoted, and for old samples, it is particularly important that laboratories should be encouraged to
give the exact results, rather than the more common practice of giving "censored results" (i. e., in the
form of greater than ages). Anonymity is an issue that concerns many users, but it must be recognized that the trial is for the participating laboratories, it represents a snapshot in time and it is likely
that should a lab identify a problem as a result of participation, they will immediately take steps to
remedy it. It is becoming increasingly common for laboratories to refer to their participation in such
intercomparisons in publications of their work. Nevertheless, users may wish to know more and to
consider how the results from an intercomparison affect their dates. The relationship between submitter and laboratory is an important one, founded on trust, but it should be remembered that the
quality of results is not purely determined by the laboratory, but also by the skill and experience of
the submitter who has collected the sample. Therefore the implications of intercomparison performance for a specific project should be jointly assessed by lab and user.

Statistical Analysis
The statistical analysis of the results from an interlaboratory trial can be carried out in a number of
different ways, but always it is driven by the objectives to identify any anomalous observations, to
describe the variation in the results and to characterize the test material. Evaluation of consensus
values is usually done by identification of a set of homogeneous results (i. e., determinations that are
all in agreement given the quoted uncertainties (Wilson and Ward 1981) on which to base the calculations. Summary statistics such as the mean and median are used to define age/activity and then the
overall variation around the mean is broken down into variation between replicates (within lab) and
variation between labs. This latter term will typically also include a systematic component, namely
the bias. The laboratory quoted uncertainties complicates the analysis, and in many cases, the laboratory variability has been expressed as a multiplier of the quoted uncertainties.

Summary of Past Intercomparisons
Otlet et al. (1980)
This study involved a small group of UK laboratories, and made use of benzene as the sole test material, with activities spanning 200% modern to 20 ka BP. The benzene had been prepared by the organizers and undergone considerable pretesting. All results were in close agreement, with no discordant results reported. The organizers thus concluded that results were comparable and there was no
evidence of greater than expected variation. However, the study involved only one material and one
stage of the dating process. The samples are not representative of the routinely dated material. Nonetheless, they could be considered as giving an indication of the minimum level of variation achievable in laboratory results.

International Study Group (1982, 1983)
1\venty laboratories each received a set of 8 tree-ring samples from a short floating chronology
spanning 200-yr growth. The laboratories identified the samples from a tree-ring width. Since the
material was provided without any preparation by the organizers, the samples were hoped to be representative of routinely submitted samples, requiring pretreatment, synthesis and counting. The
results returned all lay in the range 4800-5200 BP, but there was evidence of considerable betweenlaboratory variation, with the span of results for an individual sample being as much as 700 yr. Each
individual sample was summarized by the consensus age (necessary since the true age was not
known), and the analysis proceeded by estimating the bias of a laboratory relative to the consensus
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age. At the same time, the precision of results was also investigated using an error multiplier. Further, it was possible to compare GPC and LSC laboratories, with the conclusion that there appeared
to be a difference in performance (generally there appeared to be an improved performance by GPC
labs).

Considering the components of this trial, there were sufficient test samples (8) and sufficient participation (20 laboratories) to consider that its results could be generalized to the general laboratory
population. However, the test samples were all of a single type, there were no duplicates, and the
timespan was narrow. Nonetheless, it indicated that, under working conditions, comparability of
results was not always achieved and that there was substantial between-laboratory variation at a
scale more than anticipated. The 14C community reacted positively to the conclusions of this study
and undertook a further, more complex study as well as the development of a "code of practice"
(Long and Kahn 1990), which recommended further interlaboratory comparisons.

International Collaborative Study (1990)
This study extended the work undertaken in earlier trials, and introduced a more complex design, to
allow the quantitative assessment of the between-laboratory variation previously reported. The
study had three stages, with different test materials in each stage, but also included known-age material. The study was sequential, since at each stage, an additional procedure was introduced, bringing
an additional contribution to the overall variation. Each stage also included duplicate samples to
allow assessment of within-lab variation and its relation to the quoted uncertainties. The study ran
for 4 years, with over 50 participating laboratories. Results were summarized at an international
workshop (Scott, Long and Kra 1990). Due to its design, the possible analyses of the results were
much more complex and powerful. Three performance indices were defined and used to describe
laboratory performance relating respectively to within- and between-laboratory variation and bias.
Two of the indices were multipliers of the quoted error (internal and external error multiplier), while
the third was the laboratory bias. From the duplicate results, it was concluded that the within-laboratory variation was adequately described by the quoted uncertainties, but that the between-laboratory variation (both systematic and random) was, in many cases, larger than anticipated. One conclusion was that some of the variation observed reflected the difficulties in maintaining suitable and
sufficient laboratory standards and reference materials for calibration, and following this study,
international efforts were made to extend the suite of reference materials available.

IAEA-Reference Materials (Rozanski et a1.1992)
Six new reference materials were distributed in 1990 to over 130 laboratories for characterization.
This study was less concerned with laboratory performance and more with the suitability of the test
materials and their future use. The materials had already undergone homogeneity testing before distribution; they ranged in age from modern to background and included a number of different sample
classes (wood, cellulose, sucrose and carbonate). Results from 69 laboratories were reported. Overall there was generally good agreement in the results, but a number of difficulties were subsequently
identified. Analysis proceeded by identifying a set of results which satisfied a homogeneity criterion
(key issue when using natural samples, and one which must be fully addressed since it may contribute substantially to the overall variation in results) which would then be used to estimate the consensus values. This analysis highlighted problems with some of the reference samples (C-i (Carrera
marble) which showed difficulties with background samples and the problems of contamination)
and C-4 (Kauri wood, where some contamination occurred as a result of the milling process), and in
some cases up to 60% of the original results were excluded from the statistical evaluation. Finally,
the influence of operational factors was explored; these included laboratory type, which was found
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to be insignificant (i.e., there were no significant differences between the lab types), whereas the
effect of modern standard used was found to be of significance.
TIRI (Scott et a1.1992; Gulliksen and Scott 1995)

TIRI (the Third International Radiocarbon Intercomparison) began in 1991, and again involved a
large number of labs (more than 70). One of the features of the design of TIRI was its two-stage
nature (in the second stage, an optional set of materials was available) and the fact that again, all the
test materials were natural. TIRI was designed to provide an independent assessment of laboratory
performance, following the recently completed IAEA study and hence the materials were designed
to test the full laboratory procedure. In the first stage, a series of core samples (6 in total) were distributed to all laboratories. The samples had been broadly classified into age ranges: modern; <1 half
life; between 1 and 2 half-lives; between 2 and 3 half-lives; and >3 half-lives. It included grain
(modern); wood (dendrochronologically dated); cellulose from the IAEA study (providing a link to
the IAEA study); peat; humic acid; and calcite (background). Thus, the samples covered the 14C age
spectrum. Table 1 shows the information about the samples used. The preprocessing of the samples
was strictly limited; in some cases, the samples were homogenized by grinding and mixing, but with
no chemical pretreatment, in others (e.g., humic acid) chemical pretreatment was applied before dispatch. All laboratories received all the core samples. In the second stage, laboratories were able to
select test samples from a list of materials which were of a more specialized nature and which might
be seen as less routine. The optional samples included whalebone, whole peat, wood and travertine.
Some of the samples in the second stage were related to those used in the first stage (peat and humic
samples). A substantial proportion of labs opted to take at least some of the optional samples.

Analysis of TIRI Results
The first step in the analysis of TIRI was to identify anomalous observations, and define consensus
values for the samples. The approach taken here was similar to that in the IAEA study (Rozanski et
al. 1992), i. e., first a robust measure of activity (or age) is evaluated, then results are omitted from
the final calculation if they are more than 2 quoted errors away from the robust measure. Finally, a
weighted average of the results remaining is used as the consensus value.
Table 1 summarizes the consensus values evaluated using this approach for both core and optional
samples. It should be noted that for sample F, the calculations were made more difficult by the fact
that many results were given as greater than values. The consensus values are then used in the next
stage of the analysis, which involves exploring any laboratory bias and evaluating laboratory precision, relative to the consensus values. At this stage, it is also possible to explore whether there are
any differences in the different lab groups (GPC, AMS, LSC).
RESULTS

The pattern of variation (both systematic and random) can be studied by exploring the deviations
which are defined as

deviation = (age - consensus value)/quoted uncertainty on age

.

(1)

Figures 1A-D show plots of the deviations for some participating labs for samples from both stages.
The horizontal lines at ±2 aid the interpretation of such deviations: in the ideal case (no systematic
bias and no variation in excess of quoted uncertainties), the results for a lab should all lie between
these lines. The pattern of observed behavior over the participating laboratories is well represented
in these figures and can be classified into four groups: Group 1, laboratories whose results lie within
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TABLE 1A: Consensus Values

Sample
A: barley mash
B: Belfast pine
C: IAEA cellulose

TIRI Samples
Estimated precision
(1a)
Consensus value
0.0084
116.35 pMC

for Stage

1

4503

6

129.7 pMC

0.08
7

D: Hekla peat

3810

E: Ellanmore humic

11129

12

F: Icelandic doublespar

46750
0.18 pMC

208
0.006

TABLE 1B: Consensus Values

for Stage 2 TIRI Samples
Consensus value

Estimated precision
(10)

G: Fuglaness wood

39784

620

H: Ellanmore whole peat

11152

23

I: Travertine

11060

17

J: Crannog wood

1605

8

K: Turbidite carbonate

18155

34

L: Whalebone

12788

30

1682

15

Sample

M: Icelandic peat

or close to these limits; Group 2, laboratories as in Group 1, but with a single anomalous value;
Group 3, laboratories whose results lie systematically outside the lines; and Group 4, laboratories
whose results are widely scattered.

Figures 2A and 2B show typical graphical summaries of the deviations for two of the samples by
laboratory type. In Figures 1 and 2, it is clear that anomalous values occur; in Figure 1, the anomalous value refers to a single result by a laboratory, while in Figure 2 (anomalous value denoted by *)
it refers to an individual laboratory. These simple diagrams again graphically provide evidence of
variation in results exceeding the quoted uncertainties. Finally, we can summarize the overall performance using a very simple model based on the deviations and which allows us to make use of an
error multiplier and laboratory bias term.
In 14 cases, laboratories were found to have a significant bias; in all other cases (55), no such systematic bias was found. For these 55 laboratories, an error multiplier was then evaluated and Figure
3 shows a histogram of the results. Of the 55 laboratories, 28 had an error multiplier <2, and a significant number of these had a multiplier <1.
The error multiplier is a rather simple tool, which has advantages and disadvantages in its use. Its
main advantage is that it is very simple to use, and relates the observed variation in a direct way to
the quoted uncertainties, but it is difficult to meaningfully interpret, at least from the analyst's perspective, and it is highly sensitive to anomalous observations. It refers to the results as reported and
thus may not be directly generalizable beyond the study to which it refers.
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Deviationsfrom consensus value for core sample B by lab type
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Fig. 2A. Deviations for sample B by lab type
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Fig. 2B. Deviations for sample J by lab type
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Fig. 3. Histogram of error multipliers
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Nevertheless, in TIRI as in the other studies, it points to variation in the results beyond that
described by the quoted uncertainties. TIRI was not intended to explore the sources of the variation
in the results, but it should be noted that at the TIRI workshop (Gulliksen and Scott 1995), there had
been discussion concerning the homogeneity of the test samples, the issues of selection of small
samples for AMS dating and the question of differing measured 14C contents depending on the
chemical fraction dated. It is clear that in any study using natural samples, some part of the extra
variation must be due to the sampling of the bulk material. These issues are ones which will become
increasingly important in future dating exercises.
CONCLUSION

All of the studies cited above have provided valuable information to laboratories and hence to users.
In all cases where natural samples have been used, there has been evidence of additional variation
in the results; only in one case (Otlet et al. 1980), which used artificially prepared samples, was
there no evidence of increased variation. In all studies, anomalous observations have been found,
although there is no evidence that they occur on a frequent basis. The studies have all highlighted
additional variation, with no clear evidence of substantial improvement over the years; in each study
since 1981 significant between-laboratory variation has been identified. Does this mean that 14C laboratories have learned no lessons from their participation? Resoundingly, the answer must be no: by
the nature of the technique (random decay process), by the natural variation of 14C in the environment, it is clear that there will always be variation in the determinations. This cannot be reduced to
zero, but what can be done, however, is to eliminate systematic biases and to ensure that the uncertainties quoted by the laboratories are realistic. As a result, it is clear that such checks as TIRI and
others are and will continue to be necessary and that they must operate in addition to any within-laboratory procedures. Nor is it clear in these studies that the increased availability of an extensive
range of reference materials has presented an immediate solution to the problem of laboratory comparability as might have been hoped. Increasing the scope of reference materials and standards is
important, since by their inclusion, the dating determinations can be better constrained but only if
laboratories make regular use of them in routine operation. Since the 1980s when these large-scale
studies began, there have been significant changes in the mode of operation of many laboratories.
More and more requests are being made for 14C determinations which cannot be classed as strictly
routine. There is still a need for routine dating, where intermittent checks are necessary and which
can be satisfied by materials such as the IAEA reference materials and by programs such as TIRI
which were directed more at large sample dating, but there is clearly also a need for further exploration of comparability and variation at the limits of the technique (very small or very old samples).

There is increasing pressure to date smaller (even to the molecular level) and older samples, and
more conventional laboratories are forming close collaborations with accelerator labs, which has
meant developing in-house techniques for target preparation. Thus, an accelerator lab may have a
number of target preparation labs providing it with targets and presenting new issues of comparability. Perhaps, however, the most significant factor is that as we strive to measure smaller and smaller
samples, the issue of sample homogeneity becomes more and more important-indeed the definition of a sample becomes critical. In some of the studies already completed in which AMS labs have
participated, some evidence of sample inhomogeneity has been reported, which the conventional
laboratories were not able to detect. There are difficulties in taking a representative subsample from
the bulk of material-indeed how do we know it is representative? We do not fully know the potential scale of natural 14C variation in sample matrices.
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Proposals
The time has come for a further exercise, but in essence for the first time, we need to consider dealing with the issues of AMS and conventional dating separately. Continuation of this work is important. The linkage to previous work provides an invaluable continuity (e.g., IAEA and other reference
materials are still available and should be used), but in addition further, new materials should be
sought, including known-age material. For the conventional laboratory, the typical sample requirement might be 5 g C with sample age ranges from 1 to 4 half-lives. However, for the AMS labs, and
those conventional labs where small samples are dated, we need to explore the natural variation in
reportedly single event samples (deposits of charcoal, grain from a single growing season, single
insects from a well-defined stratum). This information is not just important for the laboratory, but is
also of fundamental importance for the sample submitter who must select samples referring to the
event of interest. There are new challenges for 14C dating in continuing to ensure the quality of
results. Such a study is planned for 1998. Its design plans for two distinct experimental arms for
AMS and radiometric laboratories linked by common samples (notably known-age wood). Pretreated and non-pretreated, homogenized samples that are well constrained in age/activity will be
distributed, and for some samples, duplicate analyses will be requested. Analysis of the results will
concentrate on the comparability of results but will also attempt to estimate the components of variation in the results due to sampling, to natural variations in activity when selecting small samples,
and to pretreatment procedures.
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III. GEOPHYSICS AND GEOCHEMISTRY OF 14C
A. Cosmogenic and Terrestrial "C Variations
B. Anthropogenic 14C Variations

SECULAR VARIATION OF 014C DURING THE MEDIEVAL SOLAR MAXIMUM:
A PROGRESS REPORT
P. E. DAMON,' C. J. EASTOE,' M. K. HUGHES, 2 R. M. KALIN, 3 A. LONG'
A. N. PERISTYKH'

and

ABSTRACT. The Earth is within the Contemporaneous Solar Maximum (CSM), analogous to the Medieval
Solar Maximum
(MSM). If this analogy is valid, solar activity will continue to increase well into the 21st century. We
have completed 75 single-ring and 10 double-ring measurements from AD 1065 to AD 1150 to obtain information about solar activity
during this postulated analog to solar activity during the MSM. e14C decreases steadily during the period AD
1065 to AD 1150 but with
cyclical oscillations around the decreasing trend. These oscillations can be successfully modeled by
four cycles. These four
frequencies are 1/52 yr',1/22 yr',1/11 yr', and 1/5.5 yr, i.e., the 4th harmonic of the Suess cycle,
the Hale and Schwabe
cycles and the 2nd harmonic of the Schwabe cycle.

INTRODUCTION

We were motivated to make single-year measurements on cellulose extracted from single-year
tree
rings for the Medieval Solar Maximum (MSM, AD 1100-1250) after reading a paper by Raisbeck et
al. (1990). Their Figures 2 and 3 show that 20th century 10Be concentrations
C10 (10Be a/g) have
decreased to the level observed during the MSM. It is well known that 20th century solar activity has
been increasing and it has been suggested that the MSM may be a good analogy to the Contemporaneous Solar Maximum (CSM) (Jirikowic and Damon 1994). If so, high solar activity may continue into the 21st century. Since starting this project, we have decided to continue single-year measurements to complete the gap between our measurements and the beginning of the Seattle singleyear measurements (AD 1510-1954; Stuiver and Braziunas 1993).

Figure 1 is slightly modified after Raisbeck et al. (1990). The 10Be data
(C10) are from a 127-m ice
core drilled at the South Pole that is relatively free of the extreme meteorological variability experienced in the Arctic. For example, Figure 2 shows the C10 data from Beer et al. (1994) for the Dye 3
core (65.2°N, 43.8°W), Greenland. Lal (1987) and Monaghan (1987) have pointed out that the 10Be
production rate variations during major solar minima such as the Maunder Minima and Sporer Minima are dominated by meteorological factors. Damon, Peristykh and Meese (1997) have shown that
this is also true for the Schwabe and Hale cycle. It should be kept in mind that the accumulation rate
of ice (A) enters into C10, i.e., C10 (a/g) is equal to F10 (a/cm2yr) divided by A:
C10(a/g) =

F10(a/cm2yr)

A(g/cm2 yr)

,

Even if A is known and F10 is calculated, F10 may vary due to more or less 10Be fallout before reaching the site of deposition. According to Lal (1987) the fallout latitudinal effect independently of A
or production rate can lead to a large variability in the latitudinal fallout of stratospheric 10Be. For
example, 90Sr fallout changed from 31% to 10% in going from 70°N to 78°N. There is a remarkable
contrast between the South Pole C10 record, where 10Be is concentrated primarily by direct condensation from the polar troposphere, and the C10 record from Dye 3, where 10Be fallout is subject to the
vicissitudes of a more complex weather system. There is little correspondence between the A14C
record from tree rings and Dye 3 C10.
'Laboratory of Isotope Geochemistry, Department of Geosciences, The University of Arizona, Tucson, Arizona 85721
2Laboratory of Tree-Ring Research, The University of Arizona, Tucson, Arizona 85721
3Department of Civil Engineering, The Queen's University of Belfast, Belfast BT71NN, Northern Ireland
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Notwithstanding the complexity of the meteorological cycle effects on C10 and to a lesser but significant extent on F10, Beer et al. (1990) state, "Despite the short term fluctuations caused by transport
and deposition effects,10Be turns out to be the most promising cosmogenic radioisotope with which
to detect the 11-yr Schwabe cycle." The Be cycle looks simple, as shown in Figure 10 of McHargue
and Damon (1991), but as we have pointed out it is very complex. On the other hand, the carbon
cycle acts as a low-pass filter because the atmosphere contains ca. 110 times the average annual production rate of 14C. Hence, if the production rate is doubled for one year, e14C will increase by only
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An 11-yr cycle will be attenuated by a factor of 58 with reference to the Fourier transform of
the box diffusion model, with an added sedimentary sink added to balance the production rate with
the decay rate (see Figures 1 and 3 of Damon et al. 1983 for Fourier transform). However, the precision of e14C measurement is ±2%o, compared with 40%o to 100%o for 10Be measurements (Beer et
a1.1990). Thus, the fact that the carbon cycle acts as a low-pass filter is compensated by the high
precision obtainable in measuring e14C. Furthermore, the irradiance component of solar activity is
synchronous with the solar wind changes and, because the diffusion rates of atoms and heat into the
mixed layer of the ocean are similar, e14C provides a good measure of total solar activity. For example, the increase in e14C during the Maunder Minimum seems to be a 50/50 result of 1) decreased
irradiance decreasing the transfer of carbon from the troposphere to the mixed layer of the ocean and
2) increased production of 14C with the weakening of the magnetic field embedded in the solar wind
(Damon and Sonett 1991). Consequently, we conclude that despite the low-pass filter effect, 014C
measured from the cellulose of dendrochronologically dated tree rings provides the best measure of
total solar activity, whereas 10Be in Arctic ice may be more useful for interpreting the meteorological record.
9%o.

METHODOLOGY
We are in the process of analyzing annual tree-ring samples for the period of time from AD 1065 to
AD 1250. This period of time encompasses the Medieval Solar Maximum. The dendrochronologi-

cally dated tree-ring samples from the Sequoia National Forest (36°44'N, 118°58'W) were divided
into single-year samples under the supervision of Dr. Ramzi Touchan. This work was done in the
Laboratory of Tree-Ring Research at the University of Arizona.
The cellulose preparation and 14C analysis were carried out in the Laboratory of Isotope Geochemistry. Each cellulose sample was converted to 7 g (8 mL) of pure benzene and counted in a LKB
QuantulusTM spectrometer 10 m underground. Initially, low-K borosilicate vials were used. We now
use 10 mL quartz glass vials made by the University of Waikato, New Zealand. The standard sample
is HOxI. The following counting characteristics were obtained:

Background
Standard
Figure of Merit (S2/B)

Silica

Borosilicate

0.3789 ± 0.0031 cpm
62.7984 ± 0.0469 cpm
10,410

0.9528 ± 0.0245 cpm
67.4776 ± 0.0611 cpm
4,780

The lower count rate for the standard using the "quartz" vials results from the choice of a narrower
counting window. However, this does not significantly contribute to the much lower background.
We have observed one significant increase in background that affected three of the consecutive samples shown in Figure 3 (AD 1147, 1149, 1150) as well as a nonconsecutive set not included in Figure
3. The shift was from 0.3811 ± 0.0038 to 0.4334 ± 0.0037. Appropriate corrections were made.
RESULTS

We have completed consecutive analyses from AD 1065 to 1150. Seventy-five of the analyses are
from single-year tree-ring samples and ten, where insufficient wood was available, are from two-

year samples.
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Table 1 shows a comparison of averages of annual &4C measurements for the nine decades from AD
1065 to AD 1145. It can be seen from Table 1 that the mean difference is -1.0 ± 2.1%o. If we eliminate the AD 1135 decade that deviates by >3a from the mean, the mean difference becomes -0.4 ±
1.3 (Q) %o. These results demonstrate that there is no significant calibration difference or regional
difference between these two sets of data.
TABLE 1. Comparison

Decade ,an
1065
1075
1085
1095
1105
1115
1125
1135
1145

of Decadal A14C, Tucson vs. Seattle

Tucson

Seattle

(%o)

(%o)

-7.6
-6.9
-11.2
-16.5
-17.5
-17.9
-17.9
-20.8
-24.3

D = ('1)

- (S)

-9.1
-7.6
-10.8
-15.5
-17.0
-17.9
-14.8
-15.2
-23.9

as-

= ±2.1(a)
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Figure 3 is a plot of the data from AD 1065 to AD 1150. The record begins with the Oort Minimum
averaging ca. -7% from AD 1065 to AD 1083. Following the Oort Minimum, &4C decreases as solar
activity increases by ca. 10.5%o at AD 1100 and oscillates around -17.5% until AD 1135, after which
e14C decreases 8.1%o to an average of -26.6%o between AD 1141 and 1144. A similar decrease is
evident in the Stuiver and Becker (1993) decadal data. Their data show a decrease of 8.7%o from the
AD 1135 decade to the AD 1145 decade. The decadal data of Stuiver and Becker show that this minimum is not sustained and e14C returns to higher previous values in the AD 1155 decade. During the
Oort Minimum there is a sharp rise in a14C for two years, AD 1077-1078, accompanied by a
decrease in 613C. This may possibly be explained by a decrease in upwelling of 14C-depleted CO2
that occurs along the Pacific Coast of California (Damon et al. 1989; Damon 1995; McCormac et al.
1995; Southon and Baumgartner 1996). The upwelling 14C-depleted CO2 must have b13C heavier
than -7%o to explain the decrease in g13C with increase in A14C. We plan to test this hypothesis.
The dashed line in Figure 4 suggests a steady increase in solar activity with consequent decrease in
014C, but with what appear to be periodic
or quasi-periodic oscillations about the declining trend.
The oscillations are revealed by a Ronsche spline with 95% pass at 22 yr. A cycle of ca. 50 yr is evident, accompanied by variations of higher frequency. Upon removing the linear trend from the raw
data, the DFT in Figure 5 is obtained. The DFT shows a ca. 51-yr peak with high amplitude and
higher frequency peaks close to the Hale and Schwabe cycles with second and fourth harmonics. A
good approximation to the raw signal can be obtained by assuming the presence of four idealized
cycles around the trend curve (Fig. 6). These cycles are 52 yr, 22 yr, 11 yr and 5.5 yr. These represent
the fourth harmonic of the Suess cycle (Damon and Jirikowic 1992), the Hale cycle and the Schwabe
cycle with its second harmonic. The fit to the idealized curve is remarkably good. All but five anomalous data points can be accounted for by measurement errors alone.

0

1080

(

1100

Yeor

1120
(

A.O.

1140

)

_ ±1 a error bars) with linear trend (- - - ). The bold curve
Fig. 4. Measured
is a Ronsche spline with 95% pass at 22 yr.
14C data

348

P. E. Damon et at.

2.0

0.0

0.0

0.1

0.2

0.5

0.4

0.3

Frequency IcycLes/yeorl
Fig. 5. Amplitude of DFT power spectrum after linear detrend

0

v

1080

1100

1120

Year (A.O.

)

1140

Fig. 6. Measured data model by four frequencies (1/52 yr-1,1/22 yr-1,1/11 yr-1 and
2/11 yr-1). Amplitudes of these cycles are obtained by harmonic regression.

Secular Variation of e14C during the MSM

349

CONCLUSION

The following conclusions seem to be warranted by our analysis:
1. There appears to be no calibration or regional difference between the Tucson and Seattle data,

both of which are for tree-ring samples from North American marine west coast localities.
2. Following the Oort Minimum, i 4C declines by ca. 20%o by AD 1150 as solar activity increases.
Adding the effect of the declining geomagnetic dipole moment would add only ca. 0.5%o.
3. The data can be modeled by harmonic regression around a declining linear trend. Only four frequencies are required: 1/52 yr-1,1/22 yr-1,1/11 yr-1 and 2/11 yr-1.Only five of the outlying
data points cannot be explained by the measurement error. The 1/52 yr-1 frequency is the fourth

harmonic of the Suess cycle 1/208 (Damon and Jirikowic 1992).
4. The increased solar activity during the Medieval Solar Maximum is similar to the observed
increase during the Contemporaneous Modern Solar Maximum. If the MSM is a good analog
to the CSM, then the decadal data of Stuiver and Becker (1993) suggest that the CSM may continue into the 21st century.
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SEGMENTS OF ATMOSPHERIC 14C CHANGE AS DERIVED FROM LATE
GLACIAL AND EARLY HOLOCENE FLOATING TREE-RING SERIES
BERND KROMER,1 MARCO SPURK 2 SABINE REMMELE,2 MIKE BARBE7TI3 and
VLADIMIROT')NIELL 04
ABSTRACT. We present results of 14C dating of several tree-ring series from the Late Glacial and Early Holocene, analyzed
at the Heidelberg University radiocarbon laboratory. Although these are floating series, they contribute high-resolution information about the variability of atmospheric 14C during those periods.

INTRODUCTION

At the Heidelberg University Radiocarbon laboratory a number of tree-ring sections and corresponding chronologies have been analyzed, covering intervals in the Late Glacial and the Early
Holocene. These sections are floating, yet due to their annual resolution and the high precision of the
'4C analyses, they provide valuable information on temporal changes in atmospheric 14C
levels. Furthermore, they serve to identify intervals of anomalous 14C calibration patterns.
SITES AND EPISODES STUDIED

Revine Site (14.3-15.1 ka BP)
The quarry near the lakes of Revine (Treviso, Italy) was studied in an interdisciplinary project
between 1972 and 1976 by Casadoro et al. (1976). In the quarry more than 70 Larix sections were
found, of which 13 were used to construct a 304-ring chronology (Corona 1984); below, we call this
chronology Revine 3. TWo wood samples were dated in the Hannover 14C laboratory, confirming the
Late Glacial age of the sequence. In 1994 we became aware of the site, which had been abandoned
by that time. The remaining sections collected by us were analyzed dendrochronologically at the
Hohenheim tree-ring laboratory, resulting in two more chronologies of 219 and 151 rings, respectively, named Revine 1 and Revine 2.

For the Revine chronologies we measured a sequence of 14C dates. Revine 1 and 2 (Table 1) span the
interval 15,150-14,750 BP. From the 14C ages they appear to be coincident. Revine 3 (Table 2) covers the interval of 14,400-14,270 BP. The data of the three chronologies are plotted, in a composite
plot, in Figure 1.
Based on these 14C dates, the Revine Larrx forest grew, and was ultimately buried by loamy deposits,
following the last Glacial maximum. As marine 14C dates place the Heinrich 1 event in the 15 ka BP
range, bridging the interval between the two early chronologies and the younger one with additional
findings should provide precise information on the relative i 14C change in this crucial time period.

Mid- and Late-Allerod sections
The 406-ring mid-Allerod chronology was constructed by the late Bernd Becker. The 14C data
(Table 3 and Fig. 2) show evidence for a ca. 200-yr-long 14C age plateau at 11,550 BP followed by a
rapid decline at younger ages.

1Heidelberg Academy of Sciences, Institute of Environmental Physics, INF 366, D-69120 Heidelberg, Germany
2Institute of Botany, University of Hohenheim 210, D-70593 Stuttgart, Germany
3NWG Macintosh Centre for Quaternary Dating, Madsen Building F09, University of Sydney, NSW 2006, Australia
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of the Revine 1 and 2 Chronologies

TABLE 1.14C dates

Lab code
(Hd-)
17685

Ring interval

Tree

Chronology

14C age
(yr BP)

50

1
1

TABLE 2.14C Dates

Lab code
(Hd-)

±35
±30
±30

50
103
103
103
103
101
101

1

2
2
2
2
2
2

17676
17873
17875
16802
17854
16801

±30
±35

of the Revine 3 Chronology
14C

age
(yr BP)

Ring interval

5-19
20-29
30-39

16494
18690
16640
18700
16646
16645
16666
16509
16743

±30
±30
±30
14,332 ±30
14,401 ±30
14,398 ±25
14,321 ±30
14,272 ±30
14,320 ±30
14,379
14,380
14,483

40-49
50-59
70-79
90-99
110-119
120-129

15200

-

15200

15000

-

15000

14800

14800

'O

.Revine

p .Ravine
.. Revine

14400

1

20

40

60

80

100

120

140

160

14600

-

14400

-

14200

2

3

14200
0

-

180

200

Ring number
Fig. 1.14C dates of the Revine chronologies. Note that the sections are not synchronized dendrochronologically, but are plotted on a common ring scale for convenience.
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3.14C dates of the Mid-Allerd Pine Chronology (trees from the Danube,
Giinz and Isar rivers, southern Germany)
TABLE

Lab code
(Hd-)
12068
12091
9295
12092
12106
12115
12116
12151
13105
12122
12267
16218
12151
16258
16234
16162
16227
16222
16257
16233

Tree

Rings on tree

Pfuhl22
Pfuhl22
Burlafingen Horn 104

Pfuhl22
Pfuhl22
Pfuhl22
Pfuhl22
Pfuhl22

Center ring
chronology

14C

age
BP)

24

31-39
41-44
28-32
61-64

±29
±28

8.6-89

±29

111-114

Freising 676

Pfuhl22
Pfuhl22
Pfuhl26
Pfuhl22
Pfuhl26
Pfuhl26
Pfuhl26
Pfuhl26
Pfuhl26
Pfuhl26
Pfuhl26
0

100

136-139
181-189
113-133
151-159
161-169
200-205
181-189
221-225

±49

241-245

±27

261-265
281-290
301-310
321-330
361-370

±30
±24
±30

200

±26

300

400

11800

11800

11700

11700

11600

11600

11500

11500

11400

11400

a
m

U

11300

11300
0

100

200

300

400

Ring number
Fig. 2.14C dates of the mid-AllerOd chronology

For the end of the Allerod period we have measured four tree sections recovered from quarries in
southern Germany and along the river Po, which are not synchronized dendrochronologically but
cover a common 14C range (Table 4, Fig. 3). They document remarkably constant 14C ages at 11,050
and 10,950 BP, respectively, extending over more than a century. This observation may be important
with respect to the age of the Laacher eruption, as discussed next.
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TABLE 4.14C Sequences of Four Late-Allerod Sections Showing a Remarkably Constant 14C Age at 10,950-11,05014C BP
14C

Lab code
(Hd-)

age
(yr BP)

Ring interval

Avigliana 9 (Dora Riparia River, Torino, Italy)
10,955 ±28
41-44
12588
10,900±30
56-59
12600

71-74
86-89
101-104
116-119
126-129
Breitenthal 6 (Gunz, southern Germany)
12601
12617
12618
12619
12640

1-20
21-40
41-60
71-90

17782
17742
17735
17736

31-50
51-70
71-90
91-110

Worth 152 (Isar River)
17847
17853
17845

0

20

40

60

11,058 ±22
11,013 ±25
11,072 ±22
11,029 ±33
11,103 ±23

1-20
21-40
51-70
71-90

17780

11,045 ±23

11,101±21
11,152±30
11,149 ±21

Burlafingen 61 (Danube, southern Germany)
17364
17373
17357
17358

10,950±32
10,982±38
10,919 ±31
10,980 ±27
10,979±33

11,079 ± 33
11,079±32
11,059 ± 31

80

100

120

140

160

11200

11200

11100

11100

11000

11000

10900

10900

10800

10800
0

20

40

60

80

100

Ring number
Fig. 3.14C dates of the late-A11erOd sections. (Sections plotted as in Fig. 1.)
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Laacher See Eruption
The Laacher See Tephra (LST) is an important late-Allerod time marker for central and northern
Europe. Its 14C age has been determined repeatedly, leading to a range of 11,300-11,000 BP (Hajdas
et al. 1995). We attempted to narrow this range by dating wood sections buried in the tephra close
to the site of the eruption (at a maximum distance of several kilometers). We collected samples of
branches of cherry (Prunuspadus) embedded in the Brohltal tephra ("trass"), and we obtained sections of poplar trees excavated from the tephra at Kruft, close to the Allerod base of the tephra. The
Kruft sections were analyzed dendrochronologically at the Hohenheim laboratory and cut into decadal samples. The (charred) sections had 50-60 rings with bark preserved.

The 14C results are summarized in Table 5. The results clearly show two groups of data: the Brohltal
samples have dates in the 11,225 BP range, whereas the sections of Kruft cluster at 11,060 BP with a
narrow range of <40 yr. The same 14C age range was obtained from wood fragments collected close
to Leipzig, Germany and submitted by A. Hiller, which come from strata immediately above and
below the LST.
Laach Eruption,
Buried Trees and Branches
TABLE 5.

14C

dates of Ring Sections from
14C age

Lab code
(Hd-)

Name

Rings/position

17900
17100
17145
17101

Brohltal 1/4
Brohltal la
Brohltal 3a
Brohlta15b

1-38
ca. 50 rings
ca. 50 rings
ca. 50 rings

±26
±20
±22

Below 1ST
Above LST

±23

17131

Kruft 9
Kruft 9
Kruft 9
Kruft 9
Kruft 8
Kru -16*
Kru -18C*

BP)

1

*Submitted by A. Hiller, Leipzig

We interpret the age difference as a result of the familiar "old wood" problem, i.e., the Brohltal samples may have been dead for several decades before the time of the eruption. If the 11,06014C yr age
range is part of a 14C age plateau as observed above, we may expect to find strongly sloping 14C ages
prior to this range, which would explain the rather wide range of LST 14C ages found in the literature.

Interhemispheric 14C Gradient in the Early Holocene
The atmospheric 14C offset between the Northern and Southern Hemisphere is of considerable interest for atmospheric and ocean circulation studies as well as for isotope constraints on the global carbon cycle (Braziunas, Fung and Stuiver 1995). The interhemispheric 14C offset may have been considerably lower in the past than what is observed today (ca. 40 yr) (Barbetti et a1.1992; Sparks et al.
1995). We attempted to obtain information on the relative change of the north-south 14C offset by
wiggle-matching a floating Tasmanian pine section to the Hohenheim German oak and pine chro-
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nologies. The idea was that the length of the section (457 rings) should be sufficient to wiggle-match
it to the German oak chronology, even with the added degree of freedom caused by a possible variability of the north-south gradient.

The 14C data for the Huon pine (SRT 416) are tabulated in Table 6. For the wiggle-match only a
small window exists, due to the 14C age inversion at the oldest rings of the Huon pine. The placement best matching the overall structure is shown in Figure 4. It is apparent that the result is comof the
patible with an interhemispheric gradient of several decades for most of the common range14C
14C
age
activity, corresponding to the apparent
data sets, yet at the time of peak atmospheric
is
inversion at 10,100 cal BP, the north-south offset seems to have vanished. This conclusion not
affected by the uncertainty in the wiggle-match, as any other placement would still result in identical
14C ages in the two hemispheres for this period.
TABLE 6.14C Series

Lab code
(Hd-)
18300
18341
18177

18876
18877
18890
18896
18928
18929
18983
18992
18964
18884
18991
18959
18988
18672
18697
18677
18680
18695
18839
18833

18696
18636
18342
18227
18229

Ring
start
1

20
30

50
60
70
80
90
100

of the Huon Pine SRT 416
age
end

(yr BP)

20
30
40

32
24
28
25

60
70
80
90
100

±21
±20

110
120
150

±38

110
140
160
210
220
230
240
280
300
310
320
330
340
350
360

170
220
230
240
250
290
310
320
330
340
350
360
370

380
390
400
410
420
430

390
400
410
420
430
440

23

±38
22
18

±25
±21
19
21
19
24
19

±21
21
20
20

±20
±24
19
23
19
21

±22
±21
21

±20

-23.19

Atmospheric 14C Change Derived from Tree-Ring Series

Ring number
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9900

300

9800

400

500

9700

cal BP
Fig. 4.14C series obtained from the floating Huon pine SRT416, compared to the German oak and pine chronologies.
The best match is obtained when ring 1 of SRT416 is set to 10,120 cal BP. The interhemispheric offset seems to vanish
around 10,100 cal BP.

CONCLUSION
14C

series from tree-ring sections, even when floating, can provide high-resolution information
about the variability of the atmospheric 14C level. We hope that these sections, when combined with
other sections in this age range, will ultimately help in the reconstruction of the Late Glacial and
early Holocene 14C pattern.
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THE EFFECT OF A SUCCESSION OF OCEAN VENTILATION CHANGES ON 14C
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ABSTRACT. Using the model of Stocker and Wright (1996), we investigate the effect of a succession of ocean ventilation
changes on the atmospheric concentration of radiocarbon, 01401°, the surface reservoir ages, the top-to-bottom age differences, and the calendar-14C age relationships in different regions of the ocean. The model includes a representation of the
cycling of 14C through the atmosphere, the ocean and the land biosphere. Ocean ventilation changes are triggered by increasing rates of freshwater discharge into the North Atlantic, which are determined according to a simple feedback mechanism
between the melting rates and the climatic state of the North Atlantic region. The results demonstrate that ventilation changes
can cause 0'4C" fluctuations of 25%,, surface reservoir age fluctuations of 100 yr in the Pacific (200 yr in the Atlantic) and
top-to-bottom age variations of 500 yr in the Pacific (1000 yr in the Atlantic). We also show that 14C age estimates based on
marine organisms that live in the near-surface region of the ocean and take up the signal of surface 14C can result in apparent
age reversals if the assumption of a constant reservoir age is made.

INTRODUCTION

High-resolution radiocarbon dating has been recognized as an important tool in the investigation of
climatic change. Its primary use is in the estimation of chronologies for past events, but 14C dates
also contain information on changes in the production rate of atmospheric 14C, the globally integrated ventilation rate of the ocean, atmosphere-ocean exchange rates and land biomass.14C chronologies (Becker, Kromer and Trimborn 1991; Bjorck et a1.1996; Hughen et al. 1998) are particularly suitable for the reconstruction of such changes as they allow us to construct time series of
14Catm in the relevant reservoir. Climate reconstruction
based on dynamic models that include 14C
as a tracer can use this information to provide a quantitative test of the validity of these reconstructions and the assumptions on which they are based (e.g., reservoir ages). In addition, such models
can provide estimates of anomalous variations in 14C age associated with climatic variations.
The purpose of this paper is to estimate the effect of a succession of ocean ventilation changes on
&4Cac", and to show how quantities that are
derived from high-resolution 14C dating can be affected
by such events. The quantities considered are surface reservoir ages, almost always assumed constant in paleoceanographic reconstructions, top-to-bottom age differences and chronologies. It
should be noted that our discussion pertains primarily to marine or lacustrine paleoclimatic archives
that are subject to a reservoir age effect. This problem does not arise in tree rings, since in this case
al4Catm can be accurately reconstructed by taking into account changes of S13C.
High-resolution 14C records contain numerous phases of faster and slower advance of the 14C
"clock" indicating increasing and decreasing atmospheric concentrations of 14C. Part of these fluctuations can be associated with cyclic changes in the production rate of 14C due to changes in the
Earth's magnetic field or cosmic radiation (Damon, Lerman and Long 1978; Stuiver and Braziunas
1993). However, some of these variations are particularly rapid or occur in association with contemporaneous climatic changes recorded in these same archives, suggesting that additional processes
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influence the 14C variations. Recently documented examples include the changes of tree ring width
14C "clock" at
in the German chronology (Bjorck et al. 1996) and a phase of slower increase of the
strong
contemporaneous
a
and
the end of Younger Dryas (YD), and changes of the color scale
marine
14C
the
varied
in
found
"clock" during the beginning of Younger Dryas as
speedup of the
sediments of Cariaco Basin (Hughen et al. 1998). Such results suggest a climatic origin for some
part of these e14Catm fluctuations.

Stocker and Wright (1996) and Mikolajewicz (1998) have investigated the effect of a collapse of the
Atlantic thermohaline circulation on &4Cat' and found fluctuations of up to 30%o and, if extended
changes in the sea ice cover occur, up to 60%o. When the circulation is strongly reduced or shut
down, e14Catm increases because the 14C that is continually produced in the atmosphere is less efficiently taken up by the ocean, and hence a greater fraction of it remains in the atmospheric and bio14C, is
spheric reservoirs. When the circulation resumes, the deep ocean, that is by now depleted in
ventilated again and efficiently takes up the excess 14C from the atmosphere. This leads to a period
of reduced 14C age variation in both the atmosphere and the upper ocean (a so-called age plateau).
Fluctuations of 14Catm as reconstructed by Hughen et al. (1998) during the beginning of YD and by
Bjorck et al. (1996) at the end of YD are consistent with rapid turning off and on of the thermohaline
circulation. The situation, however, appears to be more complicated during the intervening years.
Hughen et al. (1998) found that A14Catm began to decrease soon after the onset of YD. This suggests
that a new ventilation source must have become active during YD; possibilities are intermediate
water formation at mid-latitudes in the North Atlantic or the Southern Ocean. Detailed simulations
of the YD event that reflect such changes have not yet been achieved by dynamic models. Apart
from model shortcomings, we urgently need to know where, when and how much meltwater was
discharged into the ocean during deglaciation (Clark et a!.1996).
METHODS

We use a zonally averaged ocean-atmosphere climate model including a simple representation of the
land biosphere. The ocean component includes a representation of the dynamics (Wright Vreugden-

hil and Hughes 1995) of the thermohaline circulation in three basins (Pacific, Atlantic, Indian) interconnected by a circumpolar Southern Ocean. The atmosphere is represented by a linear energy balance formulation (Stocker, Wright and Mysak 1992) and the biosphere is described by a simple fourbox model (Siegenthaler and Oeschger 1987).14C is included as a tracer that is produced in the
atmosphere and exchanged between all three reservoirs. The production rate is determined from the
14C is held fixed at laCacm = 0%.
steady-state conditions at the end of a run in which atmospheric
14C considered here are
Subsequently, the rate of production is held constant so that the changes in
entirely due to changes of the ventilation rate of the ocean. Stocker and Wright (1996) describe the
model in detail, and the parameter values used here are identical to those used in our earlier study.
In our previous experiments we treated the freshwater flux perturbation as an externally specified
forcing: feedback mechanisms, e.g., between the Northern Hemisphere temperatures and melting
rates, were ignored. Here we consider a crude feedback mechanism defined as follows:

F(t) =

R (t - to),
0,

if FH(32°N) Z 0.1 PW,
otherwise,

where F(t) is the perturbation freshwater flux that we assume to be discharged at 50°N in the Atlantic basin. When the meridional heat flux in the Atlantic, FH, is small or absent (collapsed circulation)
there is no melting, i. e., F(t) = 0. When the Atlantic heat flux at 32°N, FH (32°N), first exceeds 0.1
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PW (1 PW =1015 W) at t = to, melting begins and increases at the constant rate R (in m3s-2) as long
as the heat flux remains above 0.1 PW. This represents the simplest possible feedback mechanism
between a climatic variable simulated by the model and the freshwater perturbation. Although we
cannot give a quantitative justification for this choice, we note that a binge-purge mechanism was
proposed for partly disintegrating ice sheets (MacAyeal 1993a,b) with the effect that ice discharge
rates increase progressively with time. For the present experiments we selectR = 2.4.10m3s 2 =
0.075 Sv ka-1(1 Sv =10m3s'1). Note that the continually increasing rate of input of freshwater
will eventually cause the Atlantic overturning circulation to collapse. At this time, the supply of heat
to the high northern latitudes will be strongly reduced, and melting will be stopped.
It is not immediately clear what the long-term effect of this feedback mechanism on the deep circulation will be; there are several possibilities that might be consistent with the model dynamics. First,
a quasi-steady state could develop in which the freshwater perturbation keeps the overturning circulation fluctuating around small values with meridional heat fluxes on the order of 0.1 PW. A second
possibility is that the circulation might break down completely and a new steady state establish with
little or no Atlantic overturning. In this scenario, the heat flux would never again exceed the critical
value of 0.1 PW and there would be no further melting. The third possibility is that the circulation
might collapse but recover. As the circulation recovers and the heat flux exceeds 0.1 PW, the meltwater input might have little effect until it grows to a critical value at which the circulation collapses
again, and the cycle repeats.
The third possibility discussed above depends critically on the recovery phase, which might, for
example, result from the significant cooling of high northern latitudes that would accompany the
collapse of the overturning circulation, or it might be induced by increased high-latitude surface
salinity after the meltwater input is terminated. In this regard, it should be noted that recovery is
encouraged by the fact that the meltwater input is terminated as soon as the circulation collapses.
This is a significant difference from previous experiments in which the meltwater input was specified independently of the model's climatic state.

Model Response
Figure 1 illustrates a typical model response, which is clearly of the third type. Meltwater input is
initiated at t =1000 ka and increases linearly at the specified rate of 0.075 Sv ka-1. After ca. 2 ka the
Atlantic circulation decreases abruptly (Fig. la), then recovers temporarily and completes its collapse by the time the meltwater input reaches ca. 0.26 Sv. At this point, the meltwater input is
reduced to zero, and soon afterwards the circulation recovers rapidly to maximum strength. Subsequently, the cycle is repeated almost identically. Thus, the model responds with a succession of gradual coolings and abrupt warmings that are strongest in the Northern Hemisphere. The time scale of
the oscillation is determined by R, but the qualitative nature of the variability is not sensitive to the
value of R.
The model atmospheric temperature at 72°N gradually decreases as the meltwater input increases
until the circulation collapses, at which point the temperature decreases abruptly, increases again as
the circulation recovers and then decreases to near zero as the circulation completes its collapse
(Fig. ib). Once the Atlantic thermohaline circulation shuts down and the meridional heat flux drops
below 0.1 PW, the meltwater input stops. A few hundred years later, the circulation resumes again,
resulting in an abrupt warming. It is remarkable that time scales of cooling and warming much like
those seen in Figure lb are found to be a common feature of the Dansgaard/Oeschger cycles found
in marine sediments (Bond et al. 1993) and Greenland ice cores (GRIP 1993). In particular, our
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Fig. 1. (a) Evolution of the maximum overturning in the
North Atlantic as a result of the meltwater flux perturbations
(- - -). When the meltwater flux increases at a rate of 0.075 Sv
ka-1, the weakening of the thermohaline circulation occurs
on the same time scale and is gradual, but punctuated by
some shorter cold events. The maximum meltwater discharge is 0.26 Sv. A few hundred years after the meltwater
discharge is stopped, the thermohaline circulation switches
on abruptly. (b) Evolution of surface air temperature at 72°N
as a result of changing meridional heat flux associated with
the thermohaline circulation. (c) Evolution of e14CAt1°, the atmospheric concentration of 14C. During the codlings A14C>it'
increases by ca. 25%o and then decreases quickly during the
abrupt warnings. The latter decrease leads to age plateaus.

model results suggest that warming events follow times of maximum discharge with a lag, a scenario not unlike that indicated by the paleoclimatic record of Heinrich events.
The abrupt changes in ocean circulation are reflected in associated changes in the content of atmospheric 14C (Fig. ic); the signal is low-pass filtered with respect to high-latitude temperature (Fig.
1b) due to the damping effects of exchanges of 14C between the surface reservoir and both the atmosphere and the deep ocean. e14Cat ' increases during the time of gradual cooling in the North Atlantic and continues to increase after the collapse until the circulation recovers. The maximum increase
of e14Catm is ca. 25%o. The abrupt warming is due to the reinitiation of the overturning circulation,
14C
which also initiates a rapid decrease of i 4Ca' and leads to a period of reduced speed of the
"clock" (a plateau).
RESULTS

We now discuss quantities related to 14C that can be measured in marine paleoclimatic archives. We
select three "coring sites" in the model: 39°N in both Pacific and Atlantic and 60°N in the latter. The
maximum depth across each of these sections is 4000 m, but we assume that the cores are taken at a

local water depth of 2250 m, and we consider time series of surface reservoir ages and top-to-bottom
age differences that would be recorded at these sites.
Figure 2 shows time series of the surface reservoir age at the three "coring sites". It is evident that
these ages do not remain constant but vary by 100-200 yr depending on the location. Reduced deep
ventilation results in higher 14C content of the atmosphere. This signal is rapidly transmitted to the
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Fig. 2. Evolution of the surface reservoir age in the Paciflc at 39°N (a) and the Atlantic at 39°N (b), and 60°N
(c). The age decreases during the cooling because of the
reduced ventilation of the deep ocean. At the time of
abrupt warming, deep waters that are depleted in 14C are
rapidly mixed to the surface, increasing the surface reservoir age in the Pacific and mid-latitude Atlantic. There
is a slight increase of the surface reservoir age in the Atlantic at 60°N during the cooling period. Remote regions
may also be influenced by local convection changes, but
the changes in the North Atlantic are rapidly communicated to all regions through the atmosphere. Note the
scales for the reservoir ages at different locations.

surface waters, lowering the apparent age and consequently speeding up the 14C "clock" during the
adjustment period (Fig. 2a, b). Revitiation of the ventilation increases the surface reservoir ages
again The increase is very rapid in the Atlantic, where the strongest circulation changes occur. At
high latitudes in the Atlantic, this increase occurs already during the cold phase because of the large
changes in the vertical mixing (Fig. 2c). This is consistent with the findings of Bard et al. (1994)
who report an increase of the surface reservoir age during the cooling phase of YD. However, the
increase is much smaller than in earlier experiments (Stocker and Wright 1996: Fig. 13) because
here the maximum increase of &4Cis smaller (cf. standard experiment C2 of Stocker and Wright
(1996)).

Although the Pacific experiences only small circulation changes, Figure 2a shows that the 14C signal
is still substantial there. This is primarily due to the fact that the changes in atmospheric 14C associated with the reduced ventilation are efficiently transmitted to the ocean surface reservoir all around
the globe. This again suggests that YD-type signals, which originate in the North Atlantic, are also
to be expected in remote areas, since they can be efficiently transmitted through the atmosphere
(Stocker and Wright 1996; Mikolajewicz et al. 1997).
The temporal evolution of top-to-bottom age differences is presented in Figure 3. In the Pacific, the
age difference increases by ca. 400 yr during the cooling. Ca. 100 yr can be explained by a decrease
of the surface reservoir age; the rest is due to the cessation of the inflow of younger Atlantic water
into the deep Pacific. The two Atlantic sites exhibit more dramatic variations: age differences
increase by ca. 1000 yr, most of which is due to the aging of the deep Atlantic associated with the
reduced exchange with the surface reservoir when the Atlantic overturning circulation is sluggish
(Fig. 3b, c). It must be noted, however, that this increase during the cooling period, and the subse-
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quent rapid decrease following the warming, happen within a relatively short time interval. Therefore, high-resolution 14C dating (resolution of a century or better) will be required in order to resolve
this signal. Changes in regions away from the North Atlantic occur on somewhat slower time scales
but are significantly reduced in magnitude (Fig. 3a).
Finally, we address the possibility of apparent age reversals. These can occur when the surface reservoir ages increase rapidly at the time of commencement of the circulation. This period is associated with increasing levels of convection that mix up deep waters depleted in 14C. In order to quantify the maximum possible effects, we base our considerations on the phase of rapid commencement
of the circulation in experiment 15 of Stocker and Wright (1996: Fig 12d). This experiment shows
the largest transient changes in e14Cat" (up to +58%o), because of enhanced sea ice cover, and hence

reduced air-sea exchange, during the time of collapsed circulation.
Figure 4 shows three chronologies of 14C age vs. real time, including a climate indicator (North
Atlantic sea surface temperature at 60°N). The atmospheric chronology is most often discussed
because of the absolute time scales provided by tree rings and varved lake and marine sediments.
The model's atmospheric chronology is shown in Figure 4a. A plateau of ca. 290 yr is visible that
straddles the time of rapid climatic warming. If we construct a chronology based on 14C dates of a
marine near-surface core in the Pacific, and assume a constant reservoir age of 670 yr, we obtain a
result similar to the atmospheric chronology. This is as expected from the previous discussion of the
atmospheric influence on the 14C content of the surface reservoir in the Pacific. However, assuming
a constant reservoir age of 430 yr for a marine near-surface core in the Atlantic results in an apparent
age reversal. This age reversal is a direct consequence of the exchange with the 14C-depleted deep
reservoir when convection and the overturning circulation are reinitiated in the North Atlantic.

Ocean Ventilation Changes and 14C
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However, the signal is muted by exchange with the atmosphere, so that the maximum time offset
does not exceed ca. 325 yr, and the time interval of the age reversal lasts for less than 150 yr.
CONCLUSION

Using a dynamic ocean-atmosphere model, including a simple land biosphere and a representation
of the cycling of 14C, we have investigated the effect of a succession of gradual Atlantic circulation
collapses (coolings) and abrupt recoveries (warmings) on the 14C concentration of the atmosphere
and related quantities in the ocean. Such climatic fluctuations are characteristic of the last glacial:
their signatures in ice and sediment cores are commonly referred to as Dansgaard/Oeschger and
Heinrich events.
In the experiments considered here, we found that e14Catm changes by ca. 25%o. If larger parts of the
sea surface become ice-covered this value may increase to ca. 60%o (Stocker and Wright 1996). The
corresponding changes seen in the ocean surface reservoir ages exhibit substantial spatial variation.
Reservoir ages increase by ca. 200 yr in the North Atlantic immediately following the abrupt warming; the response in the Pacific is slightly delayed and less pronounced. Top-to-bottom age differences document the changes in the distribution of 14C most clearly. During the cooling they may
increase by about 1 ka in the Atlantic (400 yr in the Pacific), only to decrease again at the time of
the abrupt warming. Changes are particularly fast in the Atlantic, so that their detection in marine
records would require high temporal resolution. Predicted changes in the Pacific are somewhat less
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abrupt and reduced in amplitude. Finally, we showed that if age estimates are determined under the
assumption that surface reservoir ages are constant, then apparent age reversals may occur in the
marine records coincident with age plateaus in the atmospheric records. These age reversals are
removed if the correct evolution of the surface reservoir age is taken into account.
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THE TUNGUSKA EVENT AS RECORDED IN A TREE TRUNK
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ABSTRACT. A living spruce tree was collected near the explosion center of the Tunguska event that occurred in 1908. We
measured annual ring width and studied anatomical features to reconstruct the possible vegetational changes caused by the
biological aftereffects of the Tunguska explosion. &4C of annual rings from 1908 to 1910 was measured with a Tandetron
accelerator mass spectrometer. The annual ring width decreased rapidly in 1908-1912, drastically increased in 1913, and
decreased gradually thereafter. Traumatic resin ducts were observed in the transition zone between early- and latewood of the
annual ring formed in 1908. We thus reconstruct these vegetational changes in the Tunguska forest: the Tunguska explosion
damaged forest trees severely for ca. 3 yr, releasing rich nutrients from burned plants into the soil, and subsequently the vegetation was stimulated to recover by decreased socio-biological competition and better lighting conditions. 014C values range
from -28.2 to -1.5%o for Tunguska spruce, and from -29.7 to 12.6%o for Hinoki cypress. These fluctuations are within the
ranges presented in Stuiver and Becker (1993), suggesting no evidence of anomalies of cometary origin in carbon isotopic
composition. We found no significant difference between e14C of Tunguska spruce and of Hinoki cypress.

INTRODUCTION

The explosion over Tunguska on 30 June 1908 is the largest such event in recorded history, and is
still incompletely understood. The explosion is estimated to have occurred in the area between the
Podkamennaya and Nizhnyaya Tunguska Rivers, Siberia (60°55'N, 101°57'E). Trees were blown
down over an area with a radius of 30-40 km; felled trees remain there, burned, bent over or
uprooted with their roots pointing toward the center of the explosion in a radial manner due to thermal and blast effects. Since L. A. Kulik's first expedition in 1927, much factual material has been
gathered (see, e.g., Cowan, Alturi and Libby 1965), and various theories of causation advanced:
antimatter, a small black hole and, inevitably, an exploding flying saucer, have all been proposed as
means of liberating tens of megatons of energy in the atmosphere without cratering the Earth's surface (Chyba, Thomas and Zahnle 1993). Vasilyev and Andreev (1984) suggested that if the Tunguska object had a cometary origin, anomalies in isotopic composition can be expected in the vicinity. Lerman, Mook and Vogel (1967) showed that there was no hemispherical increase in the 14C
content of tree rings following the event in 1908, and concluded that the antimatter hypothesis of
Cowan, Alturi and Libby (1965) was highly unlikely. Although it is an ecologically important issue,
the biological aftereffects of the explosion have been the subject of little investigation, apart from
Kolesnikov et al. (1996).
Because trees have definite annual rings produced by photosynthetic growth (except in the tropics),
we can use them to obtain information on past environment. Numerous tree-ring chronologies of
ring widths or carbon isotopes have been developed to give an accurate chronology for calibration
of 14C dates (Stuiver and Becker 1993), or as a means of reconstructing past climate (e.g., Hughes
et al. 1984; Leavitt and Long 1989). We analyzed a tree trunk sample collected near the Tunguska
explosion area to reconstruct the possible vegetational changes in the explosion area by tree-ring
analysis. The e14C of the tree cellulose was also investigated.
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MATERIALS AND METHODS

Tree Samples
A cross-sectional disk was cut out of a living tree, located 7.3 km north-northeast from the explosion
center (60°56'16"N, 101°55'45"E). The sample tree had survived deforestation caused by the explosion. The vegetation of the area is a tundra forest dominated by Picea spp., Pinus spp. and other
minor coniferous or broadleaved species. We identified the species of the sample tree as Picea sp.
(spruce), possibly Picea schrenkiana Fisch et May or an allied species, by the microscopic observation of xylem, comparing its anatomical characteristics with those given in Greguss (1955). The
sample disk had 123 annual rings (ca. 21.7 cm in diameter) in 1992 and had 39 (ca. 8.3 cm in diameter) in the year of the explosion. Annual ring widths of the spruce disk were measured from the pith
to the outermost ring along four radii as orthogonal as possible, one among them pointing toward the
center of the explosion center, with a specially developed tree-ring analysis system. In addition, we
used ten tree rings from 1908-1910 out of three samples of Chamaecyparis obtusa End!. (Hinoki
cypress) comprising the master tree ring chronology (Takeda, Sweda and Yonenobu 1992; Yonenobu 1994).

"C Measurement
Three annual rings formed in AD 1908-1910 were separated with a razor knife to prepare the samples for 14C dating from each of the spruce and cypress samples. Wood samples were sliced with a
sliding microtome (ca. 10 µm in thickness) for each of the annual rings, then washed in distilled
water with supersonic cleaning for 10 min. This thinly sliced wood section was treated four times
with 1.2N NaOH (80°C, 2 h) to eliminate possible contamination by carbonaceous materials. Wood
cellulose was isolated according to a slightly modified Wise method (Fengel and Wegener 1983;
Aoki et al. 1996). Each sample was combusted to CO2 with Cu0 at 900°C for 12 h in a sealed
Vycor® tube. CO2 was cryogenically purified in a recirculating line. Half the total amount of CO2
was analyzed in an isotope-ratio mass spectrometer (Finnigan MATTM 252); the remainder was
reduced to graphite on Fe powder at 650°C according to Kitagawa et al. (1993). The graphitized
samples were analyzed on a Tandetron accelerator mass spectrometer at Nagoya University, Japan
(Nakamura et a1.1985). The measured 13C/12C and 14C/13C ratios were calculated with respect to the
PDB standard.
RESULTS AND DISCUSSION

Ring Width Variation of Tnguska Spruce
Figure 1 shows the variation of ring width indices (RWI) of Tunguska spruce. The radius measured
was pointing toward the explosion center. RWI was computed with respect to the third-order polynomial fitting in order to remove the general trend in the measured ring width. The time-series variation of RWI and microscopic features of the annual rings show the following three patterns:

fluctuation with a 1-2 yr periodicity by 1908, as often observed in growth of juvenile conifers,
with no abnormal evidence in tree growth and anatomical features, except traumatic resin ducts
found in the transition zone between early- and latewood of the 1908 ring;
2. extremely low growth rate during 1909-1912 with normal cell formation;
3. rapid increase of growth in 1913, and subsequently, gradual decrease with compression wood
during 1913-1915.
1.
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Fig. 1. Ring-width indices of Tunguska spruce

Figure 2 shows the SEM photographs of the transverse section of Tunguska spruce for the annual
rings of 1908-1909. The presence of traumatic resin ducts in 1908, a type of cells produced by damage to leaves and roots, is obviously due to the blast and thermal effects of the explosion. The consequent decrease in vital photosynthetic organs contributed to the extremely low growth in 19091912. The compression wood in 1913-1915, toward the explosion center, was produced by water
deficits in the deforested, open vegetation. These results can be interpreted to reconstruct the threestage history of vegetational change given in Table 1.
Reconstructed Vegetational Change in Tunguska Spruce
Period
Vegetational change

TABLE 1.

Through 1907
1908

1909-ca. 1912
ca. 1913 and
later

A14C

A typical coniferous forest grew normally in the subarctic region.
Tunguska event deforested the area. The socio-biological competition
was moderated. Inorganic nutrients contained in plants were released
back to the soil from burned plants.
Vegetation growth was depressed by damage.
Trees recovered their photosynthetic organs. Soil rich in nutrients and
good light environment stimulated vegetation growth to form the current ecosystem.

Variation During 1908-1910

Table 2 shows the experimental results; A14C is also presented in Figure 3. The A14C values range
from -28.2 to -1.5%o for Tunguska spruce, and from -29.7 to 12.6%o for Hinoki cypress. Their fluctuations are within those presented in Stuiver and Becker (1993). Comparing the A14C values of
Tunguska spruce with those of Hinoki cypress, no statistical difference was detected by Student's t-
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test (t = 0.35).Vasilyev and Andreev (1984) noted that if the Tunguska object had a cometary origin,
the anomalies in the isotopic composition can be expected. However, our results indicate that no evidence of icy fragments of a comet nucleus is detectable, considering the variation of atmospheric
14C and the error of measurement.

---

-,

TRW W Art f

Fig. 2. SEM photograph of the transverse section of Thnguska spruce for the annual rings of 1908-1909

TABLE 2.

Results of Isotopic Measurements on Tunguska-Area Trees
Year

814C

Sample

(AD)

(%o)

Tunguska spruce

1908

-16.5 ± 18.9
7.7±5.8

1909
1910

Hinoki cypress #1
Hinoki cypress #2
Hinoki cypress #3

1908

-8.8 ± 3.6
6 . 6 ± 14 . 4
± 11.9

1909
1910

-18.8

1908

-210 ± 19.2

1909
1910

21.3±9.7

1909

-4.6 ± 7.1
20.5 ± 14.7
-8.3 ± 9.6

613c

A14C
(%0)

(`)

-19.06
-20.44
-21.62
-21.26
-21.41
-20.19
-20.56
-20.72
-19.79
-21.48

±
±
±
±
±
±
±
±
±
±

006
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

-28.2
-1.5
-15.5
-0.9
-25.8
-14.2
-29.7

±
±
±
±
±
±
±
12.6 ±
9.9 ±
-15.3 ±

18.6
5.8
3.6
14.3
11.8
7.1
19.0
9.6
14.6
9.5
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ABSTRACT. Samples of >40 pine trees were collected from around the Chernobyl NPP for radiocarbon measurement, to
determine the spatial distribution of excessive 14C in tree rings from 1986 consequent upon accidental radiocarbon release.
Tree samples were collected during 1995-1996 from sites situated at distances >2.5 km from the NPP and covering a variety
of directions in relation to the NPP. To evaluate &4C for 1986 annual rings, we compared 14C levels for separate 1985-1987
annual rings, taking into account the trend of operational releases. Early and late wood samples for 1986 annual tree rings
were measured separately to increase the sensitivity and precision of measurements. The maximum value observed for excessive accidental radiocarbon levels (0140) was found to be 124 pMC (281.6 Bq kg-1 C). We present e14C values for examined
sites; their spatial distribution shows a high irregularity of atmospheric 14C depending on direction from the NPP. Using
obtained data, we reconstruct the temporal behavior of 14C release during the Chernobyl accident with the aid of atmospheric
transport modeling. The total amount of 14C released from 26 April to 5 May 1986 has been estimated as 44 TBq.

INTRODUCTION

Radiocarbon is one of the long-lived radionuclides (T1= 5730 yr) of the Chernobyl NPP accidental
release. It can be used as a relative tracer for reconstruction of radioactive release and spatial distribution of 14C as well as other radionuclides around the Chernobyl NPP.
The main forms of 14C in the Chernobyl accidental release are as gases (C02) and aerosols, mostly
graphite dust. We have paid most of our attention until now to the issue of gaseous releases (Buzinny
et al. 1993a, 1993b, 1995). 14C in tree rings is a prospective tracer useful for a long period after the
accident. We assume that spatial distribution data for excessive 14C can be used for retrospective
reconstruction of level and time variation of accidental gaseous releases. These data are most significant for zones where ordinary modeling could not be used due to local heterogeneity of releases and
fallout.

Radiocarbon accumulation during NPP operation causes significant activity levels in graphite of up

to 2.5 x 105 Bq g-1, which corresponds to 128 TBq in all graphite, Ca. 1800 metric tons (Buzinny et
al. 1992). 14C-containing CO2 diffuses into the air, assimilates with plants and forms the trace corresponding to the cumulative impact of gaseous release. Only tree rings were usable for reconstruct-

ing excess levels and behavior of 14CO2; other samples could not be used due to surface contamination with aerosols and the lack of acceptable sample weight at a variety of sites (Buzinny et al. 1995).
Other samples with potential utility for 14C estimation and aerosol transport modeling are graphite
aerosols that are transferred and deposited on the land surface (e.g., forest litter may serve as an
accumulation system). However, the analysis and interpretation of forest litter is complicated owing
to 14C intake from different sources: pine bark and needles from many different years (including
1986), as well as graphite.

The data obtained for 14C levels may be used for the reconstruction of the temporal behavior of the
radionuclide releases during the initial stage of the Chernobyl accident. Solving the inverse problem
of 14C atmospheric transport leads to a more precise estimation of the radioactivity source characteristics, including the total amount of 14C released as a result of the accident.
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METHODS

Tree samples from 44 trees were collected during 1995-1996 from sites situated at distances >2.5
km from the NPP and covering a variety of directions in relation to the NPP. (At that time, all the
trees at distances of <2.5 km had been cut due to their high level of radioactive contamination.) Our
sampling network covered almost all the territory of the exclusion zone (i.e., the uninhabited region)
surrounding the Chernobyl NPP. Because highly exposed trees have barely defined annual rings for
1986-1989, they could not be dated. (This confirmed our earlier conclusion that it is necessary to
use only trees with well identified rings and to have a sufficient mass of sampling material.)
We provide 14C determinations for tree rings using a modern liquid scintillation counting (LSC)
based method. To maximize sensitivity and precision, we used separate samples of early and late
wood for 1986 annual ring for some of the trees examined (Buzinny et a1.1995) following Olsson
14C caused by the accident was recorded in
and Possnert (1992). We found earlier that excessive

14C concentration for the total annual
early wood of the 1986 ring (Buzinny et a1.1995). In that case,
ring is defined according to the formula
14

C

-

14Cearlymearly +
meanly

14

Clatemlate
+ mlate

(1)

where
14Cear1 , mearly

14Clate, mlate

=14C specific activity and mass for the early wood sample;
=14C specific activity and mass for the late wood sample.

This is especially useful for samples with a small observed value of e14C.

A Soxhlet apparatus was used for sample treatment with ethanol-benzene mixture following Arsla-

nov (1987). Chemical equipment and related technology developed by V. V. Skripkin was used,
combined with LSC measurement based on a Quantulus 1220TH utilizing Teflon® vials with volumes of 7, 3 and 0.8 mL (Buzinny and Skripkin 1995). Sample preparation includes addition of two
scintillation materials, 4 g liter PPO and 0.1 g liter-1 POPOP. Calibration of each LSC vial type
includes quench-curve fitting. Additionally we purify benzene to standardize sample preparation.
We dated annual tree rings for 1985, 1986 and 1987 for each tree analyzed to determine excessive
14C levels. "Excessive 14C level" was defined as specific activity of the 1986 ring exceeding the
average level determined for 1985 and 1987 specific activities.
For calculations of the atmospheric 14C concentration in the 30-km zone around the Chernobyl NPP
during the first 10 days after the Chernobyl accident, we used the mesoscale atmospheric transport
model LEDI (Buikov, Garger and Talerko 1992). Standard meteorological data obtained from radiosounding measurements were used for the atmospheric transport calculations. Meteorological data
included wind velocity and direction, temperature and pressure in a surface layer up to 2000 m.
These data were updated every 6 h. During the first days after the accident, the characteristics of the
14Cradioactive release changed considerably, so we took into account the temporal variations of
release rate and initial height of radioactivity rise along with the temporal changes of meteorological
conditions. (The Gaussian plume models usually used for short-range transport modeling are inapplicable in this case because of the large values for the initial radioactive plume-rise height (up to
1500 m)).
To assess the 14C release intensity in the period from 26 April to 5 May 1986, the inverse problem of
reconstructing the time-dependent source has been solved. For this purpose the 10-day period after
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the accident was divided into short time intervals (usually 1 h) and the nonstationary continuous
release during this period was approximated by a set of instantaneous emissions every hour. Additionally, the time-variability of a height distribution of radioactivity in each of these emissions was
taken into consideration. We assumed in the calculations that each emission consists of a set of "elementary" sources with initial heights of 200, 500, 800,1000 and 1200 m. Using the atmospheric
transport model, we calculated the field of a time-integrated near-ground 14C volume concentration
(Bq sec m'3) within the 30-km zone near Chernobyl NPP formed by each elementary source, and
estimated the additional 14C concentration in vegetation caused by the 1986 accident. The resulting
contamination field was determined as a linear combination of contributions of all elementary
sources distributed in time and in height. The contribution of each elementary source can be determined by minimizing the differences between observed and calculated 14C concentration fields using
a conjugate gradient method (Vakulovski, Shershakov and Golubenkov 1993). This makes it possible
to reconstruct both the intensity of the 14C release as a function of time during period of 26 April to 5
May 1986 and the time-variability of initial height of the accidental release from the reactor.
RESULTS

The use of geographical coordinates allows us to display the sampling network (Table 1, Fig, 1) as
well as the spatial distribution of excessive 14C (Fig. 2). The maximum level determined for specific
activity of a 1986 annual ring for referenced trees was 583 Bq kg'1 C, and the maximum level for
excessive 14C reached 281.6 Bq kg'1 C. It is established that the highest levels of excessive 14C are
observed for directions west-northwest and northeast from the Chernobyl NPP (Fig. 2).
TABLE 1.14C Accidental

Excess in Pine Trees in the Vicinity of the Chernobyl NPP
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Fig. 1. Tree sampling scheme (60 x 60 km) with e14C data (Bq kg-1 C)

The spatial 14C distribution in tree rings for a 30-km zone around the Chernobyl NPP caused by the
radioactive accident, reconstructed using atmospheric transport modeling, is shown in Figure 3.
There are three main traces in the deposition field: the west and northwest trace formed during 26
April, the east-north one was caused by the intensive radioactive release during 27-28 April, and the
south one was caused by the radioactive release during the period from 30 April to 5 May.
Salonen (1987) reports the release rate of 14C for graphite-moderated reactors (RBMK-1000) available at the Chernobyl NPP to be as high as 33000 GBq/GW(e)y. Because the value of average combustion equals 10.9 MW(e) day x kg-1(Buzulukov and Dobrynin 1993) and the period of reactor
operation 570 days, the Chernobyl reactor core inventory for 14C may be estimated as 187 TBq.
The 14C daily release amounts during the first 10 days after the Chernobyl accident are reconstructed
using atmospheric transport modeling (Fig. 4). The temporal variations of 14C release are similar to
the estimates for other volatile radionuclides (Borzilov and Klepikova 1993). The maximum release
intensity was during the first 3 days, then the intensity decreased and the second maximum took
place on 5 May. Despite a decrease in release intensity after 29 April, the calculations of deposition
fields result in the formation of a spot to the south of Chernobyl NPP due to considerable lowering
of effective release height. According to these results, the total 14C release during the Chernobyl
accident is estimated at 44 TBq, i. e., about 24% of the value obtained for the inventory of the reactor
core involved in the accident.
Comparison of the spatial e14C distributions presented in Figures 2 and 3 shows that the calculation
results are in rather good agreement with experimental data, especially for the territory to the south
of the Chernobyl NPP. Results of some new measurements in the north and east-north parts of the

14C in Annual Tree Rings

30

-20

-10

0

10

around the Chernobyl NPP

20

30

X(k n)
Fig. 2. Spatial 014C distribution (Bq kg-') for tree rings in the vicinity of the Chernobyl NPP

-30

-

-20

-10

0
X(km)

10

20

30

Fig. 3. Isopleths of spatial accidental '4C distribution in 30-km zone around the Chernobyl
NPP calculated using atmospheric transport modeling. Contour values are Bq kg-' C.

377

M. Buzinny et at.

378

m 8

m
A

6

r

29

30

Apr Apr Apr App

Ax

Z6

27

28

01

Q2

Q3

04

05

Way Way Wa!l Way Way

06
Wa!l

Fig. 4. Estimates of 14C (C02) daily release (TBq) during the active stage of the Chernobyl accident

region within 30 km of the NPP will improve the results for the north part. This area was contaminated during the time of maximum release rate (26-28 April) and more precise release estimation
for this period is especially important to reconstruct the emission scenario for volatile radionuclides.
CONCLUSION

measurement is a practical method for retrospective reconstruction of accidental releases
and subsequent transport of radioactive gases.
Use of discriminating sample preparation technology (e.g., splitting of early and late wood samples) maximizes the precision of 14C measurements.
14C of accidental origin
Our results show that it is possible to determine amounts of excessive
NPP.
at distances of as much as 30 km from the Chernobyl
Experimental data for e14C assimilated in tree rings are clearly in good agreement with modeled ones.
The time-dependent 14C release rate during the first stage of the Chernobyl accident and the
general structure of the accidental deposition field may be reconstructed using the experimental
data for 14C assimilated in tree rings with the aid of atmospheric transport modeling.
14C

Future complementary measurements would help more accurately define the deposition field map as
14C sampling
well as the value of total 14C release in 1986. We currently provide additional detailed
and dating for a number of villages in the 30-km exclusion zone around the NPP-south: Terekhiv,
Ilovnytsja, Rossokha, Bychky, Zamoshna, Novoselky; south-southeast: Chernobyl, Kupovate, Otashev, Gorodysche, Zeleny Mys; east: Gorodchan, Chapajevka; north: Usiv. These projects facilitate
obtaining detailed and precise data for the spatial distribution of 14C due to the accident. Obviously,
it will be useful to expand sampling to the territory of Belarus (i.e., in the northwest and northeast
directions) to refine our estimates of both spatial distribution and the level and time variation of the
14C release.
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THE PURSUIT OF ISOTOPIC AND MOLECULAR FIRE TRACERS IN THE POLAR
ATMOSPHERE AND CRYOSPHERE'
L.A. CURRIE,2 J. E. DIBB,3 G. A. KLOUDA,2 B. A. BENNER, Jr.,2J. M. CONNY,2
S. R. BIEGALSKI,2 D. B. KLINEDINST,2 D. R. CAHOON4 and N. C. HSUS
ABSTRACT. We present an overview of recent multidisciplinary, multi-institutional efforts to identify and date major
sources of combustion aerosol in the current and paleoatmospheres. The work was stimulated, in part, by an atmospheric particle "sample of opportunity" collected at Summit, Greenland in August 1994, that bore the 14C imprint of biomass burning.
During the summer field seasons of 1995 and 1996, we collected air filter, surface snow and snowpit samples to investigate
chemical and isotopic evidence of combustion particles that had been transported from distant fires. Among the chemical tracers employed for source identification are organic acids, potassium and ammonium ions, and elemental and organic components of carbonaceous particles. Ion chromatography, performed by members of the Climate Change Research Center
(University of New Hampshire), has been especially valuable in indicating periods at Summit that were likely to have been
affected by the long range transport of biomass burning aerosol. Univariate and multivariate patterns of the ion concentrations
in the snow and ice pinpointed surface and snowpit samples for the direct analysis of particulate (soot) carbon and carbon isotopes. The research at NIST is focusing on graphitic and polycyclic aromatic carbon, which serve as almost certain indicators
of fire, and measurements of carbon isotopes, especially 14C, to distinguish fossil and biomass combustion sources.
Complementing the chemical and isotopic record, are direct "visual" (satellite imagery) records and less direct backtrajectory
records, to indicate geographic source regions and transport paths. In this paper we illustrate the unique way in which the synthesis of the chemical, isotopic, satellite and trajectory data enhances our ability to develop the recent history of the formation
and transport of soot deposited in the polar snow and ice.

INTRODUCTION AND BACKGROUND

Objectives
Combustion aerosol ("soot") is of considerable importance in atmospheric and paleoatmospheric
studies because of its potential impact on radiation forcing, especially in connection with large
boreal wildfires, and long range transport in polar regions of both anthropogenic, fossil fuel emissions and biomass burning emissions. Investigations of "Arctic Haze", including the use of wind trajectory analysis and elemental source signatures, showed already a decade ago that major particulate
pollution reaching the pristine Arctic atmosphere in the springtime had its origins in major industrial
regions of Europe and Asia. The fossil character of this material was confirmed by radiocarbon measurements of aerosol collected at Point Barrow, Alaska, where the median percentage of contemporary carbon (27%) was comparable to typical values of soot carbon in U.S. cities (Currie 1992).
The potential impact of boreal fires is far greater.6 Periodic extreme meteorological conditions have
resulted in enormous wildfires in the boreal zone, resulting in large quantities of "black (soot) carbon" that is dispersed through the Arctic region with major potential climate effects in this region of
high albedo. The research we describe focuses on the investigation of current sources, transport, and
1
Contribution of the National Institute of Standards and Technology; not subject to copyright.
2Chemical Science and Technology Laboratory, National Institute of Standards and Technology (NIST), Gaithersburg, Maryland 20899 USA
3Climate Change Research Center, Institute for the Study of Earth, Oceans and Space, Morse Hall, University of New Hampshire, Durham, New Hampshire 03824 USA
4Radiation Science Branch, Atmospheric Sciences Division, NASA Langley Research Center, 21 Langley Blvd., Hampton,
Virginia 23681 USA
SHughes STX, 4400 Forbes Blvd., Lanham, Maryland 20706 USA
6"Boreal' derives from the Greek mythology: Boreas, meaning the north wind. In the geographic context, Boreal originally
referred to the sub-Arctic region including the large belt of coniferous forests extending from New England to Alaska. Current usage includes the large forested regions of northern China, Scandinavia, and Siberia.
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scavenging of soot in the Arctic, specifically at the Greenland Ice Sheet Program GISP-2 site (Summit, Greenland [72.25°N, 36.40°W]). Complementing this work on the current atmosphere, is the
extraction of the recent and paleoatmospheric (soot) records from snow pits and ice cores from the
GISP-2 site. A key point of the work is that study of the current atmosphere, including transfer functions (scavenging), is essential for the interpretation of the paleoatmospheric record in ice cores
(Dibb, Jaffrezo and Legrand 1992).

Fire Tracers: Isotopic and Chemical Products of Incomplete Combustion
Chemical and isotopic products of fossil and biomass combustion can serve as unique and, in certain
cases, quantitative source tracers. Important categories include: 1) trace elements, such as Pb and Mn
(motor vehicle emissions), V (oil burning), K (wood and other biomass burning); 2) gaseous tracers
and products of combustion, such as CH4, CO, HCHO, and volatile organic acids, as well as NHS and
H2O2; and (3) gas and particulate pyrolysis and pyrosynthesis (high temperature) products such as
CO, phenolic compounds, polycyclic aromatic hydrocarbons, and elemental or "graphitic" soot carbon ("black carbon"). The latter two classes of compounds are especially interesting as fire tracers
because of their association with small particles-hence, long range transport-and because of their
chemical inertness. Perhaps the most interesting tracer of all is 14C, as it gives unique and quantitative
apportionment of fossil and biomass carbon. Complementing the bulk chemical tracers are microanalytical imaging and probe techniques that can characterize individual combustion particles.
The literature on combustion particle source apportionment is vast, but useful expositions may be
found in Buffle and van Leeuwen (1992). Prior data on key ionic, molecular and isotopic fire tracers
in the polar atmosphere and cryosphere may be found in Dibb et al. (1996). For snow and ice cores,
special importance is attached to electrical conductivity and ion chromatography data for pinpointing regions (times) of likely biomass burning impacts.
THE UNIQUE EVENT OF 5 AUGUST 1994

Near the end of the 1994 field season at Summit, Greenland, atmospheric gas and ionic (surface
snow) data suggested the arrival of a massive biomass burning event. Subsequent investigations of
major forest fire activity and wind trajectories for that day indicated that wildfire from the Lower
Hudson Bay region was the probable source (Dibb et al. 1996).

Isotopic Characterization of Soot Carbon
14C measurements of
Unusual darkening of an air filter designed for 7Be sampling led to the first
biomass burning soot reaching Summit, Greenland. The carbon isotope served as a direct tracer for
biomass carbon, showing an enhancement by nearly an order of magnitude over background levels,
comparable to that of organic acids and selected ions in the surface snow (Currie et ai. 1996).
Changes in relative amounts of the biomass carbon (aerosol filter) and two ionic fire tracers (surface
snow) during the passage of the plume over Summit are given in Table 1.

Passage of the August 1994 Biomass Plume
carbont
Ammonium*
g-1)
g'1)
(nmol
(nmol
Date
(µg mg'1)
0.22
1.8
4 Aug. 1994
0.70
6.8
5 Aug. 1994
0.19
1.2
6 Aug.1994

TABLE 1.

*Concentrations in surface snow (Dibb et aL1996)
tConcentrations on aerosol filter (Currie et aL 1996)
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Carbon isotopes 14C and 12C-i.e., the carbon mass-were measured also on the bracketing days, 3
and 7 August 1994, at which point the biomass carbon represented ca. 70% of the total. One might
expect that this would represent an approximate upper limit for background aerosol, in the absence
of a fire plume, which is relevant to our further experiments on fossil and biomass carbon in the
snowpits, discussed below.

Meteorology and the View from Space
Measurement of 14C has the advantage of giving direct and quantitative information on fossil/biomass carbon components, unlike the chemical tracers which must rely on indirect inference, especially
those tracers that are non-carbonaceous (Currie et al. 1994). Origins of the fossil/biomass components, however, depend on indirect inference for both classes of tracers. Meteorology, in particular
backtrajectory analysis, is generally used to make the link, but this field is fraught with pitfalls, especially when long-range transport and chemical reactivity are involved (Clark and Cohn 1990).
Satellite imagery has emerged as an extremely powerful complement to the isotopic-chemical and
meteorological tools, and it has provided some very interesting confirmatory evidence in the case of
the August 1994 event. In Figure 1(Color Plate 2, following p. 416), we present images from two
satellite systems, one focusing on the lower Hudson Bay fire source region, the other providing a
telling view of Summit, Greenland -linked by up to 10-day backtrajectories from the receptor site
(Summit). This rather interesting visual link between the source of biomass burning aerosol and its
transport and arrival over Summit is consistent with, but quite independent of the isotopic-chemical
conclusions. It also represents what might be termed a trivariate validation, i. e., the mutual validation, in this particular case, of the backtrajectory model and the high-latitude fire and smoke imagery
of the respective satellites.
More complete information on the formation of the satellite images and the nature of the backtrajectory model is given in references cited below, so only a very brief description will be presented here.
The fire-observing satellite is the NOAA (National Oceanic and Atmospheric Administration)
advanced very high resolution radiometer (AVHRR). It utilizes different channels of long wavelength radiation to produce false color composites distinguishing among smoke plumes (orange),
snow (yellow), low clouds (yellowish-white), water (blue), unburned vegetation (yellow to bluegreen) and burned forest (dark brown to black) (Cahoon et a1.1994; Justice, Kendall and Kaufman
1995; Stocks et al. 1995). The image shown is for 30 July 1994, the date on which the 5 August 1994
trajectory from Summit reached "back" to the region of numerous forest fires.

Backtrajectories were generated using the multiple layer, Hybrid Single-Particle Lagrangian Integrated Trajectories Model (HY-SPLIT) (Draxler 1992). Meteorological input, provided by the
NOAA Air Resources Laboratory, consisted of a grid archive of temperature, pressure, pressure
height, wind speed and humidity parameters at 6-h intervals, with a spatial resolution of ca. 180 km.
The analysis shows that the air mass arriving at Summit on 5 August 1994 passed through the heart
of the fire zone on 30 July, the date of the AVHRR image.
The conclusive piece of evidence derives from the second, UV satellite image. The Total Ozone
Mapping Spectrometer (TOMS) aerosol index was developed to track the long range transport of
absorbing aerosol (mineral dust, combustion aerosol) over both land and water. The index, which is
based on the spectral contrast between 340 nm and 380 nm backscattered radiation, has been used
successfully to track smoke particles from biomass burning in South America, Africa, North America, and Asia (Hsu et al. 1996; Herman et al. 1997). The TOMS image in Figure 1 "closes the cir-
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cle," for it shows a smoke cloud directly over central Greenland on the very day the isotopic-chemical tracers of fire pointed to an intense, biomass burning event.
TRANSFER OF THE ATMOSPHERIC SIGNAL TO THE SNOW

During the 1995 and 1996 field seasons (April-July) at Summit, atmospheric (aerosol) samples
were taken for isotopic and chemical characterization of combustion particles, as well as surface
snow and snow collected in snowpits. The latter were of special interest in connection with the transfer of the biomass burning event of August 1994 to the cryospheric (snow, ice) archives. Because of
the low concentrations generally found in remote locations, such as Summit, extreme care is
required in sampling-to minimize the possibility of contamination. An illustration of the sampling
operation, for the type of measurements reported in part in this paper, is given in Figure 2 (Color
Plate 3, following p. 416). Here, workers, clad in the proverbial "white suits" and employing the
cleanest possible tools and containers, are collecting snow from a shallow pit to obtain a depth profile of ionic concentrations covering a period of a few years.
1\vo sets of surface and pit snow samples were collected in 1995 and 1996. The first set is part of
the ongoing atmospheric science program at the University of New Hampshire, where relatively
small (ca. 30-g) samples were taken with moderately high time resolution: daily triplicates for surface snow and 3 cm vertical resolution for pit snow. (The time interval equivalent of 3 cm depends
on deposition rate and depth (density), but on average, for a shallow pit it is equivalent to approximately one to three weeks. The standard uncertainties estimated from the triplicates are ca. 0.02
nmol g'1 for NH4 and 0.01 nmol g-1 for 504.) The second set of snow samples, designed for trace
organic, microanalytic, and carbon isotopic studies by NIST, was generally smaller in number with
lower time resolution. Our largest snowpit samples from the 1996 field season, for example, had a
depth resolution of 12 cm and a snow mass of ca. 800 g each. Chemical patterns contained in the
higher resolution ion chromatographic record gave hints of various source impacts, and provided
important guidance for sample selection for the more costly trace organic and carbon isotopic analyses. Spikes in ammonium ion and sulfate concentrations are suggestive of sources of biomass and
fossil combustion aerosol. Figure 3 shows these records for the past two seasons, together with the
equivalent time or depth locations selected for the first, exploratory 14C and PAH experiments at
NIST.

Peaks are apparent in both surface and pit samples, with the snowpit sulfate peaks generally out of
phase with those from ammonium ion. We note with interest, however, the apparent correlation
(r=0.92) between the ammonium and sulfate traces in the 1996 surface samples. The figures show
also that the initial NIST samples were chosen to cover selected peak and baseline regions of the
ammonium profile. Besides the two-variate comparison shown here, a multivariate analysis of all
eight ions measured (Na, K, Mg, Ca, Cl, NH4, SO4, NO3) showed strong temporal associations
between only two pairs: Ca-Mg (strongest) and NH4-K, the latter being a presumed indicator of biomass burning aerosol. The major NH4 peaks in the 1995 and 1996 snowpits are especially interesting, for they provide a striking record of the 1994 peak fire season in both pits and the 1995 peak fire
season in the 1996 snowpit.
ISOTOPIC AND TRACE ORGANIC ANALYSIS OF SOOT CARBON IN THE SNOW

Ion profiles shown in Figure 3 were used to develop our sampling plan for carbonaceous particle
analysis. The specific samples taken thus far for analysis are so indicated in the figure. Analytical
techniques employed included: accelerator mass spectrometry (AMS), for 14C; supercritical fluid
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Fig. 3. A. Ammonium (solid line) and sulfate (dashed line) ion chromatography (IC) time series in the freshly deposited surface snow for the 1995 field season at Summit. B. Ammonium and sulfate surface snow data for 1996. IC sampling times
(dates) are indicated on the abscissae in days since the turn of the century, corresponding to calendar dates ranging from 23
April to 9 July for 1995, and 21 May to 21 June for 1996. Surface snow used for carbon (and 14C) analysis was collected on
30 June-5 July 1995 (R21) and 22 June 1996 (R18). Ammonium ion concentrations have been offset by +5 nmol/g (1995) and
+2 nmol/g (1996). C. Ammonium and sulfate ion depth series in the 1995 snowpit. D. Ammonium and sulfate data for the
1996 snowpit. Ammonium ion concentrations have been offset by +2 nmol/g (1995 snowpit) and +3 nmol/g (1996 snowpit).
The ammonium trace shows a distinctive peak for the 1994 fire season in the 1995 pit, and twin peaks for the 1994 and 1995
fire seasons in the 1996 snowpit. Also indicated are the locations (depths) for samples analyzed for 14C and/or PAH (R20
(1995); R17, R19, and R27 (1996)). Note that "A" and "B" samples were combined for 14C analysis.

extraction gas chromatography/mass spectrometry (SFE-GCIMS), for polycyclic aromatic hydrocarbons (PAH); laser microprobe mass spectrometry (LAMMS), for carbon and elemental species at
the individual particle level; and scanning as well as transmission electron microscopy (SEM,
TEM), for morphological and elemental characterization of individual particles from the snow. The
goals of the array of analytical methods are: 1) to characterize and quantify the insoluble combustion
particles in the snow, and 2) to attempt to use the bulk and individual particle fire tracers for the
identification and apportionment of the combustion sources vs. time and meteorology (Currie 1992).
Measurements were extremely difficult because of low concentrations and limited sample sizesespecially the 14C measurements, which may be the first of their kind.
Accompanying papers by Biegalski et al. (1998) and Weissenbok et al. (1998) provide details of
methodology for isolating carbon and LAMMS, and AMS at the microgram level, respectively.
Research involving SEM and TEM is currently underway at NIST (John Kessler, personal commu-
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nication 1997). Results of our exploratory studies of PAH, elemental and organic particulate carbon
(EC, OC), and 14C in insoluble particles are reported below.

Elemental, Organic and Isotopic Carbon
Elemental, or "black" carbon is a fundamental tracer for combustion in atmospheric aerosol. It,
14C analysis on the
therefore, is the prime species for our efforts toward carbon quantification and
insoluble particulate fraction of the snow. Also relevant, and interesting for isotopic analysis, is the
insoluble organic fraction of the particulate material. Data exist for the relative concentrations of
these chemical fractions for a number of combustion sources, as well as for ambient urban, rural,
and remote aerosol samples. Among the remote, and more specifically, Arctic air and snow samples,
the elemental fraction of the particulate carbon typically ranges from roughly 10% to 40% (Cachier
and Pertuisot 1994), not unlike that found in urban studies (Carrie et a1.1983); and the mid-range
for the concentration of elemental carbon in Greenland snow is ca. 5 .tg kg-1 to 10.tg kg-1.

These data serve as a starting point for our estimation of requisite sample sizes, blank control, and
AMS requirements. If we take, for estimation purposes, 25% for the relative abundance and 10 µg
kg-1 for the absolute abundance of elemental particulate carbon, we see that the small (30 g, "high
resolution") samples taken for ion chromatography would be equivalent to ca. 0.3 µg elemental carbon and 0.9 .tg of organic particulate carbon. These are clearly at or below the current limits of contemporary (biomass burning) 14C measurement by AMS (Weissenbok et a1.1998; Klinedinst et al.
1994). Then there is the chemical blank. Using the filtration-isolation and closed-tube two-stage
combustion method as outlined in (Biegalski et a1.1998), we find procedural blanks in the range of
ca. 2 µg carbon. Thus, procedural blanks as well as current AMS capabilities for small samples
mandate the recovery of at least 10 µg carbon, which translates into the processing of ca.1 kg of
snow for adequate chemical (elemental carbon) and radiochemical (14C) data. The requisite mass of
snow would, of course be less for peak carbon concentrations and for organic carbon in the snow;
and greater for the lowest concentrations.

A brief tabulation of data is presented in Table 2. Note that the 14C content, or more specifically the
14C/12C isotope ratio, is expressed as fraction of modern (fM), which is defined in terms of the 14C
dating standard, SRM 4990B (Kra 1986). The relation of fM to contemporary carbon and woodburning (biomass burning) carbon is presented in a glossary in Currie et al. (1989).
TABLE 2.

Carbonaceous Aerosol Data from the 1995 and 1996 Snow Samples

Sample no.t
(depth, cm)
R17A,B (30,102)
R18
R19A,B (8,108)
R20 (48)
R21
R27 (75)

Snow
mass
(g)
1747
820
838
265
83
113

Organic

Total
carbon
(µg)

30
14

133
77
179

0.02

0.02

0.01

0.01

72

0.02

0.04
0.10

have been corrected for the isotopic-chemical blank, as well as the effect of (small) sample size on AMS efficiency
(Klinedinst et al. 1994). Uncertainties in masses are less than one unit in the last digit. Combined standard uncertainties
shown for the fM values are largely governed by the uncertainty in the blank, except for R19 (organic), where Poisson counting statistics makes a comparable contribution. (See the text and Kra (1986) for definition of fM.)
tmree samples were contained in 4-L jars: R17A (jar-7), R17B (jar-13), and R18 (jar-3). All others represented composites
of several (150 mL and 250 mL) bottles. Mid-depths (cm) of the snowpit samples are given in parentheses immediately following the respective sample numbers (see also Fig. 3.)
*fM values
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We see that the elemental particulate carbon fraction is consistent with the literature data previously
mentioned, though the absolute elemental carbon concentrations are rather larger than the midrange
value used above. This is somewhat surprising, and suggests the importance of further measurements as well as a concerted effort to attack the "elemental carbon" measurement problem, perhaps
by a carefully organized international comparison. For the results quoted here, "elemental" carbon
was isolated by the thermal method (Biegalski et al. 1998).

The 14C data, though few in number, are the first such measurements in polar snow/ice research.
They indicate a range of fossil vs. biomass burning impacts, with the upper limit approaching the
fossil/biomass carbon mix seen in the "tails" of the 5 August 1994 atmospheric aerosol plume given
in Table 1. Relation of the 14C content to parallel chemical data cannot be firmly established with so
few samples, but an interesting correlation was seen with the sulfate data given in Figure 3, where
the fraction of modern carbon showed a negative correlation with sulfate concentrations: r = -0.7,
p = 0.04. Such a negative correlation would be expected if the sulfate derived in part from fossil fuel
combustion.

Comparative Results for PA!! and "C
Polycyclic aromatic hydrocarbons were analyzed in parallel snow samples using SFE-GCIMS.
Because of the great sensitivity of this method, somewhat smaller samples were required, vii. 120 g
snow. The isolation procedure consisted of snow sampling, melting and immediately filtering using
prefired quartz fiber filters, as discussed in Biegalski et al. (1998). The 25-mm quartz filters were
then placed in an extraction cell, and extracted with carbon dioxide at 400 atm (40.5 MPa) and
150°C for a 10-min static, and a 10-min dynamic extraction. During the dynamic SFE, the extracts
were transferred to a GC column at -30°C. After the dynamic SEE the column was heated rapidly
to 30°C and then to 310°C at 4°C per minute. Selective ion mass spectral monitoring was applied for
determining PAH-specific ions.
The resulting reconstructed ion chromatograms for the two samples processed are shown in Figure
4; comparative quantitative data are given in Table 3. (The sampling depths in the 1996 Summit
snowpit are indicated in Fig. 3D.) PAH peaks benzo(e)pyrene and benzo(gha)perylene shown in Fig-

Comparative PAH and 14C Data-1996 Snowpit*
Sample R17A
R17B
sample
PAH
(120 g snow)
(120 g snow)
(air filter)
Retene
pg
Benzo(e)pyrene
16 pg
23 pg
Benzo(ghi)perylene
12 pg
18 pg
Retene/
0.50
0.43
benzo(e)pyrene
Benzo(e)pyrene/
1.33
1.28
0.56
benzo(ghi)perylene
laC (1747 snow)
Organic-C
g
(R17A+B)
(R17A+B)
(urban sample)
0.57±0.02
0.59±0.02
0.19±0.01
fM

TABLE 3.

*Snowpit PAH data were derived from 120 g aliquots of samples R17A (jar-7) and R17B (jar-13).
Snowpit 14C data were obtained from the remaining 1747 g of the combined (R17A+B) samples.
Urban data were obtained from portions of an air filter ("Gates: 921208") used in an urban air
pollution study in 1992 (Klinedinst et aL 1997). Relative standard uncertainties for the PAR data
are Ca. 10%.
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Fig. 4. Online supercritical fluid extraction-gas chromatography/mass spectrometry (SFE-GC/MS) of particles from Greenland snow. Samples R17A and R17B are from the 1996 Summit snowpit (see Fig. 3D).

ure 4 may be taken as approximate measures of total combustion PAH and fossil fuel combustion
PAH, respectively (Buffle and van Leeuwen 1992; Currie et a1.1994). Their ratio, therefore, serves
as an index for the relative biomass/fossil contributions to the soot carbon. The comparative sample
labeled "Urban" comes from a recently completed study of fossil/biomass combustion aerosol in a
United States city (Klinedinst, Kenniston and Kiouda 1997). A consistent story evolves from both
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of the biomass/fossil carbon indicators in Table 3, namely the molecular ratio benzo(e)pyrene/
benzo(ghi)perylene, and the isotopic ratio 14C/12C, when we compare the urban soot sample to that
scavenged by the Greenland snow. Further support comes from the ratio of lower molecular weight
PAH to benzo(e)pyrene generally, and the relative abundance of the conifer pyrolysis product
retene. As shown in the table, the ratio (retene/benzo(e)pyrene) in the snowpit samples is about three
times as large as in the urban sample. Thus, for these comparative samples, the relatively greater
biomass carbon fraction in the snowpit soot sample, compared to the urban atmospheric soot sample, gets mutual support from both of the molecular PAH ratios as well as the isotopic (14C/12C) ratio
for biomass and fossil combustion aerosol tracers.
CONCLUSION

A multifaceted study of the origin, transport, and deposition of biomass burning carbonaceous aerosol in the Arctic has been completed. It is unique in two important respects: 1) The study includes
the very first linkage of IR and UV satellite imagery with backtrajectory analysis plus indirect chemical and direct isotopic measures of the biomass contributions to the transported aerosol; 2) the study
includes also the first measurements of 14C soot carbon to be made in polar snow or ice. The "visual"
and meteorological tracking of the biomass burning aerosol to Summit, Greenland served as a
means for mutual validation of both the backtrajectory modeling and the satellite imagery modeling,
and both were consistent with the fire tracer data at the receptor location (Summit, Greenland). The
14C data showed a significant biomass
burning contribution in recent snow cores, consistent with
major biomass burning contributions to the atmospheric aerosol during peak summer fire seasons.
Observations of PAH patterns in the (aerosol) snow core "archives" reinforced the 14C data, reflecting a higher biomass carbon contribution compared to a typical urban aerosol sample. Apparent
anticorrelation of 14C with sulfate in the snow suggested changing impacts of sulfate-related fossil
carbon aerosol. Finally, the research represents a major challenge for elemental carbon and elemental carbon-14C assay, because of the low concentrations in such remote samples. The potential
impact of such research on our knowledge of the history of fossil and biomass burning on the
regional/hemispheric scale is considerable, as is the relationship to climate forcing resulting from
radiation absorption and albedo effects of the black, soot carbon.
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ABSTRACT. Radiocarbon from the Chernobyl accident was released mainly in two forms: fine dispersed reactor graphite,
and carbon dioxide from burning graphite. The CO2 was partly assimilated by annual and perennial vegetation. Reactor
graphite dispersed over a wide territory was taken up biochemically by micromicetes, transforming non-organic carbon of the
reactor graphite into organic matter. Organic matter of micromicetes is the main nutrition product for soil organisms such as
bacteria, worms, larvae of insects, small beetles, etc. The following relatively independent trophic chains are considered:
1. carbon dioxide
leaves, grass insects; 2. graphite micromicetes, protozoa, insects. The 14C content in beetles of different species sampled in the 30-km hot zone of the Chernobyl accident site in 1986-1988 agrees well with the contamination
levels of insect habitats as well as with their biology.

-

INTRODUCTION

The Chernobyl catastrophe in 1986 led to a large release of radiocarbon into the environment. Practically the entire graphite moderator (ca. 1.7 x 106 kg) was thrown out of the reactor limits after the
reactor was destroyed. Table 1 shows the main radionuclide activities. Large fragments of graphite
were lying close by the reactor. Small particles, however, were dispersed in the atmosphere several
kilometers away from the Chernobyl Nuclear Power Plant (ChNPP). At the first stage of the ChNPP
accident the entire 14C content present in the form of a gaseous compound was thrown into the atmosphere. Next, burning of graphite at high temperatures (up to 3000°C) produced CO and C02, which
were transported to the upper atmosphere. Only a small part of CO2 was assimilated by vegetation
(Kovalyukh 1994).14C from the reactor traveled in a radioactive cloud over considerable distances,
and has been found as far away as Sweden and Finland (Salonen 1987). A total of 4 x 1013 to 6 x
1015 Bq of 14C was released into the environment (DOE 1987; Gofman 1994; Kovalyukh et al.
1996). The main form of 14C fallout in the zone of near the NPP was finely dispersed reactor graphite, which had been changed into organic carbon by assimilation via microorganisms. At the same
time, the ecosystem was contaminated this way by 14C.

Radiocarbon Cycle in the Accident Zone
The main factor determining the 14C cycle in the zone of the Chernobyl accident is the "destruction"
of dust-like reactor graphite due to biochemical processes (Fig. 1) combined with the assimilation of
transformed carbon by the ecosystem. Laboratory experiments have shown that during an emergency release, reactor graphite in combination with water is destroyed effectively by various types
of microfungi (Kovalyukh et al. 1994, 1995). As a result, 14C is transformed into organic compounds, bodies of fungi, and into the products of their vital activity such as CH4 and CO2. We investigated the 14C contents in the trophic chain: reactor graphite
organic substance of the soil
insects and plants. The most interesting factor in the accident's region is the release of "Chernobyl"
14C out of this trophic chain. The secretion products of the biological
objects C02, methane and
water-soluble organic substances are assimilated only partly by the plants, and then they rejoin the
cycle. Only a small part of this 14C exchanges from the chain into the global reservoir. The organic
substances of soil, insect larvae, and mature insects yield information on the dynamics of 14C. Lar-
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vae of insects assimilate 14C from a limited local zone, the surface-soil layer, and are the indicators
14C from
for local levels of soil contamination. Adult insects feed from a large area and can adsorb
14C contents of the surface-soil layer, larvae of
a large ecosystem zone (Fig. 1). Correlation of the
14C transmission processes
insects and adult insects as a function of time, yields information on the
14C release velocity
from inorganic into organic form. In addition, we can determine the Chernobyl
from different ecosystems in the accident zone.
TABLE 1.

Radionuclide Composition of Graphite Particles Ejected from ChNPP
Activity of radionuclides (104 Bq g-1)

Sample no.
1

2
3
4

90Sr

3.7
27
96
140

134Cs

137

14C

14
17
100
130

METHODS AND SAMPLE LOCATIONS

The 14C content of the samples was measured by liquid scintillation counting (LSC) in Kiev (soils
and insects, conventional samples), and by accelerator mass spectrometry (AMS) in Groningen
(small samples, insects). The Kiev laboratory applied a new method for samples with a high mineral
content (such as soils): thermodestruction with lithium carbide. This method also enabled us to
select the different carbon fractions from the soil samples and as well as reactor graphite (Skripkin
14C
and Kovalyukh 1994, 1998). For more details, refer to Skripkin and Kovalyukh (1998). The
content of small samples (insects) was measured by the Groningen AMS facility (Gottdang et al.
1995). To avoid possible contamination with "hot material", the samples were not combusted and
graphitized by our standard setup. The insects were cleaned by acid, sealed under vacuum in Pyrex
and heated at 300°C for several hours. The amorphous carbon obtained this way was mixed with silver powder and pressed into the sample holders for the AMS ion source. Sample material was taken
from near the villages of Shepelichi, Krasnitsa and Leljov, located 6 km west, 16 km west-northwest
and 10 km southeast from the Chernobyl site, respectively (Fig. 2).
These sites represent the three standard landscape structures of the Poliesia area. Krasnitsa is located
near the end of the Pripyat River terrace, above the floodplain which gradually turns into a leveled
morainic apron. In place of the former agrolandscape with soddy podsols, there is now a succession
of herbage and grasses with birch and pine subgrowth. Shepelichi is located on the pine forest outskirts, within the pine forest terrace limits consisting of thick sands and sandy loams with soddy and
sandy podsols. Forest litter formation is well developed for this ecosystem. Leljov is located within
the limits of the high sandy floodplain of the Pripyat River. Floodplain soils (soddy, gley and sandy)
are developing under the grain-herbage meadow vegetation. Chemical and biological investigations
show an increasing soil formation process. This is typical for the soils of this floodplain.
For these three sites, we selected soil samples at 0-10 cm intervals, containing the lower and upper
sections of forest litter, grasses, and insects existing there during 1986-1988. The mixed composition of radioactive fallout was evident by the domination of dispersed particles (ca. 75%) near the
sampling sites. These particles represent both products of the destroyed fuel elements, as well as the
graphite cover of the reactor, which accumulated 14C during operation of the ChNPP.

Fig. 1. Schematic depiction of radiocarbon cycle around the Chernobyl NPP
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Fig. 2. Map showing the locations of the sampled areas. The contamination levels are indicated.

RESULTS AND DISCUSSION

We have studied the distribution of 14C from the ChNPP accident at three locations (Fig. 2) in the

"hot zone" during 1986-1988 for the following parts of the ecosystem: soil, litter bottom, litter top,
grasses and insects. The series of insects was measured both in Kiev and Groningen with results
shown in Table 2. The highest 14C activities in the insects were, of course, found in 1986, with pMC
values ranging from 187 (Shepelichi), 162-174 (Leljov) and 124-134 (Krasnitsa). Insects of the
species Ophanus rufipes are the most important for our investigation because their diet consists
mainly of microfungi. Table 3 and Figure 3 show the results, including the other parts of the ecosystem (soil, litter, grass and selected insects).
The 1986 samples were taken in the autumn. The highest 14C activities (250-390 pMC, depending
on the location) are present in the lower part of the litter. This represents the main part of the fallout,
corresponding to the initial phase of the accident (April-May 1986). The time period between accident and sampling is five months. Soil contamination occurred as a result of graphite particles penetrating through the litter. The shedding of leaves and thorns in 1986 formed a new litter layer,
which adsorbed gaseous and dustlike components of the fallout. The 14C content here appears to be
less by a significant amount (ca. 50%). The same is true for the grasses.
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The beetles inhabiting the area were contaminated simultaneously with the litter, soil and grass
(Table 2, Fig. 3). The ecosystem activities for the three investigated sites (Fig. 3) show the dependence on locality. The site closest to the NPP (Shepelichi) indeed shows the highest 14C activity levels. At the site farthest from the NPP (Krasnitsa) the lowest activities are measured, only moderately
enriched in 14C compared to 1986 atmospheric values. For the years 1987 and 1988, the 14C results
obtained from soil, litter and grass show the redistribution among these elements of the ecosystem
as a function of time (Table 3).
TABLE 2.

Radiocarbon Content of Insects from the Chernobyl Accident Zone
14C

Site name

Site no.

Leljov

1

2
3

Krasnitsa

4
5
7
8
9
10
11

12
13
14

15
16
17

Shepelichi

18
19
20

21

22
TABLE 3.

Insect species

content

no.

Amphimallou solstialis
Ophonus rufipes
Nicrophorus vespillo
Nicrophorus vespillo
Staphilinidae
Broscus cephalotes
Ophonus rufipes
Ophonus cephalotes
Ophonus cephalotes
Silpha obscura
Silpha obscura
Amphimallou solstialis
Ophonus rufipes
Silpha obscura
Nicrophorus vespillo
Silpha Obscura

1986
1987
1987
1987
1988
1988
1988
1988

Ophonus rufipes
Corabus coriace
Geotrupes stercorosus
Corabus arceusis
Geotrupes stercorosus

1988
1988
1988
1988

1986
1986
1986
1986
1986

1986

Radiocarbon Content (in pMC) in the Chernobyl Accident Zone
Soil
Bottom litter
litter

Year, site
1986

Shepelichi
Leljov
Krasnitsa

217.1
205.4
180.7

392.3
320
249.6

233.2

301.4

142.8
182.8

194
191.8

239.4

272.6

140.6

188.5

177.3

182.6

1987

Shepelichi
Leljov
Krasnitsa
1988

Shepelichi
Lelj ov
Krasnitsa

123.8

120.3

120.7
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Fig. 3. Radiocarbon content in the "soil-litter-grass-insects" system in the Chernobyl accident zone (fall 1986)

CONCLUSION

We have investigated 14C released by the 1986 Chernobyl accident in the "hot zone" ecosystem, by

measuring soil, litter, grass and insects at three selected sites. Cumulative 14C accumulation occurred
in the soddy podsols of the forest (Shepelichi site) while the activity in other materials diminished.
Redistribution of 14C in the old-arable successional system (Krasnitsa site) is not large. The floodplain (Leljov site) shows a decreasing 14C activity in all samples. The most convenient study objects
for the ecosystem contamination are the insects Ophonus rufipes, since microfungi are part of their
diet. These microfungi assimilate reactor graphite. The levels of 14C contamination of connected ecosystems form a basis for radiochemical monitoring of trophic chains and can be used for forecasting
rehabilitation processes of contaminated areas. The present and necessary future investigations make
it possible to understand the distribution dynamics of 14C in the natural environment.
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TWO DECADES OF ENVIRONMENTAL ISOTOPE RECORDS IN CROATIA:
RECONSTRUCTION OF THE PAST AND PREDICTION OF FUTURE LEVELS
INES KRAJCAR-BRONK NADA HORVATINGK and BOGOMIL OBELIC

Ruder Bokovi6 Institute, P.O. Box 1016,10001 Zagreb, Croatia
ABSTRACT. A two-decade-long record of environmental isotopes (H, 3H,14C,180) in Croatia is presented and the data are
statistically analyzed. The atmospheric 14C activity for the period before the actual measurements started is reconstructed by
measuring tree rings from the clean-air sites, and the past tritium activity in precipitation is estimated by the correlation of our
data with the Vienna station record. The long-term 3H record helped to determine a locally contaminated sampling site, and
new clean sites are put into operation. The 14C data were fitted by an analytical function and the prediction of future levels is
given assuming that the rate of the 14C releases remains constant. From the long-term stable isotope data record, the local
meteoric water line and the temperature gradient of 6180 in precipitation are determined.

INTRODUCTION

Monitoring of environmental levels of radioactive (14C, 3H) and stable isotopes H, 13C, 180) in the
atmosphere and biosphere started about four decades ago, approximately at the same time as the significant anthropogenic disturbance of natural distributions of radiocarbon and tritium occurred. In
the Radiocarbon and Tritium Laboratory of the Ruder Bokovi6 Institute in Zagreb (Croatia) measurements of atmospheric 3H and 14C have been performed since 1976 and 1978, respectively. A few
years later, the lab also started monitoring stable isotopes (2H and 180) in precipitation samples in
cooperation with the Joef Stefan Institute in Ljubljana, Slovenia. These two stations have been continuously active since then, as shown in Table 1.
The disturbances of natural distributions of 3H and 14C made these isotopes very important tracers
in, e.g., environmental, climatological and hydrological studies. A global network for 2H, 3H and
180 isotopes in monthly precipitation was organized by the International
Atomic Energy Agency
(IAEA) and the World Meteorological Organization (WMO). The results have been regularly published by the IAEA (1969,1970,1971,1973,1975,1979,1983,1986,1990,1994). The data from
Ca. 200 stations from around the world consist of tritium concentration and stable isotope (2H,180)
content of monthly precipitation samples, and also relevant meteorological data: amount and type of
precipitation, mean monthly surface air temperature and humidity. All available data from the network were recently analyzed by Roanski et al. (1991,1993). Several representative stations with
different climatic conditions demonstrated temporal and spatial variations of isotope distributions.
The importance of long-term stable isotope records for climatic studies is pointed out (Ro±anski et
a1.1993), as well as the importance of 3H monitoring because of the increasing input from anthropogenic sources (Roanski et al. 1991).

The 3H and stable isotope data measured at the Zagreb and Ljubljana stations have been regularly
published since 1976 and 1981, respectively (IAEA 1983, 1986, 1990, 1994). In addition to these
two sites, several other sampling sites have been included in the monitoring, as shown in Table 1.
All the sampling stations, except Rijeka (Fig. 1) have a continental climate. The nearest continental
station of the IAEA network is Vienna-Hohe Varte, and our results are compared mostly with data
from that station. The Rijeka station has a Mediterranean climate, and the 3H activity in Rijeka precipitation is compared to that in Genoa (Italy), which is the closest Mediterranean station.

Natural distribution of atmospheric 14C was disturbed during the early 1960s due to the release of
bomb-produced 14C into the atmosphere. The new global distribution can be further locally affected
by various nuclear facilities (nuclear power plants (NPPs), medical and research institutions that use
Proceedings of the 16th International '4C Conference, edited by W. G. Mook and J. van der Plicht
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labeled material) or by intensive combustion of fossil fuels in metropolitan or industrial areas. While
the first type of 14C sources tends to increase the local '4C activity, the latter source (fossil fuel contribution) tends to decrease the local 14C activity (the Suess effect) and is therefore considered as a
"sink" of atmospheric 14C.

Sampling sites for environmental samples: geographical position, monitored isotopes, and the period when the sites have been active. Sampling site identification symbols
are given in brackets and are as in Figure 1.
Active sampling
Altitude
Location and
(m
as!)
Coordinates
site name
1976
3H,180,14C
165
45°49' N
Zagreb-RBI (R)
15°58' E
1996
3H, 180
158
45°48' N
Zagreb-Grid (G)
15°57' E
1995
3H,180,14C
988
45°55' N
Puntijarka (Pn)
15°57' E
Mt. Medvednica
14C
536
44°50' N
Plitvice (3)
15°35' E
-20
N
45°20'
Rijeka (4)
14°30' E
1981
3H, 180
299
46°04' N
Ljubljana (2)
14°31' E
-180
45°55' N
Libna (L)
15 °31' E
1.5 km from NPPK*
-170
45°50' N
Dobova (D)
12 km E from NPPK 15°40' E
TABLE 1.

Pesje (P)
3 km E from NPPK

45°54' N
15 °35' E

-160

-200
45°54' N
Bistra (B)
34 km E from NPPK 15°50' E
*RBI=Ruder Bokovi Institute; NPPK= Krko NPP
For atmospheric 14C, no such large global network, such as that for isotopes in precipitation has been
established. Several stations in Germany (Levin et a1.1980, 1992, 1995; Levin and Kromer 1997;
Segl et al. 1983), Canada (McNeely 1994), Norway and the Netherlands (Meijer et a1.1994) have
long records of "CO2 activity. The University of Heidelberg organized a network of seven stations
distributed world-wide between 82°N and 71°S (Levin et al. 1992, Levin and Kromer 1997) for
monitoring of atmospheric CO2 in the troposphere. In addition, isotopic composition of carbon in
atmospheric CO2 has been measured for more than a decade in Krakow, Poland (Kuc and Zimnoch
1998) and in Sweden (Olsson 1989).
Partial presentation of our data can be found in previous papers (Horvatinie et al. 1986, 1992,
1996a, 1996b; Krajcar Bronie et a!. 1986,1992; Obelie et a1.1986,1987,1992; Kozak et a1.1989).
We present here the complete isotope data record (2H, 3H,14C,180) of atmospheric samples measured during the last two decades in our laboratory. Our statistical analysis of the stable isotope and
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3H data in precipitation is compared with the analysis of Ro±anski et al. (1991, 1993).14C activity
of atmospheric CO2 is compared with other atmospheric measurements (Levin et al. 1995; Levin

and Kromer 1997; McNeely 1994; Meijer et al. 1994).

Fig. 1. Sites for environmental samples in Croatia and Slovenia. 1. Zagreb; 2. Ljubljana; 3. Plitvice; 4. Rijeka. Lower left corner: the European stations, near our sampling sites. 5. Vienna (Austria); 6. Genoa (Italy); 7. Mt. Matra (Hungary). Lower
right corner: locations in the city of Zagreb, at Mt. Medvednica, and around the Krko NPP. K=NPPK; L= Libna; P=Pesje;
D=Dobova; B=Bistra; Pn=Puntijarka, G=Zagreb-Grid; R=Zagreb-RBI.

Sample Preparation and Measurement Methods
Experimental methods of sample collection, preparation and measurement used in our laboratory
have been previously discussed in detail (Horvatini 1980; Horvatinie et al. 1986, 1989, 1990;
Obelie et al. 1986). We describe here only the most important details.
Organic samples for 14C activity measurement are chemically pretreated by the HC1-NaOH-HC1 (or
A-B-A) method (Srdo et a1.1971; Krajcar Bronie et aL 1995) and then combusted in a stream of
purified oxygen. The preparation of cellulose from separated tree rings has been described in detail

402

I. Krajcar-Bronie, N. HorvatinYie and B. Obelid

by Obeli6 et al. (1992), Kozak and Rank (1981) and Kozak et al. (1989). Samples of atmospheric
CO2 are collected by exposing ca. 100 mL of saturated carbonate-free sodium hydroxide solution in
a tray protected by a wire-mesh to the open atmosphere. The exposure time is typically one month.
The absorbed CO2 is released in the laboratory by dissolving the sodium carbonate in diluted HCI.
The CO2 obtained either by combustion of organic samples or by dissolution of carbonates by HCl
is then catalytically converted to CH4 by hydrogenation over a Ru catalyst. Purified methane is used
as a filling gas in a proportional counter for 14C activity measurement. For 3H measurements, a wallless proportional counter filled with methane is used. Water samples are converted to methane by
reaction with aluminum carbide at 150°C (Horvatinit 1980).

Air moisture (atmospheric water vapor) has been sampled regularly since 1988, although some
occasional samplings were done before that time. All the samples of atmospheric moisture at the
Institute and in the various places in the city are collected by absorption of air moisture on silicagel
in a flow mode (Horvatini6 et al. 1989; Bistrovie et a1.1994). Evaporation and isotope-exchange
with 3H-free water is used for regular checks of laboratory air, while the method of freezing out of
the water vapor on Al plates cooled with liquid nitrogen is used for fast (immediate) sampling when
necessary. Comparison of different sampling methods gives satisfactory agreement, taking into
account different time periods needed for the sample collection.
Stable isotopes 180 and 2H in water samples are measured by the mass spectrometer MAT 250 at the
Jo of Stefan Institute in Ljubljana (Slovenia). Water samples for 62H determination are reduced to
180 measurement, water samples are equilibrated with CO2
H2 by passing over hot Zn, whereas for
gas of known isotopic composition.

Our laboratory participated in several intercomparison studies for both 14C and 3H isotopes (Scott et
a1.1990,1992; Ro±anski et al. 1992). The results of 14C intercomparisons have been discussed in
Horvatini et al. (1990) and Krajcar Bronie et al. (1995). The agreement between our results and
the median values reported for each intercomparison sample was very good. Intercomparison of 3H
activities in water samples, organized by the IAEA in 1986 and 1994, also showed good agreement
between our results and the median values (Hut 1986).
The results of isotope content are reported throughout the paper in the following units.
14C as 014C (in %o)

deviation from the standard sample, 95% activity of the NBS Oxalic acid (I)
(Stuiver and Polach 1977),
3H activity in Bq L-1, which is related to the commonly used TU (3H unit) as 1 TU = 0.118
Bq L-1,
Stable isotope content is expressed in 8-notation, as relative deviation from the isotope content
of the standard SMOW (standard mean ocean water) sample.
RESULTS

Radiocarbon
Our monitoring of

14C includes

three different types of sites (Table 1, Fig. 1):

1. Sites far from large cities and nuclear power facilities, which are supposed to reflect only the

the

so-called "clean-air" sites (Plitvice,
global disturbance of the atmospheric 14C activity
Puntijarka). After 1990, the "clean-air" site at Plitvice was not reachable, hence we started our
monitoring at the Puntijarka station, on Mt. Medvednica near Zagreb. The station is 15 km from
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the city of Zagreb and 988 m above sea level (asl), and prevailing winds blow from Puntijarka
to Zagreb.
2. A densely populated industrial center (Zagreb), where the Suess effect may be expected. However, there are also large research and medical institutions that use radioactive-labeled material,
and some local contamination may be observed.
3. Several locations around the Krko NPP, which is situated 37 km northwest of Zagreb in the
Republic of Slovenia. Libna is the closest monitoring station, only 1.5 km from the plant
smokestack. Other sampling sites (Pesje, Dobova, Bistra) were chosen according to their geography and the prevailing weather conditions.
We monitored 14C in the biosphere through atmospheric C02, or by annual or short-lived plants (sea-

sonal fruits or vegetable, grass) and leaves. All these materials closely monitor the atmospheric 14C
concentration (Levin et al. 1980; Otlet et al. 1992). We collected organic material and atmospheric
CO2 at "clean-air" sites Plitvice and Puntijarka (Table 1, Fig. 1), and at various sites in the vicinity of
the Krko NPP, while in the vicinity of Zagreb, only atmospheric CO2 samples were collected. We
also measured 14C activity in tree rings from "clean-air" sites Plitvice and Matra, and from the vicinity of the NPP. The results obtained around the Krko NPP were discussed extensively by Obeli6 et
al. (1986,1987).
In Figure 2, we present the measured 14C activity in short-lived plants collected at the Plitvice site
and in atmospheric CO2 at the Zagreb-RBI site for the period 1979-1996. For comparison, we also
show 14C activity in rings (1979-1983) of a linden tree that was felled at the Libna station. A continuous decrease in the 14C activity at all three sites is evident. Segl et al. (1983) determined for the
period 1976-1982 an average decrease in e14C of 20%o per year for "clean-air" continental stations.
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Fig. 2.014C values in monthly samples of atmospheric CO2 collected at Zagreb-RBI and in some short-lived plants
collected at the Plitvice site 1979-1996.140 activities taken from rings from the linden tree (Libna station) are also
shown. The broken line connecting subsequent data points (Zagreb-RBI, C02) indicates seasonal changes in
C.
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The decrease of -22%o per year is obtained for the period 1979-1983 from our tree-ring data (Fig.
2). However, in recent years, the yearly decrease in e14C is lower: for the period 1984-1996 the
a14C data measured at the Zagreb-RBI station show a decrease of 12%o per year, and the data measured at Plitvice in the period 1979-1990 a decrease of 10.6%o per year. Similarly, Levin et al.
(1992) report a decrease of 14.1%o and 9.7%o per year for the periods 1983-1985 and 1985-1989,
respectively, at the Schauinsland station.
As Figure 2 shows, seasonal fluctuations in atmospheric 014C are superposed to the mean yearly
values: the highest 14C activity is measured during summer, and the lowest in winter (see also Fig.
3). The analysis of the deviations of the monthly values from the mean yearly &4C for four full-year
cycles (1986,1994-1996) shows that the averaged maximal deviations are observed in May (41%o
above the mean e14C) and in December (40%o below the mean yearly e14C), giving average yearly
peak-to-peak variations of 81%o. Seasonal peak-to-peak variations at the "clean-air" site Shauinsland were determined to be 40%o (Segl et a1.1983), while the seasonal peak-to-peak variations at
the Krakow site, which is influenced by the fossil-fuel carbon, were 56%o (Kuc and Zimnoch 1998).
Thus, higher variation in Zagreb indicate greater influence of the fossil-fuel carbon (i.e., the stronger
Suess effect) during the winter months. In Figure 3, we compare e14C values measured in the city
of Zagreb (Zagreb-RBI site) with those measured at the clean-air site Puntijarka during 1995 and
1996. In the colder time of the year, the e14C values in the city of Zagreb are much lower than at
Puntijarka, confirming the conclusion derived from the comparison with the Schauinsland data. The
mean yearly e14C values in Zagreb (81%o, 88%o and 56%o for 1994, 1995 and 1996, respectively) are
lower than those measured at Schauinsland (117%o, 111% and 102%o, respectively; Levin and
Kromer 1997) or in Krakow (120-125%o; Kuc and Zimnoch 1998) for the same period. Even the
mean L14C at Puntijarka (82.4%o for 1996) is lower than the above-mentioned values, although this
site does not seem to be influenced by fossil-fuel carbon.
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Fig. 3. Comparison of the &4C values in the city of Zagreb and at the clean-air station Puntijarka for 1995-1996
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A detailed inspection of the atmospheric

14C activity around the
Krko NPP results in slight differences among various sampling sites. The average e14C values in atmospheric CO2 measured for the
period 1984-1986 at stations Zagreb, Dobova and Bistra (Fig. 1) were (208 12)%o, (207 11)%o and
(216 9)%o, respectively. The differences between these sites are not significant, according to the
given uncertainties. Only the samples from Libna station, closest to the Krko NPP, gave somewhat
higher mean &4C values, (230 f 19)%o for 1984 and (216 20)%o for 1985, than those taken at the
above-mentioned locations. The highest increase was observed in July 1984 (A'4C = 270%o) and coincided with the yearly exchange of one-third of the fuel elements in the reactor core. For 1984 a mean
14C excess of 22%o above
the "clean air" level was measured at the Libna station (Obeie et al. 1986).

t

t

t

t

The 14C activity of tree rings from Plitvice and Mt. Matra, Hungary, is used to reconstruct the atmospheric 14C activity for the period 1950-1986. The results are presented in Figure 4 and are compared
with the long-term measurements of atmospheric CO2 (from Germany, Canada, the Netherlands), as
well as with the mean A14C values for atmospheric CO2 at the Zagreb-RBI station. The two sets of
e14C values in tree rings agree well with the mean yearly A14C for atmospheric CO2 at the Schauinsland station. All the curves follow each other very well; all give a maximal 14C atmospheric activity
in 1963-1964 of-900%o, and show a discontinuity in decrease in 1971-1972. However, e14C values
in Canada (McNeely 1994) are systematically higher, and the Groningen data (Meijer et al. 1994) are
systematically lower than the clean-air site Schauinsland (Levin and Kromer 1997). Our data at
Zagreb-RBI agree well with the Groningen data, and are thus lower than the Schauinsland data.
1000

t'

1

A
II

900
800

700

1

a

400

300
200
100
r

0

0
1950

1960

1970

1980

1990

2000

year
Fig. 4.014C in tree rings from Plitvice, Mt. Matra, and the mean yearly e14C values in the Zagreb-RBI CO2
samples. Our data are compared with atmospheric 14C activities at Schauinsland (Levin et al. 1995; Levin and
Kromer 1997), Groningen (Meijer et a1.1994) and Canada (McNeely 1994). The dashed-dotted line represents linear fitting to the Zagreb-RBI data, and is extrapolated to the year 2000.

We fitted an exponential decay function to the Plitvice tree-ring data for 1964-1986, to the Matra treering data (1964-1986), and to the atmospheric CO2 data by Levin et al. (for 1964-1996) and by
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McNeely (for 1963-1993). (The data for Meijer et al. (1994) could not be fitted with the same function). All the fits gave a time constant for the decay of-16 yr. Extrapolation to the year 2000 resulted
in values of -120%o, except the Schauinsland data (Levin and Kromer 1997), which resulted in pre14C activity measured in the Zagreb area is
dicted e14C of 90%o. However, recent mean atmospheric
already lower than these values. As Figure 4 shows, the exponential decay curve may be divided to
several time periods, and each of the period may be approximated by a linear function: 1) a sudden
increase in atmospheric 14C activity for the period 1955-1964; 2) for 1964-1969, a period of fast
decrease in e14C at -50-65%o per year; 3) for 1970-1980, a lower decrease rate of-20-30%o per year;
and 4) for 1980-present, a decay rate of-12%o per year. Data from recent years (starting from 1982 to
14C activities gave
the most recent) are thus fitted to a linear function. The Zagreb-RBI mean yearly
and Kromer
Levin
a decrease of 12.2%o per year, data of Meijer et al. (1994), 9.8%o per year, and
extrapolated
be
can
(1997), -9%o per year. By using the obtained linear regressions, the e14C values
to future years. Our data (Zagreb-RBI) predict that due to local contamination (fossil fuel C02), a
mean e14C of 0%o might be reached by the year 2000. The Groningen data (Meijer et a1.1994) and the
Schauinsland data (Levin and Kromer 1997) predict for the same year slightly higher values of-35%o
and -62%o, respectively, and the e14C value equal to 0%o for the years 2004 and 2007, respectively.

Tritium
Figure 5 shows the complete record of 3H activity of the monthly precipitation of Zagreb and Ljubljana. The long-term record enabled us to recognize some local contamination in Ljubljana during
1985 and early 1986 (not shown in Fig. 5). By the end of 1993, the first sign of possible local contamination at the site Zagreb-RBI was observed. A rain gauge has been situated at the Ruder Bokovi6
Institute since the beginning of the monitoring in 1976, and at the same location 3H in atmospheric
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Fig. 5. A complete record of 3H in precipitation at Zagreb-RBI for 1976-1996, and at Ljubljana 1981-1995.3H in
precipitation at stations Rijeka and Plitvice is also shown. The contaminated values from the Ljubljana station in the
period 1984-1985 are not shown, while the 3H activity measured at Zagreb-RBI in 1993-1996 is shown. See Figure
6 for noncontaminated values.
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water vapor has been measured since 1988 (Horvatini6 et al. 1992). 3H concentration in atmospheric water at the Institute ranged between 0.07 and 0.50 Bq m'3. These values were constantly
higher than those at other locations (0.02-0.04 Bq m'3) due to local contamination with 3H, but the
precipitation samples were not influenced. However, a much higher 3H concentration of 2 Bq m-3
was observed in summer 1992 and constantly higher values have been measured since 1994, reaching even 4.4 Bq m'3 in November 1994 (Bistrovit et a1.1994). This long, continuous contamination
is reflected also in precipitation (Fig. 5). Therefore, we had to find a new location for precipitation
sampling. In 1995, we started collecting samples at Puntijarka, on Mt. Medvednica, 988 m asl and 15
km north of the city, and in 1996 also at the Zagreb-Gri t site at the Hydrometeorologic Institute, in
the center of Zagreb (Fig. 1). In Figure 6 we compare the 3H activity at all three sites in the Zagreb
area for the period 1995-1996.3H activities in precipitation at stations Grit and Puntijarka are almost
identical, while those in precipitation collected at the RBI site are several times higher. Maximal difference was measured in December 1995-January 1996 (factor of 30). The mean 3H activity at the
Zagreb-RBI site in 1995 and 1996 is 4.1 and 4.7 Bq L1, respectively, significantly higher than that at
Puntijarka (1.43 and 1.35 Bq L'1 in 1995 and 1996, respectively) or at Grit (1.23 Bq L'1 in 1996).
Thus, it is evident that our old sampling site has been locally contaminated by 3H since 1994. In further analyses, the Zagreb-RBI data up to 1993 will be used, and for 1995 and 1996, data from Puntijarka will be taken as representative for Zagreb.
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Fig. 6. A comparison of 3H in precipitation from three locations (for 1995-1996) in the Zagreb area: ZagrebRBI, which is locally contaminated, and "clean" stations Zagreb-Grid and Puntijarka.

Characteristics of the long-term trend of 3H in precipitation at both stations Zagreb and Ljubljana
(Fig. 5) are typical for the Northern Hemisphere: a seasonal structure is superposed to the basic
decrease, maximal activities are measured in early summer, and the minimal winter 3H activities
approached in the last years the natural, pre-bomb, level. Seasonal structure can be described as follows: In the period 1976-1992 the maximal 3H activity at station Zagreb is observed between MayJuly, mostly in June. A secondary maximum (Ro±anski et al. 1991) is also observed three times in
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January and February. Minimal 3H activities were almost uniformly distributed from October to
February, with a slightly more frequent occurrence in December. The seasonal distribution at the
Ljubljana station is characterized by the most frequent appearance of the maximum in July, no secondary winter maximum is observed, and the minimum is most frequently measured in November,
although it is distributed from October to March.
For shorter periods of several years, the 3H content in monthly precipitation at two other locations
in Croatia (Rijeka, Plitvice) was also recorded and is shown in Figure 5.3H concentration in precipitation at Plitvice (typical continental climate conditions) is well correlated with that at Zagreb and
Ljubljana, and seasonal variations are similar to those at other continental stations from the temperate zone of the Northern Hemisphere (Ro±anski et a!. 1991). 3H concentration in precipitation at the
Adriatic coast (Rijeka) is, on the average, half of that in Zagreb. It is closely correlated with that in
Genoa, while the correlation with the Zagreb station is poor.
In Figure 7, we show the mean yearly values, maximal and minimal 3H activity during a year, and the
ratio maximum/minimum for Zagreb precipitation. The ratio for noncontaminated sites ranges normally from 2.2 to 5.7, without a significant trend. For Ljubljana the ratio maximum/minimum ranges
also from 2.3 to 5.5. The higher ratio in 1977 (-9) of Zagreb-RBI may be a consequence of some thermonuclear tests, which also caused transient increase of the 3H level at other stations of the IAEA/
WMO network (Ro±anski et a1.1991). Higher ratios were obtained also in the period 1994-1996, and
they are attributed to local contamination at the Institute area. For non-contaminated stations, at Puntijarka the ratio was 3.4 in 1995 and 2.9 in 1996, and at station Zagreb-Grid the ratio was 4.6 in 1996.
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Fig. 7. The mean yearly 3H activities in Zagreb precipitation, maximal and minimal values (left scale), as well as
the ratio of maximum/minimum yearly 3H activity (right scale). Full symbols represent the mean, maximum and
minimum values at Zagreb-RBI, and open symbols the corresponding values at Puntijarka, while crosses and
stars stand for the maximum and minimum ratios, respectively. Local contamination in the last few years caused
a significant increase in the ratio for the Zagreb-RBI site, while the ratio at other two sites in the Zagreb area
remained within the expected ranges. Full, broken and dotted lines represent the fits of the exponential decay
function to the mean, maximal and minimal values, respectively. The Zagreb-RBI data for period 1976-1993 and
the Puntijarka data for period 1995-1996 are used for the fits.
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The decrease in the mean, maximal and minimal 3H activities in precipitation is very pronounced in
the first decade of our record, while in the second decade all the values remain approximately constant (Fig. 7). A slight increase in 1986 and 1987 is observed both in Zagreb and Ljubljana, and also
in Groningen precipitation (Meijer et al. 1994). An exponential decay function is fitted to the three
sets of data, and the fitted curves are also shown in Figure 7. All the fitted curves support rather constant 3H activity in precipitation during the last decade. Assuming that no additional 3H will be
released into the atmosphere in the future, we can predict approximate levels of 3H in future precipitation: Mean values of -1.6 Bq L-1 are expected, and the ratio of expected maximal (2.7 Bq L-1)
and minimal (0.9 Bq L'1) values is 3. Any significant deviations from the expected values would
then indicate some new 3H releases from fusion facilities, medical and/or industrial facilities. Monitoring of 3H activity in atmospheric water vapor, which is much more sensitive to local 3H contamination than precipitation, may also help detecting local contamination.

Reconstruction ofPast Tritium Activity
As a consequence of the disturbance in the equilibrium of 3H atmospheric activity, 3H may be used
as a natural tracer in various fields, such as isotope hydrology, hydrometeorology, and environmental protection studies. Such investigations require the knowledge of 3H activity in precipitation for
the last 40-50 yr. 3H in precipitation was not measured in Zagreb until 1976, so the concentrations
between 1953 and 1976 had to be reconstructed.
For reconstruction of the past 3H activity, we used the long 3H record at the Vienna-Hohe Varte station, as this is the nearest station with climatic conditions similar to those in our data. We found a
good correlation between the yearly mean of 3H activity in precipitation in Zagreb (AZ) and that in
Vienna (Av) for the period 1976-1994:

AZ=0.8xAy+0.4Bq L', r=0.985

(1)

where r is the correlation coefficient. By using this relation and the Ay values for the period before
1976, the mean 3H activity in Zagreb precipitation for the period 1953-1975 is estimated.

The analysis of 3H activity in old wines of known vintage can also be a useful tool for reconstruction
of the past 3H activity in a certain area. We measured 3H in several wine samples produced in northwestern Croatia in the period 1974-1986. The 3H activity in three wine samples from the 1976-1986
period is well correlated with the measured mean 3H activity in precipitation, and that of the two
older wine samples with the 3H activity estimated by using Equation (1) (Obei6 et al. 1992).
We also measured the 3H activity of the water produced by combustion of cellulose prepared from

separated tree rings. 3H activities in tree rings agree more or less with those in precipitation (estimated by using Eq. 1) for the most intensive bomb-test period, 1963-1967. However, the results for
tree rings from the period 1975-1986 show remarkably high activities and practically no decrease in
the last 15 yr (Obeli6 et al. 1992). The reason for such a high 3H activity measured in modern tree
rings may be contamination introduced by the chemical procedure and chemicals used for cellulose
separation. This assumption was checked by measuring the 3H activity of the water from a tree-ring
sample from the period before 1950.3H should have not been present in this sample, but we measured an activity equal to 37 1 Bq L'1. Such contamination is relatively small when the water from
the tree-ring samples from the period 1963-1967 is concerned, but becomes more and more significant for more recent samples. Therefore, these data have not been used for the reconstruction of the
past 3H activity.

t
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Measurements A ter the Chernobyl Accident
The long-term records provide the data base against which the enhanced levels of radioactive isotopes can be compared. Measurements taken in April and May 1986 (after the Chernobyl accident)
can illustrate the applications of such a long-term record.
After the accident at the Chernobyl NPP on April 26, 1986, the meteorological situation was such that
air masses took the radioactive material towards the Baltic and the Scandinavian Peninsula during the
first two days. Low pressure formed in the Genoa Bay on April 28,1986 and caused a change in the
wind direction, bringing radioactive material to central and southern Europe. Croatia was under the
influence of a cold front on April 30, and the highest radioactive contamination was expected on May
1 and 2, 1986. After the first news about the accident was released, we began to collect daily samples
of precipitation at three stations (Zagreb-RBI, and two locations in the Plitvice area).
Daily precipitation samples from April 29 and 30, 1986 showed no increased activity as compared
with the monthly precipitation before the accident. There was no rain on May 1, and on May 2, 3H
concentrations about four times higher than normal were measured at all three sampling stations. In
the following days, 3H activity in the daily rain samples slowly decreased, reaching on May 8 the
normal activity in spring time. The 3H of the integrated precipitation sample collected from April 30
to May 15 was 5.6 Bq L'1, twice as much as expected for May. In comparison, in the samples collected in May 1985 and May 1987, the measured 3H activity was 3.0 f 0.2 Bq L'1, and 4.1 0.2
Bq L'1, respectively. For the samples collected on May 16-31,1986, 3H activity was again "normal": 3.22 0.23 Bq L'1.

t

t

The influence of radioactive air masses containing higher 3H activity was very short-lived over
northwestern Croatia, and the amount of precipitation was not abundant, leading to the conclusion
that contamination of water in aquifers should be negligible. Indeed, in tapwater collected in Zagreb,
as well as in several wells used for the local water supply in the Plitvice area, no increase in 3H activity was observed.

Stable Isotopes 2H and 180 in Precipitation
In this section, we analyze the long-term stable isotope data record at the Zagreb and Ljubljana stations. The average yearly amount of precipitation is 840 L m'2 and 1474 L m-2, and the average
yearly temperature is 11.0°C and 9.9°C, in Zagreb and Ljubljana, respectively. The nearest continental station from the IAEA-WMO network is Vienna-Hohe Varte, (909 L m2, 10.7°C), and our
results are compared mostly with this station.

In Figure 8, we present for the Zagreb station long-term monthly values for temperature (tm), amount
of precipitation (Pm), and stable isotope contents S2Hm and 8180m averaged over 20 yr. 1976-1996.
(We denote the long-term monthly mean values with a subscript "m".) Precipitation values are rather
uniformly distributed over the whole year with no seasonal maximum, while the mean monthly values of temperature and stable isotope contents show distinct seasonal behavior. Therefore, no correlation between the amount of precipitation and stable isotope data is obtained. The same conclusion
is valid also for the Ljubljana precipitation samples, and therefore only figures representing data
from Zagreb are shown in this section. Such a situation is typical for continental stations at the northern hemisphere (Roanski et al. 1993). Maximal temperature, as well as the highest S2Hm and b18Om
values, are obtained in July, and the lowest in January (in February at Ljubljana).
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Such good seasonality observed in both stable isotopes and temperature enables us to perform a linear regression analysis of 5180 vs, the mean monthly local surface air temperatures (Fig. 9). When
all the monthly data are included in the regression analysis, the following correlation is obtained
6180 = (0.325

t 0.016) t - (12.62 t 0.22)%o,

r = 0.83, n =183,

(2)

where t is the surface air temperature, r is the correlation coefficient, and n is the number of data
pairs. For the long-term mean monthly values, the following equation is obtained
6180m = (0.327

t 0.024)

tm

-(12.55

t 0.32)%o,

r = 0.975, n =12.

(3)

The slope and the intercept are in both equations equal within given errors. Both lines are shown in
Figure 9. For the Ljubljana station, the corresponding equations are

t 0.02) t - (12.00 t 0.26)%o, r = 0.78, n =138,
- (12.1 t 0.3)%o, r = 0.975, n =12.
8180m = (0.295 t 0.021)
6180 = (0.30

tm

(4)

(5)
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The correlations between long-term 8180 values and the local surface air temperature are of great
interest because of their possible application to paleoclimatic studies. The first relations of this kind
were obtained by Dansgaard (1964) for mid- and high northern latitude coastal stations, and the slope
was 0.69%o per °C for 6180. Later, Ro±anski et al. (1993) used the long-term monthly mean S180m
and tm values from the mid-latitude stations in the Northern Hemisphere to determine the slope of the
best fit line of 0.31%o per °C. This value is much lower than the one previously obtained by Dansgaard (1964), and it is in very good agreement with the slopes we obtained for stations Zagreb and
Ljubljana (Eqs. 2-5). We should mention that the relationship 8180 vs. t is linear only within a limited
temperature range. Thus, the long-term seasonal correlation between 8180 and surface air temperature derived for the stations of the IAEA/WMO global network situated between 40°N and 60°N
8180 and t and only
showed that the 8180-t relationship is nonlinear, with a higher slope for lower
small changes of 8180 with t temperatures (Ro±anski 1993).
The mean yearly 8180 in Zagreb is -9.1%o, and in Ljubljana -9.3%o. The peak-to-peak difference in
S180m for both stations is -6%o. Such a value is characteristic for continental stations (Vienna,
Krakow) 2000 km away from the main source of water, the Atlantic Ocean (Roanski et al. 1993).
8180 and
Lower 8180 values, especially during winter months, and larger amplitudes of seasonal
82H variations with increased distance from the ocean are usually described as the continental effect.
The large altitude difference between the station Puntijarka (988 m asl) and the Zagreb stations Grid
and RBI (see Table 1) enables us to estimate the effect of altitude in our region. The difference in the
mean yearly 8180 values at Puntijarka and Zagreb-Grill is -2%o, and between Puntijarka and ZagrebRBI is -2.76%o. Therefore, an average decrease in 8180 value of -0.28%o per 100 m altitude increase
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is estimated. The value is in good agreement with the global average value of -0.2%o per 100 m altitude difference (Ro±anski et al. 1993).

The close proportionality between 62H and 5180 in meteoric waters is commonly known as the global meteoric water line (GMWL):
62H = 8 5180 + 10%o.

(6)

This relation represents the base of many hydrological applications, because distinct deviations
from the slope 8 indicate changes in isotopic composition due to evaporation, and the deviations
from the GMWL indicate various isotopic exchange processes within an aquifer. The knowledge of
the local meteoric water line (LMWL) is therefore of the utmost importance for any hydrogeological
application of stable isotope data. We obtained the LMWLs for the station Zagreb-RBI (Fig. 10) by
using all monthly data and by using the long-term monthly mean values:

t 0.1) 6180 + (6.9 t 0.9)%o, n =194, r = 0.985
62Hm = (8.1 t 0.2) 6180m + (9.1 t 1.9)%o, n =12, r = 0.996

all data:

62H = (7.9

long-term:

(7)
(8)

The corresponding LMWLs for Ljubljana are

t 0.1) 6180 + (11.1 t 0.8)%o, n =149, r = 0.992
62Hm = (8.3 t 0.3) 6180m + (12.4 t 2.2)%o, n =12, r = 0.995.

all data:

62H = (8.1

long-term:

(9)
(10)

The slope of the LMWL for Ljubljana is slightly higher than that for the Zagreb LMWL, and the
intercept is somewhat higher. But the relations are not very different from those of the GMWL,
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Fig. 10. Local meteoric water line (LMWL) for the Zagreb-RBI station. Black squares represent the
monthly data, and white squares with error bars are the long-term mean monthly values (8'80m and 62H1).
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showing that the main source of precipitation is the Atlantic Ocean, and that no significant evaporation and isotope-exchange processes occur below the cloud (Ro±anski et a1.1993).
The deviation of the individual data point from the GMWL is usually described as the deuterium
excess d, where
(11)

d=82H-8x8180.

The deuterium excess reflects the specific source conditions during water vapor formation and it
may therefore indicate different sources of vapor. For example, the precipitation originating from
the Mediterranean Sea is characterized by distinctly higher deuterium excess than that originating
from the Atlantic Ocean. The mean deuterium excess value for the Zagreb-RBI station is 7.8 4.0
(ii =194), with almost normal distribution between -5 and +15. However, several monthly values
are characterized by the values >20, indicating that the precipitation during these particular months
originated predominantly from the Mediterranean Sea. No seasonal fluctuations in the deuterium
excess are observed. For the Ljubljana station, the mean deuterium excess value is 9.7 2.9, distributed between 0 and 16, with no obvious seasonal variations, and no unusually high values.

t

t

CONCLUSION

In this paper, we presented the complete 20-yr-long record of environmental isotope data H, 3H,
14C, 180) measured in Zagreb and collected at various stations in Croatia and Slovenia. The clean-air
sites, the sites around the NPP and the sites in the industrialized area are included in the monitoring.
Both radioactive isotopes (3H, 14C) show a continuous decrease in mean yearly values and super014C in the Zagreb area are
posed seasonal fluctuations. Relatively large peak-to-peak fluctuations in
caused by the introduction of fossil-fuel carbon into the atmosphere during the winter months.

A reconstruction of atmospheric 14C activity was done by measuring tree rings. A good correlation

14C data
with the measured mean yearly e14C in atmospheric CO2 was obtained. The long-term
(1983-1996)
years
recent
the
(1964-1996) were fitted by the exponential decrease function, and
14C activity
were fitted by a linear function. A linear function fitted to the mean yearly atmospheric
areas,
industrialized
in
at Zagreb gave a decrease of 12.2%o per year, and thus predicted that in 2000
of
sources
new
no
if
the "natural" (pre-bomb-pre-industrial) level of A14C = 0%o can be reached,
14C
are introduced into the atmosphere.
either very active or fossil-fuel

In order to obtain approximate 3H values for hydrological applications, we reconstructed the past 3H
activity in local precipitation by correlating our data with those from Vienna. The trend in mean,
maximal and minimal yearly 3H activities in precipitation (1976-1996) is also analyzed by exponential decay functions. If no new 3H is introduced into the atmosphere in the future, then future 3H
activity measured in precipitation should not be significantly different from the values measured in
recent years. The predicted future 14C and 3H levels may later help determine any accidental contamination (local or global), or increased levels of continuous releases from various nuclear facilities. We found that atmospheric water vapor was very sensitive to local sources of 3H, and thus it can
serve as a good indicator of local contamination. Simultaneous measurements of 3H concentration
in precipitation and in atmospheric water vapor helped to identify the local contamination with 3H,
and the new non-contaminated sampling sites for precipitation were found.

Long-term stable isotope records at two stations, Zagreb and Ljubljana, enabled us to determine
local meteoric waterlines, as well as the relation between 5180 in precipitation and the local surface
air temperature. Both relations are important for hydrological and paleoclimatic applications.

Two Decades

ofEnvironmental Isotope Records in Croatia

415

ACKNOWLEDGMENTS

This work was performed under Project Grant P0-207 from the Ministry of Science of the Republic
of Croatia. We express our thanks to the former leader of the laboratory, Dr. Dugan Srdo (Columbia
University, NY) for his scientific contributions and continuous interest in our work. Measurement of
stable isotopes in precipitation samples at the Joef Stefan Institute in Ljubljana is greatly appreciated. We thank I. Levin for providing the tabulated e14C data for the Schauinsland station.
REFERENCES
Bistrovi6, R., Krajcar Broni6, I., Horvatin6i6, N., Obe1i6,
B. and Veki6, B. 1994 Tritium as an indicator of a local
contamination. Proceedings of the 2nd Symposium of
the Croatian Radiation Protection Association, Zagreb,
Croatia: 101-104 (in Croatian).
Dansgaard, W. 1964 Stable isotopes in precipitation. Tel.
his 16: 436-468.
HorvatinZi6, N. 1980 Radiocarbon and tritium measurements in water samples and application of isotopic
analyses in hydrology. Fiti/Ca 12(S2): 201-218.
Horvatin6i6, N., Krajcar Broni6, I., Pezdi6, J., Srdo6, D.
and Obeli6, B. 1986 The distribution of radioactive
(H, 14) and stable (2H,180) isotopes in precipitation,
surface and groundwaters of NW Yugoslavia. Nuclear
Instruments and Methods in Physics Research B17:

550-553.
Horvatin6i6, N., Krajcar Broni6, I., Obeli6, B. and Srdo6,
D. 1989 A comparison of tritium in precipitation and
in air moisture. In Radiation Protection: Selected Topics. Proceedings of the International Symposium, Dubrovnik, Croatia: 443-448.
Horvatin6i6, N., Srdo6, D., Obeli6, B. and Krajcar
Broni6, I.1990 Radiocarbon dating of intercomparison samples at the Zagreb Radiocarbon Laboratory.
Radiocarbon 32(3): 295-300.
Horvatin6i6, N., Krajcar Broni6, I. and Obeli6, B. 1992
Tritium in the atmosphere over Croatia and Slovenia.
Proceedings of the International Symposium on Environmental Contamination in Central and East Europe,
Budapest, Hungary: 163-165.
Horvatin6i6, N., Krajcar Broni6, I., Obeli6, B. and Bistrovi6, R. 1996a Long-time atmospheric tritium record in
Croatia. Acta Geologica Hungarica 39(Suppl.): 8184.
Horvatin6i6, N., Krajcar Broni6, I. and Obeli6, B. 1996b
Long-time atmospheric 3H and 14C record in Croatia,
Proceedings of the 9th Congress of International Radiation Protection Association (IRPA 9 Congress) Vienna: 676-678.
Hut, G. 1986 IAEA Report: 1986 Intercomparison of
low-level tritium measurement in water.
IAEA 1969, 1970, 1971, 1973, 1975, 1979, 1983, 1986,
1990, 1994 Environmental Isotope Data Nos. 1-10:
World Survey of Isotope Concentration in Precipitation, Technical Reports Series Nos. 69, 117, 129, 147,
165,192, 226, 264, 311, 371.

Kozak, K. and Rank, D. 1981 A feasibility study on the
retrospective evaluation of anomalous local tritium
fallout by the analysis of tree rings from selected districts in Austria and Hungary. Final Report to the
IAEA, Contracts 3451/RB and 3452/RB:1-31.
Kozak, K., Obeli6, B. and Horvatin6i6, N. 1989 Tritium
and 14C in tree rings of the last three decades. In Long,
A., Srdo6, D. and Kra, R. S., eds., Proceedings of the
13th International 14C Conference. Radiocarbon 31
(3): 766-770.
Krajcar Broni6, I., Horvatin6i6, N., Srdo6, D. and Obelk,
B. 1992 Tritium concentration in the atmosphere over
NW Yugoslavia. In Povinec, P., ed., Proceedings of
the 14th Europhysics Conference on Nuclear Physics,
Bratislava, Slovakia. Rare Nuclear Processes. Singapore, World Scientific: 381-386.
Krajcar Broni6, I., Horvatin6i6, N., Obeli6, B. and Bistrovi6, R. 1995 Radiocarbon intercomparison studies at
the Ruder Bokovi6 Institute. In Cook, G. T., Harkness, D. D., Miller, B. F. and Scott, E. M., eds., Proceedings of the 15th International 14C Conference. Radiocarbon 37(3): 805-811.
Krajcar Broni6, I., Obeli6, B., SrdoZ, D. and Hernaus, E.
1986 Tritium Activity in Precipitation and in Tap Water of NW Yugoslavia after the Chernobyl Accident.
Proceedings of the 4th European Congress of IRPA,
Salzburg: 761-764.
Kuc, T. and Zimnoch, M. 1998 Changes of the CO2
sources and sinks in a polluted urban area (southern
Poland) over the last decade, derived from the carbon
isotope composition. Radiocarbon, this issue.
Levin, I., Bosinger, R., Bonani, G., Francey, R. J., Kromer,
B., Munnich, K. 0., Suter, M., Trivett, N. B. A. and
Wolfli, W. 1992 Radiocarbon in atmospheric carbon
dioxide and methane: Global distribution and trends.ln
Taylor, R. E., Long, A. and Kra, R. S., eds., Radiocarbon After Four Decades: An Interdisciplinary Perspective. New York, Springer-Verlag: 503-518.
Levin, I., Graul, R. and Trivett, N. B. A. 1995 Long-term
observations of atmospheric CO2 and carbon isotopes
at continental sites in Germany. Tellus 47B: 23-34.
Levin, I. and Kromer, B. 1997 henty years of high-precision atmospheric 14CO2 observations at Schauinsland station, Germany. Radiocarbon 39(2): 205-218.
Levin, I., Munnich, K. 0. and Weiss, W. 1980 The effect
of anthropogenic CO2 and 14C sources on the distribu-

416

I. Krajcar-Broni4 N. Horvatinid and B. Obelio

tion of 14C in the atmosphere. In Stuiver, M. and Kra,
R. S., eds., Proceedings of the 10th International 14(
Conference. Radiocarbon 22(2): 379-391.
McNeely, R. 1994 Long-term environmental monitoring
of 14C levels in the Ottawa region. Environment Inter-

national 20: 675-679.
Meijer, H. A. J., van der Plicht, H., Gislefoss, J. S. and
Nydal, R. 1994 Comparing long-term atmospheric 14C
and 3H records near Groningen, the Netherlands with
Fruholmen, Norway and Izana, Canary Islands 14C
stations. Radiocarbon 37(1): 39-50.
Obeli6, B., Krajcar BroniC, I., Srdo6, D. and Horvatin6i6,
N. 1986 Environmental 14C levels around the 632
MWe Nuclear Power Plant Krko in Yugoslavia. Radiocarbon 28(2A): 644-648.
Obeli6, B., Krajcar Broni6, I., Horvatin6i6, N. and Srdo6,
D.198714C activity in plants and in the atmosphere
during the last decade. In Markovi6, P., Horvat, D. and
Markovi6, S., eds., Proceedings of the 14th Regional
Congress of IRPA, Kupari 1987: 287-290.
Obeli6, B., HorvatinZi6, N., Krajcar Broni6, I. and
Kozak, K. 1992 Concentration of 14C and 3H in treerings from Plitvice National Park region. In Richter, P.
I. and Herndon, R. C., eds., Proceedings of the International Symposium on Environmental Contamination in Central and East Europe, Budapest, 1992:505507.
Olsson, I. U. 1989 Recent 14C activity in the atmosphere,
"clean air" and the Chernobyl effect. In Long, A., Kra,
R. S. and Srdo6, D., eds., Proceedings of the 13th Internationa114C Conference. Radiocarbon 31(3): 740746.
Otlet, R. L., Fulker, M. J. and Walker, A. J. 1992 Environmental impact of atmospheric carbon-14 emissions
resulting from the nuclear energy cycle. In Taylor, R.

E., Long, A. and Kra, R. S., eds., Radiocarbon After

Four Decades: An Interdisciplinary Perspective. New
York, Springer-Verlag: 519-534.
Ro±anski, K., Stichler, W., Gonfiantini, R., Scott, E. M.,
Beukens, R. P., Kromer, B. and van der Plicht, J. 1992
The IAEA Intercomparison exercise 1990. In Long,
A. and Kra, R. S., eds., Proceedings of the 14th International 14C Conference. Radiocarbon 34(3): 506519.
Ro±anski, K., Gonfiantini, G. and Araguas-Araguas, L.
1991 Tritium in the global atmosphere: Distribution
patterns and recent trends. Journal of Physical Geography 17(Suppl.): S523-536.
Ro±anski, K., Araguas-Araguas, L. and Gonfiantini, R.
1993 Isotopic patterns in modern global precipitation.
Geophysical Monograph 78:1-36.
Segl, M., Levin, I., Schoch-Fischer, H., Miinnich, M.,
Kromer, B., Tschiersch, J. and Milnnich, K. 0.1983
Anthropogenic 14C variations. Radiocarbon 25(2):

583-592.
Scott, E. M., Harkness, D. D., Miller, B. F., Cook, G. T.
and Baxter, M. S. 1992 Announcement of a further international intercomparison exercise. In Long, A. and
Kra, R. S., eds., Proceedings of the 14th International
14C Conference. Radiocarbon 34(3): 528-532.
Scott, E. M., Long, A. and Kra, R. S., eds. 1990 Proceedings of the International Workshop on Intercomparison of Radiocarbon Laboratories. Radiocarbon 32(3):

253-397.
Stuiver, M. and Polach, H. A. 1977 Discussion: Reporting of 14C data. Radiocarbon 19(3): 355-363.
Srdo6, D., Breyer, B. and Sliep6evi6, A. 1971 Ruder
Bokovi6 Institute radiocarbon measurements I. Radiocarbon 13(1):135-140.

14C

--

Fig. 6. Deviation of conventional
ages (T1/2 = 5568 yr; benthic ages in PS2644 and planktic ages in 23071 (0) with la error bars; planktic ages in PS2644 (0)
with la error bars) from GISP2 calendar time scale. At ages >42.5 14C ka BP (Table IA) the age shifts of weighted-average dates are shown for PS2644...
=
14C
the geomagnetic model calibration of the
time scale and uncertainty envelope proposed by Laj, Mazaud and Duplessy (1996). Variations in atmospheric A14C
(rotated axis on the right) are calculated from a 14C time scale with T1/2 = 5730 yr. The T1/2 correction line demonstrates the increasing age difference between Libby
and physical 14C ages. Dendrochronological calibration (dotted gray line) and various extant spot calibrations of 14C ages at 0-28 ka BP and at 35 ka BP (,_ = lake
sediments and , = coral data) according to Laj, Mazaud and Duplessy (1996) and Bard et al. (1993 and this issue) (with 2a error bars).
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Currie et at., Fig. 1 (facing page above). A: AVHRR satellite image of fire
plumes in the Hudson Bay lowlands; B: air mass backtrajectories linking the fire
plumes as the source of biomass burning aerosol to the receptor site at Summit,
Greenland; C: TOMS satellite image confirming the presence of combustion
aerosol in the receptor region for the August 1994 sampling event. (The color
coding, "N-value" (right), shows smoke at a peak intensity over central Greenland on 5 August 1994.) As labeled in B, backtrajectory paths indicate air masses
arriving at Summit at 0000, 0600, 1200, 1800 and 2400 GMT on 5 August, corresponding to the date of the TOMS image. Placement of numerals in B indicates
air movement at 24-hour intervals. Backtrajectory analysis for air arriving at
Summit at 0600 on 5 August places the air mass southwest of the Hudson Bay
on 30 July, corresponding to the date of the AVHRR image.
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Fig. 2. Photograph of the ultra-clean snowpit sampling operation at Summit, Greenland. The bottle shown is of the type used for the samples
used to generate the ion chromatography data given in Figure 3. (Acknowledgment: Mark Twickler, University of New Hampshire.)

CHANGES OF THE CO2 SOURCES AND SINKS IN A POLLUTED URBAN AREA
(SOUTHERN POLAND) OVER THE LAST DECADE, DERIVED FROM THE
CARBON ISOTOPE COMPOSITION
TADEUSZ KUC and MIROSL4W ZIMNOCH

Faculty of Physics and Nuclear Techniques, University of Mining and Metallurgy, Al. Mickiewicza
30, 30-059 Krakow, Poland
ABSTRACT. Time series of 6140, 613C, and concentration of atmospheric CO2 covering the last 12 years
are available at the
Krakow sampling site (southern Poland) representing an urban area exposed to anthropogenic pollution
of both local and
regional origin. The samples represent continuous monitoring in biweekly intervals. Observations covering
the time period
13(/12(
1983-1994 show a linear decrease of the
ratio (613C = -9.6%o in Jan. 1983) with a slope of -0.02% a'1. The decreasing tendency in the case of 14C (614C = 227% in January 1983) is weaker with a broad minimum in
1991(614C =124%o) and
subsequent gradual increase by ca. 10%o, coinciding with a substantial reduction of coal consumption in
Poland (26% reduction in 1991-1994 for heat and electricity production), partly compensated in agglomerations by increased
gas consumption.
The 12-year record of the CO2 concentration in Krakow points to a constant value fluctuating at a high
level (average: 373
ppmv) reaching a maximum yearly average of 376 ppmv. These carbon isotope signatures were used for
the separation of fossils from biogenic and "background" components, reflecting the strength of relevant sources.
The monthly mean of the fossil
component varies from ca. 10 ppmv in June to 27.5 ppmv in March while the yearly mean decreased ca. 16
ppmv since 1991.

INTRODUCTION

Temporal and spatial changes of the carbon isotope composition of atmospheric CO2 yield information on the circulation of this element between the atmosphere, biosphere and introduced anthropogenic disturbances. Studies of atmospheric CO2 were initiated in the early 1950s by Keeling (1958).
Systematic measurements of carbon isotope composition in tropospheric CO2 have been performed
since 1983 at the Department of Environmental Physics, University of Mining and Metallurgy. The
sampling point site is in Krakow (50°3'N, 19°54'E), at ca. 25 m above the ground level (on the roof
of the Faculty building), in the area bordering the recreation and sports grounds and the university
campus. The Krakow area, with about a million inhabitants, is influenced by local sources as well
as by anthropogenic pollution from the west (the Silesia coal-mining district and heavy industry
with high consumption of fossil fuels). Transformation in industrial technologies since the early
1990s has resulted in reduced usage of coal as fuel. In 1990-1994, the total use of coal in Poland for
power and heating stations decreased from 82.0 Mt to 60.7 Mt (Rocznik Statystyczny 1996). At the
same time, the use of gas for heating and other municipal purposes increased. For instance, in the
Krakow region, consumption of natural gas has doubled, partly replacing coal (Raport z Prac Fazy
I 1995). In the Krakow region there are also remarkable emissions from local industrial sources
including a large steel factory (Huta Tadeusza Sendzimira) at the eastern outskirts of the city. The
location of the sampling point is representative of the area of town. The Krakow region is in the transition zone between a maritime climate, with prevailing influence of Atlantic Ocean, and a continental climate, characterized by northeast and east circulation.
The aim of the present work is: 1) to quantify changes in the carbon isotope ratio in atmospheric CO2
and calculate the fossil component over an industrial and highly urbanized area (Krakow region)
during intensive reconstruction of heavy industry and significant lowering of coal usage, and 2) to
document the increasing contribution of CO2 from natural gas (using the stable isotope signal), and
provide an estimate of this effect.
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METHODS

in a molecAt the Krakow sampling station, atmospheric CO2 is continuously sampled by sorption
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CO2
of
a molecular sieve, and after thermal desorption, >5 dm3
813C are measured (Florkowski et al. 1975; Kuc 1991). The CO2 concentration is measured by the
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of
difference
a
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rection for presence of this gas was not included.
1987).
Jongsma
and
(hook
atmospheric concentration of N20 ca. 300 ppb

RESULTS AND DISCUSSION

sampling site
During 1983-1994, the carbon isotope composition in atmospheric CO2 at the Krakow
Linearization
showed well-pronounced seasonal oscillations superimposed on the long-term trends.
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with
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in
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by Ca. 10%o to end of 1994. The observed
with overline. The record of CO2 concentrations reveals a constant level (within measurement error)
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and 1991(Levin et at. 1995); over
observed
been
have
ppmv
369
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1988,
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from 355.7 to 372.3 ppmv. However,
(Haszpra 1994). The station is subject to significant biospheric effects due to its location.
reported
The atmospheric 14C02 concentration at the Krakow site is systematically lower than the
show1983,
January
in
44%o
reaches
difference
The
1995).
at.
et
(Levin
background fit for Europe
b14C
observed
ing a tendency decreasing to 41%o in January 1993. However, the local minimum of
This
1991.
after
significantly
difference
this
diminishes
increase,
small
at Krakow, and the following
coal
of
effect is probably of regional significance, resulting from a remarkable reduction in the use
as fuel, mainly for industrial purposes and heating the city, since 1990.
The S13C values of atmospheric CO2 at Krakow in 1983-1994, fitted with a second-order polynoS13C value in 1983 (-9.9%o)
mial, show a linear decrease with the slope of -0.02%o a1 (Fig. la). The
(hook et
is ca. 1.7%o more negative than the uncontaminated marine air in the Northern Hemisphere
The
a1.1995).
et
a1.1983), and ca. 0.95%o more negative compared to the Schauinsland data (Levin
3)
with
corresponds
S13C of the upper envelope spot samples collected at Krakow in 1992-1993 (Fig.
biweekly means for Schauinsland (Levin and Kromer 1997), and are more positive than the Krakow
biweekly means. The Krakow values are Ca. 1.5%o more negative than the Schauinsland data.
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Fig. 1. Trends of 813C (a), and 614C (b)in atmospheric CO2 in 1983-1994 at the Krakow sampling site. Biweekly means
(crosses) are exponentially smoothed (solid line). The long-term trend (broken line) is represented by fit to second-order
polynomial (polynomial coefficients indicated below graph a, and above graph b).
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The well-pronounced seasonality of the isotope signal during the 12-year observation period (minima in winter and maxima in summer) makes it possible to calculate the average seasonal effects.
613C (before the average long-term trend was
The monthly mean and detrended values of 814C and
subtracted) are presented in Figure 2. The highest values of M13C and M14C were observed in the
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summer months (June, July) reaching +0.33%0, and 24.8%o above the trend, respectively, while
the
lowest values of A813C appear in November (-0.39%) gradually increasing until summer.
The
observed peak-to-peak difference is ca. 0.71%x. For Ag14C, the minimum (-30.5%o) is observed
4
months later than for 0813C (in February-March).
We assume that the local atmospheric CO2 is a mixture of three components: 1) fossil CO2, which
is
generated during the burning of fossil fuels, 2) biogenic CO2, which is released from the biosphere,
and 3) primary (background) CO2 representing the undisturbed regional signal. The known isotopic

signatures (S14C, 813C) of each component allow for separation of fossil fuel from biogenic and primary CO2 components.

For the reference value (clean air) of the 14C concentration, we used numeric values of the Schauinsland record with an introduced correction of +6%o (Levin and Kromer 1997), and for 1983 to June
1994, the background fit from observations for Jungfraujoch (Levin et al. 1995), which we assume
to
be representative of the biogenic and background (atmospheric) component (b14Cb
= 814Ca) over continental Europe.

The mass balance equations for carbon, 13C and 14C can be formulated as

c=Cf+Cb+c8

(1)

CS13C = Cf $13Cf + Cb $13C1, + Ca $13C8

(2)

and
(1 + S14C) C = (1 + S14Cf) Cf + (1 + Sl4Cb)
Cb

+(1 + S14Ca)C,

(3)

where
C = atmospheric concentration (volumetric ratio), ppmv
a = notation in %o
(1+814Cf)=0, and
f, b and a = fossil, biogenic and background (atmospheric) components, respectively.

The fossil component (Ce), derived from Equation 3, used a mixture of two components: C, and
Ca
+ Cb, while S14C$ = b14Cb, and applying for concentration (C) values measured at the Krakow sampling point.

The seasonal fluctuation of the derived fossil component (Cf) is correlated with the heating period in
the urban area (Fig. 4). The yearly means of this component (Fig. 4a) show a remarkable decrease
from 27.5 ppmv in 1990 to ca. 11.5 ppmv in 1994. This decrease is well correlated with the reported
consumption of coal in power and heating stations in Poland (Fig. 4b) forming the "long-distance
background", and substantial decrease in the local CO2 emissions (cuts in production and upgrading
technology in the neighboring HTS foundry as well as change of heating method in the city, i. e., the
shutdown of local, inefficient coal-heating stations, replaced partly by natural gas and electric heating). We note that the reduced input of 14C-free CO2 to the atmosphere, marked in the 614C record, is
not pronounced in the g13C data. This can be caused by a significant increase of gas burning for heating purposes in the Krakow agglomeration (8% in 1990 to >16% in 1995, according to estimates by
Raport z Prac Fazy I (1995)). The S13C of methane supplied to the city gas network is ca. 54.4%0
(Miroslaw et al. 1997), which is characteristic for natural gas from the east-European suppliers. A
simple "isotopic" calculation (Eq. 2) allows us to estimate the share of CO2 from natural gas (C) in
the fossil component (Ci). For comparison, we choose the winters of 1990 and 1994. Assuming that in
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January-March 1990, Cf81Cf = 0.1(10% of CO2 originated from natural gas), which determined
813Cf = -27.0%o, while measured parameters were 613C = -10.0 %o, C = 371 ppmv, and calculated
613C = 9.8%o,
Cf = 35.2 ppmv. Four years later, in January-March 1994, respective values were
isoC = 367 ppmv, Cf =15.2 ppmv, and estimated 813Ca+b = -8.4%o. Based on this, one can calculate
613C
for
topic composition of fossil component in winter 1994 (613C1 = -42.0%o). Known values of
point
coal and natural gas (813CB = -54.4%o, 813Ccoa1= -24.0%o), applied to the balance the equation,
a concento a ca. 59% contribution of CO2 from natural gas in the fossil component (CJ, expressed as
>50%
tration (C), is ca. 3.5 ppmv, and 9.0 ppmv for 1990 and 1994, respectively. In comparison, a
1996).
share of CO2 from natural gas in exhausted CO2 is reported for the Netherlands (Meijer et at.
CONCLUSION

concentrations (814C) in atmospheric CO2 recorded at the Krakow sampling point are systematically lower than the reference background, which is a result of the fossil fuel effect. The calculated
The
fossil component varies seasonally from ca. 27.5 ppmv in winter to ca. 10 ppmv in summer.
of
consumption
increase of 814C after 1991 is interpreted as a regional effect caused by the reduced
813C,
howlow
14C-free fuels. A high contribution of anthropogenic CO2 is confirmed by generally
ever, an increased input of CO2 from the burned gas compensates for the expected trend towards
14C

higher values of 813C.
The observed decrease of the fossil component in 1990-1994 is correlated with the total decrease in
the quantity of coal burned in Polish power stations with a strong regional effect in the reduction of
"consumption" of coal by the HTS foundry, and the reconstruction of the heating system in the historic city of Krakow. The assessed increased contribution of CO2 from natural gas in the Krakow
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agglomeration in 1994 shows higher values than those reported after examination of the supply. This
is probably because some of the industrial uses of gas are not taken into account.
The measurement of isotopic ratios and concentration of atmospheric CO2 is a powerful tool for
identifying sources and sinks in the regions strongly affected by anthropogenic activity. For model
calculations and differentiation between effects on a regional and continental scale, a large number
of accurate measurements of isotopic ratios is required.
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ABSTRACT. We report on a review of 14C production and release from the nuclear industry in the United Kingdom (UK).
Using earlier predictions (Bush, White and Smith 1984) it is estimated that a total of 1764 TBq of 14C would have been produced in UK graphite-moderated reactors up to the end of 1995, and 135 TBq of this total would have been released. Release
rates, based on reported discharges, of 5.1 and 0.93 TBq GW(e)a-1 have been derived for Magnox reactors and Advanced Gas
Cooled Reactors (AGRs), respectively. Using these new figures, cumulative discharges of 14( up to 1995 from reactors have
been estimated at 531 TBq. The combination of these reactor discharges and the reported discharges from Sellatield (388
TBq) and Amersham (52 TBq) suggest a total cumulative release of 971 TBq of 14C up to the end of 1995.

INTRODUCTION

The production and subsequent release of 14C contributes a significant fraction of the radiation dose
delivered to both local and global populations from the nuclear industry (Kelly et a1.1975; Killough
and Rowher 1978; McCartney, Baxter and Scott 1988a,b; UNSCEAR 1993). The UK is a very
important source of 14C for a number of reasons: first, the Sellarield nuclear fuel reprocessing plant
has been identified by UNSCEAR (1993) as the largest single contributor of 14C discharges to the
global environment; second, 14C production and release rates for the graphite-moderated nuclear
reactors, which are the mainstay of the UK nuclear power program, are relatively high, and finally,
significant quantities of 14C tracer compounds are produced in the UK for use in medicine, research
and industry.
In recent years, the amount of 14C discharge information published in the UK has greatly increased
in response to new authorizations requiring the monitoring and reporting of these data. However,
great uncertainty remains regarding the historical releases of 14C within the UK. The aim of this
study, therefore, is to estimate the magnitude of the historical discharges of 14C from the UK nuclear
industry, making use of reported discharges when possible and, where necessary, estimating release
rates on the basis of the most recent data available.
14C AND THE UK NUCLEAR INDUSTRY

Nuclear Reactors
The production of 14C in nuclear reactors results mainly from the neutron activation of 13C, 14N and
170 present in the fuel, moderator, coolant and core construction materials. The relative importance
of each production route varies according to the individual reactor design. Up to 1995, ca. 99% of
the nuclear power generated in the UK derived from graphite-moderated reactors, either Magnox or
AGR reactors. The most significant production routes for these types of reactors are via 14N(n,p)14C
and 13C(n,y)14C reactions in the fuel, moderator and, to a lesser extent, coolant. Most recent publi-
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cations concerned with 14C production in graphite-moderated reactors can be traced back to three
studies (Kelly et a1.1975; Bonka 1980; Bush, Smith and White 1984). The latest estimates published in the open literature, by Bush, White and Smith (1984), were based on UK-designed AGR
and Magnox reactors and are shown in Table 1.
Production Rates in Magnox Reactor and AGR Components (TBq GW(e)a'1). (After Bush, White and Smith (1984))
AGR
Magnox
Component
TABLE 1.14C

Fuel
Cladding
Coolant
Graphite
Total

3.74
0.30
0.41
9.55
14.00

0.3
1.81

0.22
5.67
8.0

Magnox reactors have a higher 14C production rate than AGRs, which is largely attributable to the
higher production in Magnox fuels and moderators. 4C production rates in Magnox reactors and
AGRs exceed those in the more common light water reactors, 1-4 TBq GW(e)a'1(Davis 1979) but
are lower than those observed in heavy water reactors, 16-22 TBq GW(e)a'1(NCRP 1985; Joshi,
Ramamirtham and Soman 1987). Using these 14C production estimates and reactor electricity pro14C in UK graphiteduction figures (IABA 1996), it is possible to calculate the total production of
14C
production estimates of Bush, White and Smith (1984) give
moderated reactors up to 1995. The
a total production of 1764 TBq, 1316 TBq from Magnox reactors and 448 TBq from AGRs.
Although several other reactor types have operated in the UK, theoretical calculations suggest that
their contribution to the total production of 14C in UK reactors is rather insignificant (i.e., <1% of the

estimated total).
14C produced in
Discharges at graphite-moderated reactor sites are usually the result of leakage of
White
and Smith
the coolant or transferred to the coolant from the moderator (Bonka 1980; Bush,
The 14C
start-up.
1984). Short-term releases at a higher level also occur during reactor shutdown and
cases,
both
In
2.
Table
discharge rates calculated by Bush, White and Smith (1984) are presented in
14C release rates are approximately an order of magnitude less than the 14C production rates. It is
14C to the gaseous
also interesting to note that graphite corrosion is calculated to contribute more
discharges than that produced in the coolant.

TABLE 2.14C Release Rates in Magnox Reactors and AGRs

GW(e)a'1). (After Bush, White and Smith (1984))
Magnox
Source
Coolant
Graphite corrosion

0.41
0.70

Total

1.11

(TBq

AGR
0.22
0.33
0.55

Due to new authorizations requiring the monitoring and reporting of 14C discharges from many UK
reactors, the opportunity arose to test these theoretical release estimates with real discharge data
(Hurst and Thomas 1992; Thomas 1993,1994,1996; Scottish Nuclear 1996,1997; MAFF 1996).
Reported discharges are based on measured 14C activities in coolant samples and coolant leakage
rates. Electricity production estimates were obtained from IAEA (1996). In Figure 1, the reported
discharges in 1994 are compared with those predicted by Bush, White and Smith (1984). In all but
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Fig. 1. Comparison of reported 14C discharges for 1994 with the theoretical estimates of Bush, White and Smith (1984) for
(a) Magnox reactors and (b) AGRs

one of the twelve reactors for which information is available, the predicted discharges are lower than
the reported discharges. The difference is notably greater for Magnox reactors.

Considering the discrepancy between the reported and calculated discharges, new release rates have
been determined, based upon all available discharge data for the period up to and including 1995.
These data sets ranged from 2 to 8 years in length. The results are presented in Figure 2. Certain sites
had very consistent discharge rates from year to year (e.g., Wylfa,1.51-1.61 TBq GW(e)a'1 over the
period 1990-1995) while others had quite large annual variations. Nevertheless, the average discharge rate obtained for each reactor was always in excess of the value predicted by Bush, White and
Smith (1984). The average release rates for each reactor are tabulated in Tables 3a and 3b.
The 14C release rates obtained for both reactor types, averaged over all sites, are in excess of the values predicted by Bush, White and Smith (1984). For Magnox reactors, the measured release rate (5.1
TBq GW(e)a) is 4.6 times higher than the predicted value of 1.1 TBq GW(e)a-1; for AGRs the
measured rate (0.93 TBq GW(e)a'1) is almost twice the predicted value of 0.55 TBq GW(e)a'1. The
range of 14C release rates for Magnox reactors (1.1-9.4 TBq GW(e)a'1) is also far greater than for
AGRs (0.63-1.23 TBq GW(e)a'1) and is probably a reflection of the greater variability in designs of
the former.
Figure 3 shows the temporal variations in the annual 14C discharges from Magnox reactors and
AGRs over the period 1956-1995, based on the release estimates determined in this study. Discharge
rates have been rather constant over the last two decades, varying between 15 and 20 TBq a'1,
despite the fact that the amount of electricity generated annually by graphite-moderated reactors
increased from ca. 3 to 9 GW(e)a. The increased electricity production over this time period resulted
from the commissioning of the AGRs, which, as is demonstrated in Figures 2a and 2b, have far lower
14C release rates than the Magnox reactors
that they were partially replacing. The first of the AGRs
came on line in 1976 and by 1995 were generating ca. 6 GW(e)a of electricity per year. The data pre-
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Fig. 2. Average and range of values obtained for 14C release rates from (a) Magnox reactors and (b) AGRs, based on reported
discharges

TABLE 3a. 14C

Release Rates (TBq GW(e)a'1) from Magnox
Reactors, Based on Reported Discharges
Release rate
Period
Site
Bradwell
Dungeness A
Hinkley Point A
Oldbury
Sizewell
Wylfa

1993-1995
1994-1995
1992-1995
1992-1995

2.0
8.4
3.9
9.4

1994-1995

5.1

1990-1995

1.6
5.1

Average
TABLE 3b. 14C

Release Rates (TBq GW(e)a-1) from
AGRs, Based on Reported Discharges
Release rate
Period
Site
Dungeness B
Heysham 1
Heysham 2
Hinkley Point B
Hunterston B
Torness

Average

19941995
1992-1995
1988-1995
1992-1995

0.84
1.1

1990-1995
1990-1995

1.23
0.70

0.63
1.1

0.93

sented in Figure 3 suggest that a total of 531 TBq of 14C have been released up to the end of 1995,
479 TBq from Magnox reactors and 52 TBq from AGRs.

The best estimates of 14C production and release from Magnox reactors and AGRs are summarized
in Table 4. Although the release rates are based on the recent data presented in this paper, the production figures are still based on the estimates of Bush, White and Smith (1984). However, because
the 14C discharges appear to be significantly underestimated by the calculations of Bush, White and
Smith (1984), the production estimates may also now need revising.
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Fig. 3. Estimated annual 14C discharges from UK graphite-moderated reactors

Estimated 14C Production and Release From UK Magnox Reactors and AGRs up to 1995 (TBq)
Electricity production
production*
releaset
Reactor type
(GW(e)a)
(TBq)
(TBq)
TABLE 4.

Magnox

AGR
Total

94

1316

56
150

448
1764

*Based on 14C production estimates of Bush, White and Smith (1984)
tBased on revised 14C release rates presented in this paper

Sellafield
The Sellafield complex, situated on the Cumbrian coast in the northwest of England and operated by
British Nuclear Fuels plc, contains a wide variety of operations and facilities: fuel element storage
and decanning, Magnox and oxide fuel reprocessing plants and the Calder Hall nuclear power station. The vast majority of the 14C discharges from the site, however, result from the nuclear fuel
reprocessing operations. The temporal record of these discharges is presented in Figure 4. Atmospheric discharges of 14C have been based on direct monitoring of known sources since 1978; discharges prior to that date have been derived indirectly from 14C measurements of tree rings (Gray,
Jones and Smith 1995). The historical record of 14C discharges through the pipeline to the Irish Sea
is largely incomplete, although the best available published estimates have been reproduced here
(Begg et al. 1992; BNFL 1996).

An estimated total of 388 TBq of 14C has been discharged from Sellafield since the start of operations in 1951 up to the end of 1995. Maximum discharge rates of between 20 and 30 TBq a-1
occurred in the 1970s. Historically, the bulk of the 14C effluent has been released to the atmosphere
(335 TBq), although the diversion of 14C effluent from the aerial to the liquid waste stream, which
commenced in 1994, means that discharges to the marine environment now exceed atmospheric discharges.
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Fig. 4. Annual 14C discharges from Sellafield

Amersham International plc
Amersham International plc carries out process operations on Ba14CO3 produced by neutron irradiation of aluminum nitride. Liquid and gaseous discharges from their Cardiff site have been moni14C has been
tored since 1981 and are presented in Figure 5. Since that date a total of 52 TBq of
released, 34 TBq to the atmosphere and 18 TBq to the hydrosphere.

Year
Fig. 5. Annual 14C discharges from Amersham

CONCLUSION

discharges from graphite-moderated reactors have been found to significantly exceed the original theoretically estimated values, particularly for Magnox reactors. This, in turn, raises questions
about the accuracy of the 14C production figures for these reactors. New release rate figures, based
on reported discharges, of 5.1 and 0.93 TBq GW(e)a'1 have been derived for Magnox reactors and
14C
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AGRs, respectively. Using these new figures, cumulative discharges of 14C up to 1995 from reactors
have been estimated to be 531 TBq. The combination of these reactor discharges and the reported
discharges from Sellafield (388 TBq) and Amersham (52 TBq) suggest a total cumulative release of
971 TBq of 14C up to the end of 1995 (Fig. 6).
1000

Sellafield
Reactors
Amersham
500

q

0
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I:_;
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'.r
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Year
Fig. 6. Cumulative 14C discharges over the period 1951-1995 from major UK sources
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"C LEVELS IN THE VICINITY OF TWO SWEDISH NUCLEAR POWER PLANTS

AND AT TWO "CLEAN-AIR" SITES IN SOUTHERNMOST SWEDEN

KRISTINA STENSTROM,1 GORANSKOG,2 CHARLOTTE THORNBERG,3
BENGT ERLANDSSON,1 RAGNAR HELLBORG,1 SOREN MATTSSON3 and PER PERSSONI
ABSTRACT.I4C is one of the radionuclides that are produced to different degrees by neutron-induced reactions in all types
of nuclear reactors. Part of the 14C created is continuously released into the surrounding environment during normal operation
as airborne effluents in various chemical forms (such as C02, CO and hydrocarbons) through the ventilation system of the
plant. Because of the biological importance of carbon and the long half-life of 14C, it is of interest to measure the releases and
their incorporation into living material. We report here on the 14C activity concentrations in annual tree rings and the air
around two Swedish nuclear power plants, as well as the background 14C activity levels from two reference sites in southern
Sweden from 1973-1996. We used both accelerator mass spectrometry (AMS) and decay counting in the investigation.

INTRODUCTION

Besides the natural cosmic-ray induced production of radiocarbon in the atmosphere, 14C also
results from certain anthropogenic activities. The main man-made contributions come from nuclear
weapons testing (the bomb effect) and the nuclear power industry. A considerable amount of artificially produced 14C is also used as a tracer in research and industry.
The most common power reactor types are pressurized water reactors (PWRs) and boiling water
reactors (BWRs). Both designs are light-water cooled and moderated. The main part of the 14C discharged from these reactors during normal operation is produced through neutron-induced reactions
in the cooling water and is released as airborne effluents through the ventilation system of the plant
to the surrounding environment (Kunz 1985; Stenstrom et al. 1995). The dominant chemical form
of the 14C released is carbon dioxide from BWRs and hydrocarbons from PWRs (Hertelendi, Uchrin
and Ormai 1989; Kunz 1985; Snellman 1988; Stenstrom et a!. 1996a; Uchrin et al. 1992; Wahien
and Kunz 1978a,b; Winkelmann and Vogl 1984). It has been estimated that 14C is the radionuclide
that dominates the committed effective doses to humans from the nuclear power industry
(UNSCEAR 1988). Therefore, it is important to determine 14C releases from nuclear reactors and
their associated fuel-reprocessing and waste-management facilities.
We present here some results of a study on 14C emissions from Swedish nuclear power plants and
the resulting excess 14C in air and vegetation in the area surrounding the power plants. The measurements are part of an extensive investigation of 14C releases from some Swedish nuclear power plants
(Stenstrom et a1.1995,1996a,b). In these studies, the release rates through the stacks and the chemical form of the releases were determined by accelerator mass spectrometry (AMS). We also present
background 14C activity levels from two reference sites in southern Sweden from 1973-1996.
METHODS

Annual tree rings are cut out from bore cores (yielding 50-100 mg of wood per year). The samples
are pretreated with a acid-alkali-acid (AAA) and cellulose extraction (see, e.g., Olsson and Possnert
1992). The AAA pretreatment, which removes humic acids and extracts resin from the wood, is
accomplished by boiling the sample in HCl (3M) for 30 min, washing, then boiling in NaOH (1M)
1Department of Nuclear Physics, Lund University, Solvegatan 14, SE-223 62 Lund, Sweden
2Radiocarbon Dating Laboratory, Department of Quaternary Geology, Lund University, Tornavagen 13, SE-223 62 Lund,
Sweden
3Department of Radiation Physics, Lund University, MalmO University Hospital, SE-205 02 Malm6, Sweden
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to a final
for 30 min, washing and boiling the sample again in HCl (3M) for another 30 min prior
then
mL),
(16
water
distilled
in
washing. The cellulose is extracted by heating the pretreated sample
h,
portions
3.5
h,
h,
h
and
2.5
adding 100 mg NaC102 (80%) and 0.15 mL HC1(1M). After 0.5 1.5
is
of 200 mg NaC102 and 0.30 mL HCl (1M) are added. After 1 h more, the remaining cellulose
the
In
balloons.
in
collected
are
washed, filtered and dried. Air samples (ca. 40 liters per sample)
the CO2
laboratory, the air sample is drawn through a drying agent of CaCl2 prior to absorption of
in CO2-free Ascarite® (NaOH on a solid support).

mixed with
CO2 is formed in a vacuum system by combustion of the organic material (ca. 10 mg)

CuO (ca. 300 mg), or by hydrolysis (using phosphoric acid) of the Ascarite® from the air samples.
Finally, elemental carbon is produced by reducing the CO2, mixed with hydrogen gas, over an iron
catalyst at 650°C (Vogel et a1.1984; Stenstrom 1995).
The Lund AMS system, described in detail elsewhere (Wiebert 1995; Stenstrom et a1.1997), is based
on a 3 MV Pelletron tandem accelerator. The injector is equipped with a 20-position Cesium-sputtering ion source (HAkansson et a1.1996). To eliminate scattered particles, we installed a new dipole
magnet during the autumn of 1996. The introduction of the dipole, placed between the Wien filter and
the particle detector, has reduced the machine background from ca. 2% to <0.3% of modern standard.
The 14C yield from a CuO combusted anthracite sample which has been processed as described above
corresponds to ca. 40,000 BP. The e14C values below were obtained according to Stuiver and Polach
(1977) with modifications for AMS described in Donahue, Linick and Jull (1990).
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RESULTS AND DISCUSSION

We used AMS to measure the 14C content of annual rings from a tree of Pinus located 3 km east-

northeast (frequent downwind direction) of the Barseback nuclear power plant (southwest Scania, 2
BWRs, each 600 MW). The results, covering the period 1973-1996, are shown in Figure 1. To measure the excess 14C caused by the nuclear power plant, we also analyzed annual tree rings from the
same species at a distant reference point (Borrby, southeast Scania, 90 km from Barseback). No
measurements of 813C values for the tree rings were made (613C = -25%o was used for all tree-ring
samples). For further comparison, we examined e14C values covering the same period from Juncus
grown at the shore of a small pond in MAryd (south Scania, 30 km east of Barseback). The data from
MAryd, listed in Table 1, were obtained by decay counting at the Radiocarbon Dating Laboratory in
Lund (HAkansson 1968, 1986). Some of those values were published previously (Hakansson 1977,
1987, 1988). The 014C values from Borrby and MAryd agree within the error limits (1 Q), with one
exception. The S13C corrections for the data from MAryd were all obtained from mass spectrometry
measurements. MAryd (15 km east of Lund, 25 km northeast of Malmo), situated fairly far from any
densely populated area, should provide a good estimate of the mean atmospheric 14C level for southern Sweden during the growing season. In Table 1, the MAryd values are compared to other European background data (see, e.g., Meijer et al. 1994).

LC Values from the Maryd "Clean Air" Site in Southernmost Sweden Compared
with Published Data of Background 14C Activity from Different Locations in Europe
TABLE 1.

A14C (%o)

Mryd
Year
1975

(Juncos)

(air)*

390 ± 6

(wine)t

1978

342 ± 6

368
332
298
345

1979
1980

305 ±6
286 ± 6

295
279

6

272

1982

254

±6

1983
1984

234 ± 6

266
223

223

±6

1985
1986
1987

206
189
176
161

±6

158

±8

1976
1977

1988
1989
1990
1991

1992
1993
1994
1995
1996

±6
±6

(CO2)$

333

216
212#
205#
193#

±8

155± 10
149± 10
140 ±9
126 ±7
125 ±6
115 ±6
109 ± 6

*Reference: Olsson (1989)

(Reference: Burchuladze et aL (1989)
$References: Levin et aL (1985); Levin and Kromer (1997)
Reference: Otlet et aL (1997)
#Derived values from data published in graphic form

167
162
151
137

131
125
118
113
101

(plant material)§
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14C release rate is ca. 0.5 TBq
Several direct measurements on BWRs have shown that the mean
1995; Wahlen and Kunz 1978a; Winkelmann and Vogl
GWeI-1 a'1(Kunz 1985; Stenstrom et al.
1 shows, there
1984). This release rate would also be expected from the Barseback plant. As Figure
operating
began
might be a small excess in the tree rings for some of the years after the power plant
does
usually
in 1975, but the effect is certainly small. However, we should note that the power plant
trees).
of
season
not operate for several weeks during the yearly summer outage (i. e., the growing
hence, the
For BWRs, the 14C release rate is expected to be proportional to the power level, and
This
leads to
releases of 14C should be very low during the outage periods (Stenstrom et al. 1995).
during
lower 14C concentrations in the tree rings than if the plant had been operating continuously
14C
a tree
in
higher
activity concentration would be
the growing period. It is also possible that the
located closer to the source of the releases. We will investigate this in the near future.
at
Figures 2A and 2B show the 14C enrichment of air samples collected in the downwind direction
of
north
km
(120
Forsmark
of
various distances from the nuclear power plants of Barseback and
of
Stockholm, 3 BWRs: 968 MW, 969 MW, 1155 MW). For comparison, the measured &4C value
in
Juncus
of
values
A14C
an air sample from a crosswind site is shown, as well as the prevailing
813C = -16.3%o.
of
results
gave
CO2
Maryd (see Table 1). AMS measurements of the extracted
Thus, an isotopic fractionation occurs in the sample preparation procedure, since, for atmospheric
14C in Bq m'3 of air is to be calculated, the data
CO2, the 813C value is ca. -8%o. If the actual level of
14C
S13C
value. The air samples collected at Barseback show elevated
must be normalized to this
no
concentrations a few km from the power plant (Fig. 2A). Data from Forsmark (Fig. 2B) show
from
samples
The
wind).
no
peak at all, which might be explained by the weather conditions (almost
14C concentrations than
Forsmark, which were collected during the winter season, also show lower
14C
by the combusinfluenced
is
the Barseback samples. This could be because the concentration of
14C
especially duractivity,
specific
tion of fossil fuels (Suess effect), which decreases the ambient
times,
different
at
but
day
same
ing winter (Levin et a1.1988, 1989). Our samples were taken on the
and each sample was collected during a few minutes.
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CONCLUSION

A slight excess of 14C has been found in tree rings and air samples around the Barseback
nuclear
power plant. To be able to draw any conclusions about the dispersion of 14C released from the nuclear
power plants, we intend to take simultaneous measurements of the release rate
(by collecting air from
the stack) and at various distances from the plant.
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'4C MEASUREMENTS AT PWR-TYPE NUCLEAR
POWER PLANTS IN THREE
MIDDLE EUROPEAN COUNTRIES
GYORGY UCHRIN,1 EDE HERTELENDI,2 GABOR VOLENT,3 ONDREJ SLAVIK4
JOZEF MORAVEK,4 IVAN KOBALS and BARBARA VOKALS
14C sampling of discharged
air began in 1988 at Paks Nuclear Power Plant (NPP), Hungary, and in
1991 at NPPs in Krsko, Slovenia and Bohunice, Slovakia. Monitoring of 14C discharges is carried out at all NPPs with similar
differential samplers continuously collecting 14C in the form of 14C02 and
14C,Hm. The main results of airborne discharge
monitoring are as follows: 14C activity concentration varied roughly within a factor of two around their mean values, 125 Bq
m-3 and 90 Bq m-3 for Paks and for Krsko NPP, respectively. The pattern of discharge for Bohunice NPP is slightly different
from that at the other two stations. At Bohunice, there has been a continuous increase in the discharge rate at power unit Vi,
starting with 70 Bq m-3 in 1991 and reaching a value of 190 Bq m-3 in 1995. The values for power unit V2 are 50 Bq m-3 and

ABSTRACT. Regular

82 Bq m'3. The average normalized yearly discharge rates are 0.887 (TBgGW-1yr'1) for Paks, 0.815 (Vi) and 0.500 (V2) for
Bohunice, and 0.219 for Krsko. Most of the discharged 14C is in hydrocarbon form, 95% for Paks and Bohunice V2, but the
CO2 fraction may reach 25% or 43% at Bohunice V1 and Krsko, respectively. At Bohunice Vi, not only the discharge rate
increased but the 14C02 ratio to the total changed from 30% to 13%. The local radiological impact is estimated to be 1.5 µSv
a-1 for Paks,1.7 µSv a-1 for Bohunice, and 0.12 µSv a'1 for Krsko. The 14C excess in the environment has been measured at
Paks NPP since 1989. Based on the monitoring data, the long-term average 14C excess from the Paks NPP was D14C=50%o for
hydrocarbons. Tree-ring analysis has shown a slight excess around Krsko NPP: D14C is equal to 199.9%o for a tree at 1 km
from the NPP compared with a "reference" one for which D14C was equal to 111.6%o (in 1994).

INTRODUCTION

The rapid disappearance of nuclear explosion-produced radiocarbon from the biosphere due to the
oceanic sink is partly balanced by the 14C produced and released by the nuclear industry. The emission rate and chemical composition of the released 14C depends on the type and capacity of a given
reactor. Several publications discuss various aspects of 14C production rates of nuclear installations
(Levin et a1.1988; Kunz 1985; Otlet, Longley and Walker 1989; McCartney et a1.1988a; Loosli and
Oeschger 1989; Hertelendi, Uchrin and Ormai 1989; Otlet, Walker and Fulker 1990; Stenstrom et
a1.1995; Milton et a1.1995). Uchrin et al. (1992) compiled 14C discharge data for pressurized water
reactor (PWR-type) nuclear power plants (NPP). The chemical forms of 14C released into the environment influence the radiological impact, and in the case of PWR-type reactors, low CO7Jtotal carbon ratios lead to significant lowering of the local doses.
METHODS

A differential 14C sampler, developed by Hungary's Institute of Isotopes together with the Institute
of Nuclear Research, has been used at each NPP to obtain integrated samples for measuring 14C in
chemical forms such as C02, CH4 and other hydrocarbons. The sampler makes use of two lines: in
the first line, CO2 is absorbed in a trapping column filled with a 3 M NaOH solution; in the second
one, CO2 plus hydrocarbons converted into CO2 by a palladium catalyst held at 600°C are absorbed
together. The methane fraction is deduced by substracting the CO2 collected in the first line from the
total collected in the second. For details on the sampler, see Uchrin and Hertelendi (1992).
1Department of Radiation Safety, Institute of Isotopes of the Hungarian Academy of Sciences, P. 0. Box 77, H-1525
Budapest, Hungary
2Department of Earth and Environmental Sciences, Institute of Nuclear Research of the Hungarian Academy of Sciences,
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The activity of the samples was determined in most cases by liquid scintillation counting (LSC) after
precipitation of CO2 in the form of BaCO3, 4 g of which was mixed with 0.8 g Cab-O-Sil® and a 20mL toluene-based LS cocktail (5 g PPO+0.5 g dimethyl POPOP). The mass of sampled air was determined by weighing the mass of barium carbonate. The sample flow rate was set and stabilized at ca.
14C02 and 14CTHm fractions was close to 100, and the
10 L h'1. The discriminationfactor between the
absorption of CO2 in the 3 M NaOH solution was 99.9% when a specially designed spiral bubblertype trap was used. The typical sensitivity of LSC activity measurement was 10 mBq m'3.
The samples of lower activities were analyzed using the low-level proportional counting method
(Hertelendi et a1.1989). To extract the CO2 from the samples, concentrated sulfuric acid was added
to the NaOH solution. Prior to measurement, the liberated CO2 gas was purified over charcoal. The
standard deviation of a single 14C measurement is ar = ± 0.17 mBq m'3, which may be higher (0.5
mBq m'3), due to the uncertainties of sampling. High sensitivity proportional counting was used to
determine the activity of environmental air and tree-ring samples.
Some relevant parameters of the investigated NPPs:
1. Paks NPP in Hungary uses Soviet-designed PWRs of type V213; the NPP has four power units

each of 440 MWe capacity. The first reactor block was put into operation in 1983, the fourth in
1988. Through the end of 1996, the electricity produced was equal to 17.79 GWey. The air
throughput of the two ventilation stacks, each of which carried the effluents from a twin reactor
unit, was 5.5 x 10s m3hr'1.
2. Bohunice NPP in Slovakia uses Soviet-designed PWRs similar to the Hungarian NPP (type
V213) and a slightly different type V230. The units of reactor type V230 were put into operation in 1978 and 1980; those of reactor type V213 started operating in 1984 and 1985. Up until
the end of 1996, the electricity generated was 11.3 GWey and 7.77 GWey for reactors type V230
and V213, respectively. The air throughput was 5.5 x i0s m3hr'1 for reactors type V213 and 4.7
x 10s m3hr'1 for V230.
3. Krsko NPP in Slovenia is a two-loop PWR supplied and constructed by Westinghouse Electrical Corp. with a capacity of 632 MW. The NPP started its commercial operation in January
1983. Until the end of 1996, the electricity generated was 6.62 GWey. The gaseous effluents are
released by a stack in which the air throughput is 1.5 x 10s m3hr'1.

RESULTS

Regular 14C sampling of discharged air began in 1988 at Paks NPP (Hungary) and in 1991 at Bohunice (Slovakia) and Krsko (Slovenia) NPPs. The sampling period at Paks NPP is two weeks, whereas
Bohunice and Krsko NPPs collect monthly samples. These discharge patterns are representative for
14C vary slightly
the given reactor unit. The most important results are: 1) the concentrations of
around their mean values except for Krsko NPP where the variation is much more pronounced; 2) the
14C is
outage and maintenance periods yield significantly lower concentrations; 3) most of the
Paks
at
95%
is
ca.
released in the form of hydrocarbon and the ratio of hydrocarbon form to the total
(ca.
lowest
NPP and at Bohunice reactor type V213, ca. 80% at Bohunice reactor type V230, and the
99
between
varies
57%) is at Krsko NPP. According to data in the literature, the ratio of GnHm to CO2
to
4)
forms
chemical
and 1% (Uchrin et a1.1992) but in most cases it is close to 90%; the ratio of
distinct
a
14C
is
there
may be apportioned tends to be constant for reactor units type V213, but
which
change at reactor V230 where, in 1994, this value dropped to half and remained at that level until the
14C discharges.
end of 1995 (Fig. 1B). Figure 1(A-D) and Table 1 summarize the data on
6Cab-0-Si1m, Packard Instruments Co., Ulgersmaweg 47, 9731 NL-9731 BK Groningen, The Netherlands
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Fig. 1. A. Yearly '4C discharge data for Paks NPP; B. Yearly 14C discharge data for Bohunice NPP, reactor V230;
C. Yearly 14C discharge data for Bohunice NPP,
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NPP 14C Gaseous Release Data: Paks (Hungary), Bohunice (Slovakia) and Krsko (Slovenia)
Bohunice reactor block
Pales NPP
V230
reactors
Discharge

TABLE 1.

Average annual emission (TBq a'1)
Mean COJCIIHm ratio (%)
Normalized rate (TBq GWe'1 a'1)

1.44 (1.19)*

0.35

8.9 (6)*
0.887 (0.690)*

23.7
0.500

Total energy generated
Total released 14C activity (TBq)

17.79

11.3

15.8 (12.3)*

6.3

Radiological impact
Localt (nSV a'1)
Global (man Sv)

90 (1600)t
2228 (1734)*

(1600)t

(120)t

1685

*Estimates from one unusual year, 1992, are discarded.
tValues in parenthesis correspond to a conservative estimate.

The chemical composition of discharged 14C at various light water reactors has been found (Kuntz
data
1985) to be ca. 75% methane while the remaining 25% consists of higher hydrocarbons. The
for
1991-1996
and
Paks,
for
1988-1996
in
collected
results
listed in Table 1 are based on monitoring
14C
radiological
corresponding
the
and
extrapolated
were
data
Bohunice and Krsko. Total released
14C producimpact calculated on the assumption that NPPs did not change very much regarding their
14C releases is calculated by a conversion factor
tion and discharge. The local radiological impact of
natural 14C level and from ca. 45 mBgm'3 conthe
to
due
derived from the 15 µSv a'1 annual dose
dose.
that
to
centration of the atmospheric air corresponding
Dispersion models and monitoring 14C of the environmental air around the NPP at Paks give ca. 5
mBq m'3 increase in 14C concentration as a maximum. The estimate of annual effective dose equivalent is a conservative one because all hydrocarbons are taken as C02, which is an obvious over14C releases is negligibly low, if compared
estimation. Although the local radiological impact due to
with other gaseous releases (at Paks NPP it is estimated to be 0.2-0.4 µSv a'1), it can be stated that
14C may be responsible for one half of the dose caused by all airborne effluent releases.
The long-term effect of 14C discharges is estimated on the basis of collective effective dose equiva14C from the nuclear industry. For
lent commitment (CEDEC) from a nominal unit release (1 TBq) of
our calculation, the conservative value of 141 manSv per TBq (McCartney, Baxter and Scott 1988b)
was used, although a more recent publication (UNSCEAR 1993) gives lower values of 59-67 manSv
14C released other than in CO2 will be oxiper TBq release. For our calculations, we assumed that
dized to this form. For the methane fraction, which is the highest among the hydrocarbons released,
this process is quick because its lifetime is 7.5 yr in the environment (Khalil and Rasmussen 1985).
In the long-term radiological calculation, the full length operation of NPPs was considered.

The estimated total release of 14C from all nuclear power operations up to the year 1990 is ca. 9 PBq
(NCRP 1985), yielding a dose of 180 nSv a'1. It is estimated that by the year 2050, the individual
dose due to reactor-derived 14C will reach 1.8 µSv a'1(McCartney, Baxter and Scott 1988b). The
excess of 14C in the environmental air sampled around the Paks NPP was determined at five sampling sites using similar samplers to those used in the stacks. Sampling sites Al, A4, A6 and A8 are
ca. 2 km from the 100-m-high stack. For reference, a sampler was operated at station B24 ca. 20 km
from the NPP. Since 1992, monthly air samples have been taken at these five stations. The yearly
average 14C excess data are given in Table 2 and illustrated in Figures 2 and 3.
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TABLE 2. Annual Average D14C Excess in the Environmental Air at Sampling Stations A1, A4, A6
and
AS and at Reference Station B24 at Paks NPP, Hungary

Al

Station

A4

A6

Sampling
period
(mo-mo, yr)
03-11,1992

CO2

CnHm

CO2

147.3

188.4

148.9

197

143.6

02-12,1993

127.1

143.3

136

202.9

01-10,1994

122.2

132.1

131.6

207.8

01-12,1995

123.7

148.7

117.5

01-09,1996

112.2

157.6

121.5

92

A8

B24

CO2 +

93

94

Years

CO2

CO2

CnHm

181

146

179.6

140

139.3

155.9

132.5

169.7

139.7

114.6

133.1

123.3

149.6

--

--

171.3

116.7

150.5

114.4

153.8

110.2

130.0

186.1

109.6

152.6

110.8

149.9

109.8

115.3

98

96

CO2

CnHm

151.4

--

Fig. 2. Yearly average 14C excess
in CO2 from environmental air at
stations Al, A4, A6 and A8, and
reference station B24 at Paks NPP

When CO2 + hydrocarbons were analyzed, the excess 14C varied from 130 to 200%o, thus slightly
reflecting the location of the sampling site related to the prevailing wind direction. The maximum
enhanced concentration of 14C in the environmental air may reach 5 mBq m'3, ca. 10% increase of
the "natural" level, 45 mBq m-3 in 1996. The stable carbon ratio, 613C%, of atmospheric air varied
between -8% and -10% , the mean being -9%. The CO2 fraction of the samples showed no increase
due to NPP operation, which is obvious considering the low 14C concentration apportioned to this
form. If one averages the data collected at five sampling stations, the "natural" 14C variation can be
followed for the years of monitoring (Fig. 2). The "natural" 14C level declined at a rate of 6.4% a-1
and by a simple extrapolation this yields a half-life of 11.3 yr, which is in good agreement with the
findings of Otlet et al., T=13.0 yr and T=10.3 yr (1997).
Rings of aRobinia pseudoacacia tree were analyzed. The trees were harvested from the vicinity of the
Paks and Krsko NPPs,1.7 km and ca.1 km from the release point in the prevailing wind direction at
Paks and Krsko, respectively. For reference, trees taken from "clean" areas far from the NPPs were
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Fig. 3. Yearly average 14C excess
in CO2+CnHm from environmental air at stations Al, A4, A6 and
A8 and reference station B24 at
Paks NPP

Fig. 4. 14C excess in tree rings and
atmospheric 14CO2 at Schauinsland
station. Krsko 1: tree from the
opposite direction as the Krsko 2
tree. Krsko 2: tree from the direction of prevailing wind.

also collected and analyzed. Figure 4 shows the results of the tree-ring analysis. It can be seen that at
Krsko NPP, the decline of the 14C level from 1986 is balanced by uptake due NPP releases. There is
no similar observation for Paks NPP because, in addition to the low amount of 14C02 discharges, the
tree-ring analysis was carried out in the early years of NPP operation. The half-life of the "natural"
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level, based on reference to tree-ring analysis, is T=14.5 yr (Hungary 1982-1986), T=15.7 yr
(Slovenia 1976-1994) and T=13.7 yr (Slovenia 1982-1994). The half-life derived from the Schauinsland station data is 11.6 yr for 1984-1991 and 14.7 yr for 1993-1996 (Levin and Kromer 1997).
CONCLUSION

The 14C discharge rates from Paks and Bohunice are about four times higher than the typical Western European PWR NPP data. These higher rates may be apportioned to the higher level of nitrogen
impurities in the primary coolant. The need for regular monitoring of 14C discharge is underlined by
the fact that significant variation may occur, even at a given NPP, especially in the ratio of the chemical forms in which 14C is released.
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ABSTRACT. Radiocarbon is an important constituent of the low level, liquid, radioactive effluent discharged from the Sellafield nuclear fuel reprocessing plant in northwest England, but despite the fact that it gives the highest collective dose commitment of all the nuclides in the waste, its behavior in the Irish Sea is poorly defined. There is therefore a clear requirement
for an improved understanding of 14C behavior in the Irish Sea, to assist with dose evaluation modeling and definition of the
mixing and accumulation characteristics of the sediment in this area. In this context, results are presented here for a temporal
study of 14C activities in four geochemical fractions of seawater and in a sediment core from the vicinity of the Sellafield
effluent outfall. Clear 14C enrichments in the dissolved inorganic carbon (DIC) and particulate organic carbon (POC) components of seawater were observed, with temporal trends in activity that were related to variations in the Sellafield discharge.
Smaller, but nevertheless detectable, enrichments were also observed for particulate inorganic carbon (PIC) and dissolved
organic carbon (DOC) in the seawater. The distribution of 137Cs and 241Am revealed that the sediment core could be classified
into three zones in which the intensity of mixing decreased discontinuously with depth. Bulk carbonate 14C analyses of the
core demonstrated the presence of glacial or pre-glacial carbonate in the system, but failed to show any evidence of contaminant 14C input or provide information on sediment accumulation processes. In contrast, analysis of bulk organic matter from
the sediment provided clear evidence of the recent perturbation of a well mixed system by input of younger material, consistent with the recent input of contaminant 14( from Sellafield and possibly weapons testing fallout.

INTRODUCTION

Since 1952, low level, liquid, radioactive waste has been discharged, under authorization, into the
northeast Irish Sea from the British Nuclear Fuels plc reprocessing plant at Sellafield in Cumbria,
northwest England. For the majority of radionuclides (e.g., 137, 238Pu, 23924Opjj and 241),
annual releases peaked in the early- to mid-1970s and from the mid-1980s onwards, they contributed only very small increments to the existing total environmental inventories (BNFL 1977-1994;
Gray, Jones and Smith 1995). In contrast, the discharges of 14C were relatively constant (ca. 1 to 2
TBq per annum) until the early 1990s when they increased substantially (12.4 TBq in 1995) (BNFL
1994; MAFF 1996). The total activity of 14C that has been released from Sellafield is small relative
to that of high yield fission products or transuranic activation products such as 239,24°Pu. Nevertheless, as a consequence of its relatively long half life, high environmental mobility and propensity for
entry into the food chain, 14C has the highest estimated collective dose commitment to the UK population of all the radionuclides in the Sellafleld liquid effluent discharge.
The offshore sediment is a key component of this system since it has acted as a major sink for Sellafield waste radionuclides. Indeed, it has been estimated that following discharge, almost all of the
americium and plutonium and ca. 10% of the radiocaesium were initially incorporated into a deposit
of silt and mud, off-shore from Sellafleld (Smith, Parker and Kirby 1980; Miller et a1.1982; Pentreath et al. 1984; Jones, Roberts and Miller 1988), which forms part of a belt of fine sediment lying
close to the Cumbrian coast and extending from Liverpool Bay in the south to the Solway Firth in
the north (Fig. 1). The reduction in radionuclide concentrations in seawater, in response to reduced
Sellafleld discharges from the 1980s onwards, has resulted in significant redissolution of radiocaesium from the surface layers of the offshore sediment (Hunt and Kershaw 1990; McCartney et al.
1994; MacKenzie et al. 1994), as evidenced by 137Cs/241Am activity ratios for this material in the
range 0.72 to 1.22 in 1992, relative to corresponding values of up to 8.5 in 1988-1989 (MacKenzie
'Scottish Universities Research & Reactor Centre, Scottish Enterprise Technology Park, East Kilbride 075 OQF, Scotland
2Biosedimentology Unit, Institute of Biological and Life Sciences, University of Glasgow, Glasgow 012 800, Scotland
3Westlakes Research Institute, Westlakes Science and Technology Park, Moor Row, Cumbria CA24 3LN, England
Proceedings of the 16th International '4C Conference, edited by W. G. Mook and J. van der Plicht
RADIOCARBON, Vol. 40, No. 1, 1998, P. 447-158
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et al. 1998). In contrast, there has been very little redissolution of the less soluble actinides, Am and
Pu (Hunt and Kershaw 1990; Cook et a!. 1997a), resulting in a negligible reduction in the inventories of these species in the offshore sediment. Thus, in addition to the current discharges, this offshore sediment now constitutes a second, and major, potential source of radionuclides to the wider
environment.

Fig. 1. Map of the northeast Irish Sea study area

Considerable research has been devoted to characterizing processes which affect the contaminated
sediment, and it has been clearly established that this deposit is subject to intense physical and biological mixing (Kershaw et al. 1983, 1984, 1988). Although the mixing characteristics of the offshore sediment have been relatively well defined, it remains unclear whether or not the deposit is
subject to long-term net accumulation. Cronan (1969) and Pantin (1977,1978) concluded, on the
basis of sedimentological evidence, that this was an area of active accumulation; however, Williams
et al. (1981) and Kirby et al. (1983) contended that the area has a stable sedimentary regime, dom14C to define
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profiles produced logical progressions of increasing age with depth and the authors interpreted this
observation as indicating that the larger T communis shells were not susceptible to the same biological mixing processes as the finer bulk carbonate fraction of the sediment and, on the basis of the
trend in age of the T communis shells with depth, derived accumulation rates of 0.02 to 0.3 cm a-1
for the three cores under study.
More recently, Cook et al. (1995) presented data for two cores, one of which was from a position
close to the end of the Sellafield discharge pipeline and the other from ca. 20 km south of the discharge point. Both cores exhibited discontinuous increases in age of the bulk carbonate with depth.
The age range of 4980-8980 BP (over a depth of 25 cm) for the core from the vicinity of the pipeline
was significantly lower than any other ages reported for northeastern Irish Sea sediment. Cook et al.
(1995) also demonstrated that the bulk organic carbon gave markedly younger ages than the bulk
carbonate component of these cores. Significantly, the activity of the bulk organic carbon was
enriched above ambient modem throughout the core from the pipeline area, providing unambiguous
evidence of input of contaminant 14C to the sediment system. This observation is consistent both
with the work of Begg et al. (1992), who reported enhanced 14C levels in seaweed and in the flesh
and shells of winkles and mussels in the vicinity of Sellafield, and with a more recent study by Cook
et al. (199Th), which verified the enrichment of 14C in an extensive range of biota and in the DIC
component of seawater in this area.

Developing a better understanding of the behavior of Sellafield-derived 14C in the Irish Sea is therefore important with respect to: 1) quantifying the radiological implications of the discharge (in this
context, fluxes of 14C at the sediment-water interface and processes controlling 14C distribution
within the sediment column are key areas of uncertainty) and 2) developing quantitative models of
sediment mixing and accumulation processes, with implications for the long-term fate of other contaminant radionuclides. As part of a study aimed to address these issues, we present data for a site
close to the outlet of the Sellafield low level, liquid waste pipeline, including: 1) 14C activities for
the four biogeochemical fractions of the water column (DIG-dissolved inorganic carbon, PICparticulate inorganic carbon, DOC--dissolved organic carbon, and POC-particulate organic carbon), 2) bulk carbonate and organic carbon 14C age profiles for a 76 cm depth sediment core, and 3)
activity profiles for Sellafield-derived 137Cs and 241Am in the core.
METHODS

Sediment Sampling and Pretreatment
We collected a 76 cm depth sediment core on 14 November 1995 from a position 5 km south of the
discharge pipe outlet (54°17'N, 03°38'W), using a gravity corer (Pedersen et al. 1985) equipped
with a 12.5 cm diameter core tube. We used this type of corer because it preserves the vertical integrity of the sediment and minimizes disturbance of the sediment/seawater interface. Following col-

lection, we immediately sealed the core on-board ship and extruded and sectioned it on return to the
quay. We divided the upper 20 cm into 1 cm depth increments and the remainder into 2 cm increments. We also discarded the outer 0.5 cm circumference to avoid contamination through smearing
within the core tube and then dried the remainder at 60°C to constant weight. Finally, we ground the
samples in a ball mill in preparation for analyses.

Seawater Sampling and Pretreatment
We collected volumes of 200-700 L during 1995-1996 on each sampling trip. We filtered the entire
sample through OF/F glass fiber filter paper (nominal pore size 0.7 µm) and poisoned it with mer-
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the
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DIC Analysis
We opened the sample and transferred it to a 500-mL volume reaction vessel in a C02-free glovebox
we
environment. We then connected the sealed reaction vessel to a purpose built vacuum line where
compleOn
N2.
liquid
acidified the sample, purged it with nitrogen and trapped out the CO2 using
tion of the reaction, we transferred the CO2 to a cold forger surrounded by liquid N2 and pumped it
under high vacuum for ca. 30 min to remove impurities. We then sealed the CO2 in a Pyrex® tube in

preparation for AMS analysis.

DOC Analysis
With small modifications, we used the method of Fry et al. (1996) and converted the purified CO2
to graphite, in preparation for AMS analysis, according to the method of Jull et al. (1986), again
with minor modifications.

PlC Analysis
We placed the filter papers containing the particulate material in a reaction vessel which was then
evacuated. We slowly added 2M HCl to allow the hydrolysis reaction to proceed over a period of ca.
2 h. We collected, purified and stored the CO2 as described above, in preparation for AMS analysis.

POC Analysis
We thoroughly washed the residue from the hydrolysis with distilled water, oven dried it and then
placed it in a Pyrex® tube containing copper oxide as the oxidant. We then evacuated and sealed the
tube and placed it in a furnace overnight at 500°C. We then isolated and purified the CO2 in prepa-

ration for AMS analysis.
We sent all samples that were prepared for AMS analysis to the University of Arizona AMS Facility

for 14C measurement.

Radiometric 14C Analyses
14C analysis. Initially, we
We combined the sediment samples to give 4 cm depth increments for
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bulk
the
hydrolyze
reacted each sample with 2 M hydrochloric acid to
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produce
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to
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and
the residual sample with distilled water and then dried
14C
analysis.
again converted to benzene for subsequent

Gamma Spectroscopy
We pressed 20 g subsamples of sediment into 5 cm diameter pellets using a 20-ton press and sealed
them with plastic film. We then counted the pellets on a Canberra Industries N-type HPGe gamma
photon detector with a carbon-epoxy thin window. Typical sample counting times were 24 h. We
determined detection efficiencies for the Sellafield-derived, gamma-emitting radionuclides present
in the samples (137Cs and 241Am) by counting samples of a similar density which we had spiked with
known activities of each.
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RESULTS

We present results for 14C activities in the DIC, DOC, PIC and POC components of seawater in
Table 1 and Figures 2 and 3. We present 14C activities and apparent ages for the bulk inorganic and
bulk organic carbon components of the sediment core in Table 2 and Figure 5, and 137Cs and 241Am
activities for the core in Figure 4. Throughout the text, we have used the term "apparent age" for our
data as it is likely that many of the samples have been contaminated with Sellarield-derived 14C.

TAr.B 1.14C activities ("absolute" percent modern (pMC) ± 1o) in the PIC, POC, DIC
and DOC components of seawater at the Sellarield pipeline sampling site, 1995-1996.
Values in parenthesis are apparent ages (BP ± lo) for depleted samples.
Date
PIC
POC
February 1995
63.1±0.8
36.3±0.5
July 1995

November 1995

(3660 ± 90)

(8090 ± 100)

120.4 ± 1.4

176.2 ± 1.2

61.2±0.5

197.4±1.0

(330 ± 45)
3.1

(3900 ± 65)

March 1996

60.8±0.5

(8750 ± 90)

208.8±0.8

(3960 ± 65)

June 1996

76.2±0.5

(4330 ± 55)

268.6±1.5

(2140 ± 50)

November 1996

1600

87.7 ± 0.6
(1010 ± 55)

2.2
(6060 ± 380)

(1720 ± 50)
269.6 ± 1.1

3.7
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activities ("absolute" percent modern (pMC)
± tar) for the bulk inorganic and bulk organic carbon components of the core collected from 5 km south of Sellafield.
Values in parenthesis are apparent ages (BP ± lo).
Organic carbon
Inorganic carbon
Depth (cm)
TABLE 2, 14C

0-4
16-20

36-40
56-60
72-76

21.1±0.4

81.8±1.3

(12,460 ± 160)

(1570

130)

19.2 ± 0.5
(13,210 ± 210)

(2940

0.6
70)

19.6 ± 0.5
(13,040 ± 190)

(4470

150)

20.4 ± 0.9
(12,720 ± 340)

(4100

0.6
80)
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DISCUSSION

Discharges of 14C from Sellafield varied markedly during the course of this study and the activities
of the DIC samples exhibited clear variations in response to these changes, as shown in Figure 2.
Thus, the DIC activity increased from 104.7 pMC in February 1995, a value which is close to the
ambient background level of 109.7 pMC (Cook et a!. 199Th), to 706.0 pMC in November 1996,
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enhanced activity (120.4 pMC) in the July 1995 PIC sample.
The 14C activities of the POC samples exhibited a pronounced variation in response to the changing
discharge levels (Fig. 3), with an increase from a value of 36.3 pMC in February 1995 (corresponding
to an apparent age of 8090 BP) to a maximum of 296.6 pMC in November 1996. Although a similar
trend was observed, the variations in POC activities were more muted than those for DIC and a systematic disequilibrium was observed between the two, with POC activities in the range 0.30 to 0.52 of
the corresponding DIC values. These results therefore show that the particulate organic matter (POM)
14C activities, and recently produced POM that is
consists of a mix of older material, with depleted
14C.
Sellafield-derived
of
incorporation
enriched as a consequence of
14C activities showed no clear evidence of the
Over the period February 1995 to June 1996, the DOC
influence of the Sellafield discharge, with depleted activities in the range 33.5 to 95.4 pMC, corresponding to apparent ages in the range 8750 to 330 BP. However, the November 1996 value of 263.2
14C in the DOC, with a
pMC provided definite evidence of the incorporation of Sellafield-derived
value close to equilibrium with the corresponding PIC sample. Notably, a period of ca.1 yr elapsed
between the onset of enrichment in the DIC and POC components and the corresponding enrich14C. This indicates either a slower rate
ment in the DOC in response to the increased discharges of
of transfer of contaminant 14C into the DOC system or a relatively greater degree of buffering of the
impact of such input to this system.
14C activities in the biogeochemical fractions of
The implication of the observed enhancements in
seawater and in biota (Begg et a1.1992; Cook et ai.1997b) is that deposition of inorganic or organic
14C to the sediment. This is of
detrital biogenic material will result in a flux of Sellafeld-derived
14C discharges
considerable importance both with respect to evaluating the dose implications of the
14C
age profiles in the sediment. A significant aspect of this situation is
and to interpreting observed
that the 14C transferred to the sediment will be structurally incorporated in detrital carbonate and
organic material which will undergo varying diagenetic reactions in the sediment. Such reactions
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may result in redissolution of some of the contaminant 14C, but the geochemical conditions and the
thermodynamic controls on these reactions will be different from those governing the initial uptake
of 14C in these materials. Consequently, the overall behavior of 14C in this system will not be controlled by a simple reversible equilibrium reaction and, as such, will not be amenable to modeling
by a Kd (distribution coefficient) approach, as is often employed in such cases.

In view of the intensity of mixing and the low accumulation rate, mixing processes will exert a dominant control on the distribution of detrital biogenic material in the sediment and the effects of mixing
can be inferred from the distribution of Sellafleld waste radionuclides in the sediment. As shown in
Figure 4, both 241Am and 137Cs were detectable to the base of the core at 76 cm, indicating transfer to
this depth by mixing on a time scale of 43 yr or less. Moreover, both profiles show a sharp decrease in
activity below 33 cm, indicating a marked decline in the efficiency of mixing below this level. 1Am
had generally high activities from 33 cm to the surface, with irregular variations in the range 144 to
406 Bq kg-1.137Cs also showed high activities in the range 375 to 897 Bq kg-1 over the depth range 33
to 15 cm, with trends similar to those of 241Am, suggesting that they represent variations in the mineralogical composition of the sediment. Above 15 cm,137Cs activities decreased towards the surface,
consistent with efficient redissolution from this section of the sediment. The 137Csf24lAm profile provides further evidence of this, with small variations of the activity ratio, in the range 0.95 to 1.42, from
the surface to a depth of 10 cm. The low and relatively constant values for the ratio in this zone are
consistent with a high intensity of mixing, resulting in rapid equilibration of the sediment with the
overlying water and efficient redissolution of the radiocaesium (MacKenzie et a1.1998). From 10 to
33 cm, slightly higher 137Csf24lAm activity ratios were observed but the relatively small range of values from 1.56 to 3.01, is indicative of a high degree of mixing of the sediment and very efficient redissolution of the radiocaesium originally incorporated in this material. Below 33 cm, the 13741j
activity ratio exhibited much greater variability, revealing less efficient mixing and with values as
high as 8.0, suggesting a low efficiency for redissolution of radiocaesium from sediment at this depth.
Taken together, the 137Cs and 241Am data suggest that the sediment column for this core can be
divided into a zone of highly intense mixing from the surface to ca. 10 cm depth, a zone of intermediate intensity mixing from Ca. 10-33 cm depth and a zone of low intensity mixing below 33 cm.
The bulk carbonate and bulk organic 14C age profiles for the core are shown in Figure 5, along with
the mixing zones derived from the 137Cs and 241Am data. The bulk carbonate results show limited
variations in the range 12,040 to 13,210 BP, which are clearly too old to represent an average age for
input of carbonate material produced during the Holocene and reveal the presence of glacial or preglacial carbonate in the sediment. The 0-4 cm sample, from the high-intensity mixing zone, exhibits
a slightly younger apparent age than the 16-20 cm and 36-40 cm samples, but this cannot be unambiguously interpreted as evidence of addition of contaminant 14C to the surface sediment, since the
0-4 cm sample age is indistinguishable from that of the deepest sample in the core at 72-76 cm.
Thus, despite the evidence of enrichment of 14C activities in the DIC and PIC components of seawater and in contemporary shell material from the Irish Sea, there is no discernable influence of input
of such material in this core and, indeed, in the majority of the other cores studied from this area.
The implication of this is either that the prevailing water circulation patterns and sedimentary processes result in negligible transfer of recently produced carbonate into this deposit, with preferential
deposition of such material in other areas, or that the buffering capacity of the old carbonate in the
sediment is sufficient to render the effects of any input negligible. It is, therefore, apparent that bulk
carbonate analysis of the sediment represents an insensitive means of investigating the behavior of
14C in this system. However, the
observation of the age discrepancy between the ages of the bulk
carbonate and discrete shells of T communis by Kershaw, Swift and Denoon (1988) suggests that
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analysis of the 14C activity in different size fractions of the sediment may provide useful information.
In contrast to the bulk carbonate, the bulk organic carbon ages exhibited a significant variation with
depth as shown in Figure 5. In the low-intensity mixing section of the core below 33 cm, the apparent bulk organic ages were effectively constant with a mean age of 4307 ± 154 BP, which is consistent with an average age for organic carbon produced at a relatively constant rate throughout the
Holocene. Progressively younger ages were observed for the samples from the intermediate and
high intensity mixing zones, consistent with an input of younger material at the surface, followed by
137Cs and 241Am have been
penetration into the sediment by mixing. The fact that Sellafeld waste
if the input of younger
that,
implies
less
mixed to the bottom of the core in a period of 43 yr or
should have been
system
the
then
organic carbon represented a long-term steady state condition,
profile thus
observed
The
carbon.
effectively homogenized with respect to the age of the organic
14C from
contaminant
of
implies a recent perturbation of the system, consistent with the introduction
Sellafeld and possibly from weapons testing fallout.
CONCLUSION

The above discussion leads to the following conclusions:
The discharge of low-level liquid radioactive waste from Sellafeld has resulted in enhanced
levels of 14C in the DIC and POC components of seawater in the northeast Irish Sea, with temporal trends in the activities of these components that can be related to varying levels of discharge. Smaller but discernable enrichments of the PIC and POC components of seawater also
occur as a result of the discharge.
The distribution of 137Cs and 241Am reveals that the sediment at the study site can be classified
into three zones of decreasing intensity of mixing as a function of increasing depth.
The apparent bulk carbonate ages for the core, in the range 12,040 to 13,210 BP, revealed the
presence of glacial or preglacial carbonate throughout the sediment and provided no evidence
of the input of contaminant 14C to this system. Since contemporary DIC, PIC and shell material
have been shown to exhibit enhanced 14C activities, this implies either that such materials are
preferentially deposited elsewhere, with negligible input to the sediment studied, or that the
quantity of old carbonate in the sediment is large enough to render any such input insignificant.
The study indicates that analysis of bulk sediment carbonate is an insensitive method for investigating the behavior of 14C or attempting to establish sediment accumulation characteristics in
this system.
The bulk organic carbon analyses provided evidence of a recent perturbation of a well-mixed
system, with an average apparent age of ca. 4300 BP, by addition of younger organic matter to
the surface sediment. The age profile of the bulk organic matter was consistent with the input of
contaminant 14C from Sellafeld (and possibly weapons testing fallout) followed by penetration
into the sediment by mixing, with the intensity of mixing decreasing with depth.
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IV. CALIBRATION OF THE 14C TIME SCALE
A. Data Records Other Than 14C
B. Wiggle-Matching and Floating Chronologies

PROBABILITY AND DATING
CHRISTOPHER BRONK RAMSEY

Radiocarbon Accelerator Unit, University of Oxford, 6 Keble Road, Oxford, OX13QJ, England
ABSTRACT. Statistical analysis is becoming much more widely used in conjunction with radiocarbon dating. In this paper
I discuss the impact of Bayesian analysis (using computer programs such as OxCal) on archaeological research. In addition
to simple analysis, the method has implications for the planning of dating projects and the assessment of the reliability of dates
in their context.

A new formalism for describing chronological models is introduced here: the Chronological Query Language (CQL), an
extension of the model definitions found in the program OxCal.
New methods of Bayesian analysis can be used to overcome some of the inherent biases in the uncertainty estimates of scientifc dating methods. Most of these methods, including 14C, uranium series and thermoluminescence (TL), tend to favor
some calendar dates over others. 14C calibration overcomes the problem where this is possible, but a Bayesian approach can
be used more generally.

INTRODUCTION

With large numbers of archaeological and environmental sites being dated in some detail, the way
in which the scientific dating information is used to understand chronology is becoming increasingly
important. The multiple factors underlying chronological information make this almost impossible
to do by intuition, especially with calibrated 14C dates that give multiple ranges and complicated
probability distributions. For these reasons, new statistical methods were developed (e.g., Buck et al.
1991; Litton and Buck 1995) to allow information about sequences and phases to be used with 14C
evidence to arrive at quantifiable conclusions with known probabilities. In order to make such techniques more widely applicable, the computer program OxCal (Bronk Ramsey 1995a) was developed. One of the most important new aspects of this program was the method employed to allow
chronological models of all kinds (incorporating sequences, phases, wiggle-matched sequences,
etc.) to be specified in a fairly simple but nonetheless rigorous way.

The overall impact of this approach has been considerable (e.g., Bronk Ramsey and Allen 1995;
Bayliss, Bronk Ramsey and McCormac 1997). To take the large dating program of English Heritage
as an example, OxCal has been used for many sites, significantly improving overall precision of
chronology. Equally important, the specification of the chronological relationships has been a helpful exercise in itself.
As well as allowing the analysis of whole sites with stratigraphic information, the methods themselves are also useful for very specific cases such as tree ring sequences. They could also be applied
to a number of other, slightly more complex, cases such as sedimentary deposits and dated material
related in some way to horizons (either destruction layers or overlying deposits).

Another area of interest is how to deal with 14C dates close to background level. Quite apart from the
problems of calibration in this time range, there is a tendency for the raw dating information to give
misleading estimates of the uncertainty. This tendency can be seen as a hidden bias in the technique.
The kinds of model used for periods that are more recent turn out to be unsatisfactory for this purpose, so a new approach is needed.
FORMAL DESCRIPTION OF MODELS

Of equal importance to the statistical methods needed to analyze chronological information is the
formalism necessary to express the models in a clear, unambiguous way. Such model formulation
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requires similar skills to those employed by archaeologists and earth scientists when studying site
stratigraphy. Indeed, in many cases stratigraphy (and its formal description by Harris Matrices; see
Harris 1989) will form the basis of the model. However, it must be stressed that a chronological
model is based on events that occurred in the past rather than on objects. A method of formal
description must include elements for dealing with isolated events, groupings and relative orderings
of those events as well as specific distributions of events. Since the purpose of description is to allow
analysis to take place, it should also be possible to include queries within, or associated with, the
description.

Events
Events form the building blocks of any chronology. An event is by definition short when compared
to the resolution of the measurement techniques employed. We may have direct dating evidence for
such events or they may be related in some way to other events; a minimum requirement is that each
event in the model should have a unique name. In some cases, the information available might be
comprehensive, with a number of direct dating measurements.

Groupings and Sequences
The main element of most models will be the way in which individual events are grouped and the
relationships between them. We clearly need to be able to specify events as belonging to groups
where there is no constraint on their relative order and to specify sequences of both individual events
and whole groups of them. Most possible models can be built using these two basic building blocks.

Specific Models
Often, more closely specified models are useful although many of these must to some extent be
based on assumptions that are impossible to prove. One that has been widely employed is the concept of a "uniform" phase, within which the dated events are evenly distributed. The main reason for
employing a model of this kind is that it overcomes the inherent tendency of scientific dating methods to produce dates that are scattered because of limited precision. It almost certainly gives us a
more realistic interpretation of the given information although we have made an extra (and possibly
difficult to substantiate) assumption. To use no model at all is in fact to assume that all of the events
are truly independent; this is in effect a model in itself, and in many cases a very unreasonable one.

Another widely employed model is the sequence with defined gaps between the events. This is useful for the wiggle matching of tree-ring sequences for 14C dating.
Several new models would be widely applicable and work is underway to find general mathematical
methods for their analysis (see, e.g., Christen, Clymo and Litton 1995). Two of these are special
kinds of sequence widely found in environmental sites. In the first, we are constrained by some uniform process (usually growth or sedimentation rate). As in wiggle matching, the gaps between the
events are specified, but in this case these only define the relative, not the absolute, chronological
intervals. The statistical analysis should then yield probability distributions for the events concerned
and a distribution for the growth/sedimentation rate. Similar to this would be the case where the
growth/sedimentation rate is not uniform but is used to weight the intervals. A second model widely
applicable to archaeological sites is the exponential model in which events either build up to or
decay away from some defining event. A good example of this would be assorted finds under a
destruction layer. These will tend to cluster close to the destruction itself but may well include items
that were of some antiquity at the time of destruction.
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Queries
Clearly, since the purpose of any analysis is to elicit new information, it is important that any formal
description should allow one to interrogate the chronological model. We might, for example wish to
know the probable relative order of events, when a phase started or finished, or the time scale
spanned by a series of events.
CHRONOLOGICAL QUERY LANGUAGE (CQL)

One possible method for formal definition is that developed for OxCal. This will be further developed here to make it useful for a wider range of dating methods and to introduce some new models
such as exponential distributions. The name "Chronological Query Language" (CQL) will be used
for this development of the formal description language. Inevitably, not all details can be given here,
but Table 1 gives a list of the elements of the language so that readers can gain an impression of the
scope of the method.

Elements can be split up into three different categories: events; groupings and sequences; and specific model definitions.

Events
An event can be described in a number of different ways. We can just give it a name with the event
statement or we can define its age by 14C, TL, U-series or other dating methods using r_date,
1 date, th_u date, pa u date and c_date. If several measurements are available, the statements
r_comb, 1_comb and c_comb can be used to combine them, or if they are U-series or of different
kinds, the more general comb. The most general information of all is simply a prior probability distribution defined by a prior statement. Examples of these types are given in Table 1 along with the
details of how 14C calibration curves, paleodose estimates, etc., are defined.

Groupings and Sequences
The most general group is a phase (not in the specific archaeological sense), which imposes no
internal constraints; the second most useful is the sequence, which constrains the elements within it
to be in chronological order. These groups contain a list of elements each of which can be either an
event or another group. Supposing, for example, we have a site with sequential phases and during
phase II we have a well-stratified sequence of dates from "site x", we can describe this chronological
model as:

sequence {
phase "I" { r_date 3310 40; .... };
phase "II" { r_date 3200 50; sequence "site x"{ r_date 3220 40; r_date
phase "III" {r date 3110 30; ....

.., }; ,..};

The use of these elements, along with cross references (x reference) to events constrained within
more than one phase or sequence, allows the description of any chronology derived, e.g., from Harris matrices (Harris 1989).

Specific Model Definitions
One of the most widely used specific models is the "uniform phase" (see, e.g., Bronk Ramsey and
Allen 1995). In the formalism of CQL this is described by giving phases definite boundaries, so in
the above example we could treat the phases as uniform in the following way:

TABLE 1.

Summary of Chronological Query Language (CQL) Elements

oxcal
CQL Statement

v2.18

EVENT DESCRIPTION
Undated events
event
file
Prior

Any dating method
c_date

Syntax"

Explanation

Example

event name;

an undated event in the model

event "Conquest";

prior name;
file name;,

event with a prior probability distribution

Prior "post-conquest";

true calendar date

c_date "Conquest" 1066;
cal "Conquest" 1066;
asym "Period A" 60030 60;
c sim 1066 40;
c _comb "burial" { c_date 910 30;
c_date 950 30; c_date 93040;}
comb "burial" { c_date 910 30;
r_date 101040;};
year 1997;
error 5%
factor 1.23;

c_comb

c_comb

c_date name date errorl error2
cal name date errorl ,
asym name date ermrl ermr2,
c sim name calendar date error,
c_comb name {c_date...; c date...;

comb

comb

comb [name] {eventlist};

combine dates of all sorts for a single event

year
error
factor

year
error
factor

year measurementyear;
error ProPortional error
factor multiplier,

year of measurement
overall uncertainty in age multiplier
multiplier to obtain calendar age

'4C dated event

r_comb

rand
r_comb

r date name date error
date name date error,
r sim name calendar date error,
rand name
r_comb name {r_date...; r date...;

curve
delta_r

curve
delta_r

curve curve Ie name;
delta_r offset error,

reserv oir

reserv

reserv oir reservoir_a8e error,

calibration curve to be used
AR value for marine curves Stuiver and
Braziunas 1993
time constant of the reservoir

cal

gym
c sim[ulate]

Radiocarbon dating
r_date
r si

-date
ulate

Luminescence dating
1_date
-cal
sim ulate
1_comb
1

dose

c_comb
dose

_date Paleodose error,
cal dpaleodose derror,
1 sim name calendar date error,
name
date...;1 date...;
dose dose_rate,;

;

simulated calendar date
combine calendar dates with a x2 test

simulated 14( date
combine 14( dates with ax2 test

luminescence date

r date "OxA-2000" 3000 30;
date "OxA-2000" 300040;
r sim 1066 40;
rend 1066 40;
r_comb "burial" { r_date 2910 30;
r_date 2950 30; r_date 293040;}
curve ca120.dta;
curve marine.14c; delta r 300 20;
curve ca120.dta, reserv 10020;
1_date 1.0 0.2;

cal d1.0 d0.2;
1 sim 1066 5%;
l_comb "burial" { 1_date 1.0 0.2;
1_date 1.10.2;1 date 0.9 0.15;}
estimated dose rate (for the subsequent samples. year 1995; dose 2.Oe-3; error 5%;
simulated luminescence date
combine luminescence dates with a x2 test

Summary of Chronological Query Language (C;QL) Elements (Continued)
OxCal
v2.18
Syntax*
Explanation
CQL Statement
TABLE 1.

Uranium series dating
Th U date
Pa U date
Th U sim[ulate]
Pa U sim[ulate]

th u date 230/234 errl 234/238 err2;
pa u date 2311230 err1234/238 err2;
th u_sim [name] date errorl error2;
pa u sim [name] date esrorl error2;

uranium series
uranium series
simulated
simulated 1P

Example

1P

s

date
date
series date
series date
s

th u date "A" 0.623 0.006 2.82 0.03;
pa u date "B" 0.042 0.001 1.83 0.04;
th u_sim "C" -120000 0.006 0.03;
pa u sim "D" -120000 0.0010.04;

Event date modifiers
offset

offset

event offset offset error

offset the event from the dating evidence

r_date "bone" 3000 30; offset 205;

Cross references
xre erence

xref

xref name;

cross reference to an event specified
elsewhere in the model

xref "bone";

MODEL DEFINITIONS
General groupings
phase
seq[uence]
taq

phase
seq
taq

phase [name] { elementlist }
seq[uence] [name] { elementlist
taq [name] { elementlist }

tP4

tP4

tpq [name] { elemenilist }

Specific models
boundary

bound

any

aseq

seq name bound [name]; Phase
name eventlist bound name
d_seq name event, gap gap; event;
8aP gap; ... ;
v_seq name event; gap gap error,
event, gap gap error, ... ;
u_seq [name] event, gap rel_gaP;
event gap nel_gaP> ...
w_seq name event, gap reljaP;
event gap relmap, ... ,
exponential name eventlist end
name;t constant name;
exponential name begin name;
eventlist t const ant name;
ian name eventlist mean
8a
name; sigma name;,

u seq

>

w seq
exp[onential]

gauss ian

--

}

a group of elements no assumPtions
a group of elements in chronological order
elements which define a terminus ante quem

phase {r date 3005 40; r_date 321040; };
seq {r date 3305 40; r_date 320040;};
seq {t date 3205 40; taq {r date 3100 40;};
r_date 315040;};
elements which determine a terminus post quem seq {c date 3205 40; tpq {r date 340040;};
r_date 315040;};

rya

a phase of uniformly distributed events
between two undated "boundary" events
series of events spaced in time with known gaps
(usually tree rings)
similar to d_se9uence except with errors on the
gaps
a series of events related to uniform growth or
sedimentation rate
similar to u
uence except that the rate is
allowed to vary
material all earlier than an event in an exponential distribution.
material all later than an event in an exponential
distribution.
material clustered around a mean date with an assumed 8aussian distribution

l

seq {bound "start"; phase {r date 300540;
r_date 321040;};bound "end"; };
d_seq { r_date 3200 40;gap 50;r_date 3160
40; gap 50; r_date 3090; };
v_seq { r date 3200 40;gap 50 20;r date 3160
40; gap 50 20; r date 3090; };
u seq { r_date 3200 40;gap 42;r date 3160
40 a 31 r date 3090
w seq { r date 3200 40;gap 42;r date 3160
40; gap 31; r_date 3090; };
exp { r_date 4000 30; r_date 321040; r_date
310040; r_date 350030; r_date 315040; end
"Destruction";
t coast "age proflle";};
gauss {r_date 4000 30 r_date 3010 30> r_date
350040 r_date 320040
mean "Mean"; sigma "Sigma";};,

`

Tns[.E 1. Summary of Chronological Query Language (C;QL) Elements (Continued)
OxCal
CQL Statement
v2.18
Syntax'
Explanation

Example

QUERIES AND CALCULATIONS
Queries
con elation
corr
con name namel name2

con "startend correlation" "start" "end";

produce a correlation plot of events with namel
and name2
find the date of the first event in this group
find the date of the last event in this group
fund the s
of the dates in this group
find the interval between events
fund the probability of possible event orders

first
last
span
inter val
order

first
last
span
inter
order

first name ;
first name
first name
inter name
order name

quest/ion]

quest

?

y

event, quest[ion];
event?

find the probability this event occurs here in the
model

phase {.....:span;}.
seq { r_date 990 30;inter; r_date 90030;};
order {r date "a" 320030; r_date "b" 310030;
r_date "c" 3150 30; };
seq {bound "start"; phase {r date 3005 40;
r_date 321040? };bound "end"; };

before [name] {eventlist};
after [name] {event[ist};
first [name] {eventlist};
fast [name] {evenr[ist};
sum [name] {eventlist};
dill [name] namel name2;
shift [name] namel name2;

probability of being before the listed events
probability of being after the listed events
calculate the date of the first event in a list
calculate the date of the last event in a list
fund a frequency distribution for the events
calculate the difference in age
add two ages together

before {r date 3005 40; r_date 3210 40;};
after {r date 3005 40; r_date 321040;};
first {r date 3005 40; r_date 321040;};
last {r date 3005 40; r_date 321040;};
sum {r date 3005 40; r_date 321040;};
dill "length" "end" "start"
shift "date2" "datel" "length"

eventlist

Event calculations
before
after
first
last
sum

before
after
first
last
sum

dill

dill

shift

shift

pLase { Srst; ..... };
phase {..... ;last; };

->>

DISPLAY CONTROL
plot
plot
Plot name elementlist
group elements simply for plotting purposes
P lot r_date 3000 30 r date 2000 20'
axis
axis
axis min max
define calendar axis limits
axis 5001500
comm[ent]
comm
co
ent "comment"
put a comment in the model
comm "Assuming uniform distribution";
label
label
label "label";
put a label on the plot
label "Bone Sample";
line
line
line
put a horizontal dividing line on the plot
line;
page
page
put a page break in the plot
page
page;
*An eventlist is a list of events, whereas an elementlist can be a mixed list of8roups and events.
Future versions of OxCal will be able to read existing models. Note that all commands can be given as upper or lower case. Changes to the model definition are:
replacement of date, rand and cal with r-date, r-sim ulate and c_date
replacement of cal for luminescence dates with 1_date
replacement of cal for uranium series dates with th u date and Pau date
replacement of file with event where there is no prior information and prior where there is
addition of specific combination method 1_comb
addition of dating simulation commands 1 sim ulate th u sim[ulate],
u simulate and c sim elate
addition of new models for specific circumstances: u_se9, w_se9, expon[ential], gauss ran

Probability and Dating

sequence { boundary "colonisation";
phase "I" { r_date 3310 40; .... }; boundary "destruction event";
phase "II" { r_date 3200 50; sequence "site x"{ r_date 3220 40; r_date ...
boundary "invasion";
phase "III" {r_date 3110 30; .... };boundary "volcanic eruption";};
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}; ...};

Subsequent analysis of the model will then not only constrain the elements of the three phases to be
in uniform distributions but also provide estimates of the "boundary" events (in this case colonization, a destruction event and a volcanic eruption).
Wiggle matching of tree ring sequences can be achieved in CQL by using the d_sequence statement
or the v_sequence statement if the gaps between the elements of the sequence are only approximately known.
As indicated above, several new models (not present in current versions of OxCal) would also be
useful in a variety of situations. One such is the exponential distribution that might be applied, e.g.,
to the material in a destruction layer. Such a model is defined as:

exponential "pre-destruction"
{ r_date 311040; r_date 2930 40; ... r_date; 3100 40;
end "destruction"; t_constant "average age";};
Analysis using this model would yield estimates of both the date of the destruction and the exponential time constant (t constant) relating to the average age of objects at the time of destruction.
Finally, a gaussian model would allow the treatment of events that cluster together but not in the
uniform phases described above.
CONSIDERATIONS IN IMPLEMENTATION

Planning
The formalism described above allows complex models to be defined, but analysis of this sort usually requires a large number of scientific dating measurements to be effective in answering archaeological or environmental questions. It is clearly important to assess whether this investment is
going to be worthwhile and which samples should be chosen for dating. This can be achieved by
performing analysis before the dating is undertaken, although this obviously relies on guesses about
the chronology of the site in question; it can therefore never be definitive or watertight. To allow
such analysis, the OxCal program incorporates the rand function that generates simulated 14C measurements of the sort you would expect to get for objects of a certain age. The scatter associated with
a measurement of this kind is generated randomly. In general, this method would be useful for all
kinds of dating, so four statements are included in the new definition of CQL (r simulate,
14C, TL, U1_simulate, th u simulate, pa u simulate and c_simulate) to allow the simulation of
series and general dating techniques, respectively.

Reliability Testing
With so many possible models, it is very important that the reliability of all aspects of the analysis
be tested, especially because, except for Gaussian probability distributions, a simple x2 test cannot
be used. There are three concerns here: the results of the scientific dating measurements, the choice
of model (using stratigraphic and other evidence) and the statistical analysis itself. The last of these
is dealt with below in the section on the limitations of numerical methods.
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Both the dating measurements themselves and the stratigraphic evidence should be subject to very
careful scrutiny and quality control before any analysis takes place. In particular, the standard uncertainty terms must be realistic since under- or overestimates of these will cause problems. This is the
responsibility of dating laboratories and is largely achieved by checking that measurements made on
known-age material have a Gaussian distribution about the expected mean (see Fig. 1). Stratigraphic
interpretation is primarily the responsibility of the archaeologist or environmental scientist. Analysis of the chronological model and the dating evidence together can, however, be used to test
whether these two agree, and if not, where the problems seem to lie. Such problems of association,
contamination, residuality, etc., are inevitable in even the most thoroughly excavated sites. All of the
scientific methods give some sort of a prior probability distribution that can be compared to the posterior distribution by means of an overlap integral to give an agreement index (see Bronk Ramsey
1995a for the exact method employed by OxCal).

4.0

-4.0
0.00

0.20

0.40

0.60

0.80

1.0

Proportion
Fig. 1. Known-age samples measured at Oxford in 1996 (39 in total). These have been plotted in terms of the number of standard deviations they are from the expected value and are sorted by the same value. The curve is the
expected Gaussian distribution. This method allows the validity of standard uncertainty terms to be checked.

Limitations of Numerical Methods
Although the overall definitions of chronological models can be very well specified and watertight,
this is often not the case with the methods of numeric analysis used. Because of the complex nature
of the models and the flexibility required in their definition, purely analytical methods are rarely
employed. In particular, Gibbs sampling is a very flexible method well suited to this type of problem, but it does have some limitations, working well only with continuous distributions. (For details
on use of the method, see Bronk Ramsey 1995a,b; Buck, Litton and Smith 1992; Gelfand and Smith
1990.) If there are a number of discrete possibilities, the method can become "stuck in a rut". To
some extent, this problem can be monitored by starting the analysis from many different points. If
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all of these give similar results we can be fairly confident that the method is converging on a single
solution. Such a test is built into current versions of OxCal, although in some cases it has been found
to be necessary to analyze a model several times to look for possible problems. If there are problems
with convergence, any results should be treated with the utmost caution. In principle, if the analysis
were continued indefinitely, a truly representative picture would be built up, but this is not practical.

There are also other, unrelated, limits to the sorts of analysis that are possible. It is clearly unwise to
try to wiggle-match tree ring sets to a calibration curve when the density and precision of the measurements to be fitted are greater than those of the calibration curve itself: we should always bear in
mind the inherent limitations of the curve used (e.g., a bidecadal curve cannot in general yield
results accurate to better than 20 yr). It is also unwise to build a very elaborate model around a small
number of measurements. In all cases, common sense is needed in assessing how far analysis should
be pushed and how strong the underlying assumptions are.
INHERENT BIASES IN DATING METHODS

A number of biases are associated with different dating methods. Bias is here used to mean that the
uncertainties quoted give a systematically misleading impression of the true range of probabilities.
In 14C dating these have been largely overcome by the process of calibration using the probabilitybased methods. 14C measurement beyond the range of calibration undoubtedly has some unknown
offset that varies with time but it is also subject to an inherent bias to younger ages-a feature common to many dating methods, including (TL) and U-series.
To see why this is the case, it is useful to consider a hypothetical 14C measurement of, e.g.,1.0

t

0.4
pMC. The standard uncertainty quoted applies to the 14C measurement made, but it is usually
assumed that confidence intervals in the 14C age of the sample can be directly calculated. This problem can be tackled by either classical or Bayesian statistical methods, but only the latter will be considered here.
The 95.4% confidence interval for the 14C age of our postulated sample would normally be taken as
that corresponding to 0.2-1.8 pMC. We come to an identical conclusion using Bayesian statistics,
with a 95.4% probability interval, if we assume that this measurement implies that the most likely
value is 1.0% with a Gaussian probability distribution having a standard deviation of 0.4. However,
we can see that this is not realistic, as we have more information:
We know the value cannot be below zero;
the range 0.2-1.0 covers a much larger time range than 1.0-1.8 (by a factor of almost three);
there must be a significant probability that the real value is very close to zero since such a value
corresponds to a huge time range.

In using this Gaussian model, we are in practice biasing the measurements with a prior probability
distribution that is simply the differential of the age equation
PRC

0

dA/dt

=

()exp

_ 100

8033

-t
8033

(1)

The nature of this "14C prior" can be seen in Figure 2 and the corresponding posterior distribution
for an example measurement in Figure 3.
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Fig. 3. Probability distributions derived from a 14C measurement of 1.0 ± 0.4% using different prior assumptions;
14C prior method is analogous to using confidence limits
all have been calculated using Bayesian statistics, but the
scale here is arbitrary, as the Uniform prior distribuThe
derived directly from the ratio and standard uncertainty.
tion cannot be normalized.

A New Probability Model for Large Time Scales
14C conIn most Bayesian or probabilistic modeling, a uniform prior distribution in time (rather than
centration) is used. This means that we assume any event is equally likely to have occurred in any
individual year. When the dating methods we are using are fairly precise, this is a very reasonable
assumption. For longer time scales, however, normalization is almost impossible even if some arbitrary cutoff point is defined. For 14C measurements with an activity of A and an uncertainty of a the
choice of this cutoff point makes a real difference to any deductions made if A <.-6 a and has a dom-
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inant effect where A <3 a. In addition, such a model is clearly unrealistic: any traces of living matter
are much more likely to be recent than they are to be extremely ancient, all other things being equal.

The first criterion when choosing a new model for this time scale is that normalization of the probabilities should be possible. Ideally, if p(t) were our prior probability distribution we would be able
to calculate
0

fp(t)dt

(z)

or at least (since we can always define a definite latest point in time)
T

fp(t)dt

.

(3)

Ideally, the function would not depend on the units of time involved and would vary only gently
over the time scale in which we are interested. The obvious choice mathematically is 1I t2 (since this
is the lowest negative power of t that can be integrated from -co). It is, however, only one possible
model, which we will look at here in order to see how it might be used.

When using a nonuniform model of this sort, care has to be exercised in the choice of algorithms for
estimating chronological ranges with defined probabilities. For example, if we are interested in a
95.4% probability, the normal procedure (with uniform prior distributions) is to select the 95.4% of
the probability distribution that has the highest probability density. Exactly the same procedure can
be employed for the inverse square model by plotting the distributions on a r1 scale. In this "gauge"
the prior distribution is once more uniform. This method provides both a useful way of visualizing
the distributions over a long time range and assurance that the ranges generated are not themselves
biased by the model.
To see how this works in practice, we will consider six hypothetical 14C dates with activities of 0.0,
0.2, 0.4, 0.6, 0.8 and 1.0 pMC, with uncertainties of 0.4 pMC. These uncertainties are perhaps some-

what larger than usually obtained for well-preserved samples of reasonable size, but they will illustrate the effects we are looking at. Figure 4 shows the plotted distributions with their 95.4% ranges
calculated by the probability method. Table 2 also gives the ranges as they would be quoted conventionally, using a uniform prior distribution, and for higher activities.
Interpretation of 14C Measurements as Ages Using Different Models
Inverse square
Uniform prior
"Conventional"
14C activity
(95.4%)
2 Q asymmetric
quoted date
BP)
BP)
range (yr BP)
(A ± ar)
(yr BP)

TABLE 2.

0.0 ± 0.4%
0.2 ± 0.4%
0.4 ± 0.4%
0.6 ± 0.4%
0.8 ± 0.4%
1.0 ± 0.4%
2.0 ± 0.4%
4.0 ± 0.4%

>38,780
>36,990
>35,530
>34,290
>33,200
36,990 ± 3,220
31,425 ± 1,610
25,860 ± 803

-36,990

*This is strongly dependent on the cutoff used (here 10 yr)
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0.0±0.4%

0.2±0.4%

0.4±0.4%

0.6±0.40
0.8±0.49

1.0±0.4%

00

100kBP

50kBP

33.3kBP

25kBP

Fig. 4. Probability distributions for a series of 14C dates using an inverse square model and plotted on a 1/t axis. 95.4%
probability ranges are also shown.

From this table it can be seen that using a probabilistic approach of this sort does give significantly
different ranges from the asymmetric ranges based purely on the 14C measurements where the measurements are close to background (particularly when Q/A is between 2 and 4). As stated above, the
uniform prior model has problems and moreover is unrealistic in this region. The inverse square
model and the standard interval limits give very similar values as A rises above N5 Q. When A > 6 a
all of the methods give indistinguishable results within the resolution of the calculations performed
here. In the region close to background, however, both probabilistic models show the extent to
which the conventional confidence limit ranges underestimate both the probable antiquity of samples and the overall uncertainty in the age. The inverse square model is well behaved over this entire
region. It also imposes a much smaller bias than the raw 14C calculation, and in most circumstances
it will be relatively realistic. Similar calculations could be performed for U-series and TL dates
using exactly the same prior probability, allowing the measurements to be meaningfully compared.

The rationale for an approach like this is not only that we can arrive at more realistic age ranges for
individual measurements but also that it provides a possible statistical framework within which further analysis can take place. As an example, we will consider the six hypothetical measurements
shown in Figure 4. Supposing we also have stratigraphic evidence demonstrating that these samples
should be in chronological order. Using the inverse square model it is then possible to perform a
Gibbs sample analysis of the sequence; the results are shown in Figure 5 and Table 3.
Clearly, any deductions made beyond ca. 60 ka BP are going to depend very little on the measurements made and almost entirely on the model, and they should therefore be treated with caution.
However, the introduction of other dating information into this picture is now possible given the
overall framework.
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0.00.4%
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0.4±0.4%

0.6±0.4%

I40.8±0.4%

1.0±.4
00

100kBP

50kBP

33.3kBP

25kBP

Fig. 5. Similar to Fig. 4, but incorporating the assumption that these come from a chronological series. These distributions were calculated using the Gibbs sampling routine of OxCal with modified scales.

TABLE 3.14C Measurements

Interpreted Using an Inverse Square Prior With and
Without the Use of Sequence Information
14C activity
Inverse square prior Sequence
sequence information
(A ± Q)
(95.4%) (yr BP)
number
(yr BP)
0.0
0.2
0.4
0.6
0.8
1.0

±
±
±
±
±
±

0.4%
0.4%
0.4%
0.4%
0.4%
0.4%

>43,860
>40,650
>38,460
>35,460
>33,110

2
3
4

138k-31,440

6

1

5

Classical statistical techniques could also be applied to this sort of problem although this becomes
increasingly impractical as the constraints become more complex. A comparison of the use of such
methods with the Bayesian approach for simple cases would be valuable, but is beyond the scope of
this paper.
CONCLUSION

The probabilistic approach to chronology allows all kinds of evidence to be brought together in a
quantitative way. It is hoped that the Chronological Query Language (CQL) outlined here will
enable archaeologists and earth scientists to specify such evidence in an unambiguous way. It will
also form the basis for future developments of the computer program OxCal, which can be used for
analysis of this sort.
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The question of how to deal with 14C dates when they are close to background has been addressed.
14C concentrations is shown to
The conventional method of quoting date ranges directly from
exhibit a bias to younger ages. Similar effects would also be seen with other scientific dating methods. By using a method-independent (and less extreme) inverse square prior probability, this problem can be largely overcome. Probabilistic analysis then becomes possible, so that the full wealth of
evidence available in any context can be used.
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CALIBRATION OF THE 14C TIME SCALE BEYOND 22,000 BP
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ABSTRACT. The conventional l4C time scale between 11,500 and 22,000 sidereal years has been calibrated by TIMS U/Th
dates for corals. Only a few studies have been made for the time beyond this range. Obtaining samples suitable for numerical
dating or estimating the reservoir correction of the 14C dates has been difficult, but we do not have these problems with TIMS
U/Th dating of interstadial and interglacial lignite, because reservoir corrections are unnecessary.

THE CALIBRATION OF THE 14C TIME SCALE

The extension of the calibration of conventional 14C ages beyond 22,000 cal BP (Bard et a1.1989,
1993; Stuiver and Reimer 1993; Edwards et a1.1993) is not only of interest to geochronologists.
New insights into the global carbon balance during the climatically variable last 50,000 yr of the
Pleistocene (late Pleistocene) can be expected. One group of scientists is convinced that the change
in the 14C value of atmospheric CO2 with time is governed mainly by the 14C production rate, which
in turn is modulated by the geomagnetic field (e.g., Mazaud et al. 1991; Sternberg and Damon
1992). Climatic effects should play a minor role. The deviation between the 14C and the absolute
time scale, which increases from 2000 to 3000 yr between 11,500 and 22,000 cal BP, can be modeled on the basis of the geomagnetic dipole moment during the late Pleistocene, which was 50-75%
lower than that of the Holocene. For the period between 40,000 and 50,000 sidereal years, a 14C
level of about the present value or a disappearance of the deviation is expected due to the Laschamp
geomagnetic event.
In contrast, another group of scientists assumes climatically and oceanographically controlled
changes in the 14C value and thus a distortion of the 14C time scale due to variations in CO2 concentration in the past (Siegenthaler et a1.1980; Keir 1983; Prentice and Fung 1990; Adams et al. 1990).
A precise 14C calibration curve of the late Pleistocene may help to answer this question.

The calibration of the Holocene and Late Glacial '4C time scale is based on dendrochronological
dating of wood that has a precision of 1 yr (Stuiver and Kra 1986). For 11,500 to 22,000 cal BP,
TIMS UITh dates of corals from a core in Barbados were used (Bard et al. 1989, 1993; Edwards et
al. 1993).14C dates for modern corals yielded an estimate of -400 yr for the reservoir correction.
There is still some reservation that this correction is also valid for the climatically variable late Pleistocene. Measurements on Greenland ice show that atmospheric CO2 concentration was variable during this time (Barnola et a1.1987).
ATTEMPTS TO EXTEND THE 14C CALIBRATION CURVE

The first attempt to extend the 14C calibration curve into the Pleistocene was made by Vogel (1980).
He determined 14C ages of aragonite samples from marl of the Lake Lisan site in Israel, which had
been dated by Kaufman (1971) using the 23°Th/234U method. His results are compared in Table 1. A
comprehensive study yielded corresponding 14C and UITh dates from an 8-m-long stalagmite from
the Cango cave in South Africa (Table 1; Vogel 1983, 1997). A reservoir correction of -1500 yr was
Proceedings of the 16th International '4C Conference, edited by
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assumed, but according to other findings, it may be only -900 (Geyh 1970) or -3000 yr (Labeyrie
et al. 1967). Bischoff et al. (1994) also dated coexisting travertine and charcoal from an archaeolog14C.
ical site in Spain. They found corresponding ages of 43,000 BP for U/Th and 37,000 BP for
Bell (1991) dated baked clay from aboriginal fireplaces at Lake Mungo (Australia) by the TL method
and compared the results with 14C dates. He estimated an age difference of 4000 yr between the two
time scales. The most precise point of the Pleistocene 14C calibration was determined with the 40Ar/
39Ar laser method on a tuff sample from a site near Naples, Italy (Demo and Curtis 1994). Additional
samples with a wide age range should be available that are suitable for dating with both methods.

Absolute Numerical Dates (BP) Determined by Different Dating Methods (UfFh, TL,
Corresponding Conventional 14C Ages (BP)
and
Ar/Ar)
TABLE 1.

Site

Material

Method

Lisan, Israel

Argonite
fraction
from marl
Stalagmite

UITh
UITh

Cango Cave,
South Africa
Lake Mungo,
Australia

UITh
UITh

Quartz
grains from
fireplaces

Barbados
Naples, Italy

Corals
Tuff

TL
TL
TL
TL
UITh
Ar/Ar

age

age
(yr BP)

2500

310

2520

48,000 ± 4000

370

4020

1650
35,075 ± 2000

990
850

1925
2175

38,620±2000

t 2100

35,430 ±920
500

32,700±2200
33,500±2300

t
t 400

t 2160
t 2550
t 2240

28,400 ± 600

2380

t 2500
160

400

355
145

(1980)

(1983)

2200

390
425

(1991)

et al. (1993)
and Curtis (1994)

During the 16th Radiocarbon Conference in Groningen, two papers were presented that dealt with
the extension of the 14C calibration beyond 22,000 BP. Kitagawa and van der Plicht (1998)
determined more than 20014C AMS dates of macrofossils taken from a 75-m-long varved sediment
core of Lake Suigetsu, central Japan. Voelker et al. (1998) determined 5014C AMS dates from a sediment core taken in the southwestern Icelandic Sea. Both sets of results show a 14C maximum ca.
35,000 BP, corresponding to ca. 6000-yr deviation between the 14C and the absolute time scale.

U/Tii DATING OF LIGNITE
U/Th dating of lignite is possible when humic acids adsorb the uranium dissolved in the groundwater entering the organic deposits. The central parts of lignite beds, which are often 1-2 m thick, are
frequently found to behave as a closed system in which uranium has been neither leached nor accumulated. These processes have occurred, however, in the top and bottom 10 cm, where the oxygen
and uranium have been sorbed from the circulating groundwater. In the central part of the closed
system, 230Th has been produced by the decay of 234U, just as the idealized U/Th model assumes. U/
Th dating is possible until radioactive equilibrium between 230Th and 234U is established (Heijnis
and van der Plicht 1992).

A complication exists in the form of detrital minerals, which may contain allochthonous 230Th. The
varying proportion of OTh activity due to allochthonous 23°Th can be determined and subtracted
from the total 230Th activity to obtain the autochthonous radiogenic activity, which is a function of
the U/Th age. "Isochron" U/Th dating was developed to carry out the necessary detrital correction
(Luo and Ku 1991). This correction requires three or usually more independent U/Th datings. A plot
of 23OTh/Z32Th versus 234UP32Th activity ratios yields an "isochron" (Fig. 1) that intersects the ordi-
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hate at the °Th,P 2Th activity ratio used for the detrital correction. The distance of the points to the
ordinate determine the fraction of detrital 23°Th.

14, "Isochron" dating method
(Two component mixing)
12
pare materiel

10

"Isochron" age = function (slope)
intercept f = 23OThn32Th (detrital Th)
0
0

2

Fig, 1. Plot of 0Th/ Th vs.
chron" U/Th age

4

6
8
234jjf232Th

10

12

14

UP Th activity ratios for estimating the detrital correction and the "iso-

When the lignite deposits are sampled, the top and bottom 10 cm of a lignite bed in the exposed sections and/or sediment core are excluded. That means that datable lignite beds have to be at least 25 cm
thick. Samples contaminated with low, slightly higher and high proportions of detrital material are
taken with a scalpel from the central part of the lignite bed. Twenty grams of dry matter are needed per
analysis for the radiometric age determination. T IMS U/Th dating needs about a tenth of that amount.

Following Luo and Ku (1991), the total sample dissolution method (TSD) was found to be the most
suitable one. The organic samples are burned at 600°C in a stream of oxygen and the ash is totally
dissolved in hydrofluoric acid and nitric acid and a uranium/thorium spike is added. Uranium and
thorium are then separated on ion-exchange columns and until now have been electrolytically plated
on stainless steel discs for measurement with an alpha-spectrometer. In the future, the extracted uranium and thorium solutions will be evaporated on filaments for measurement on a TIMS mass spectrometer. This will increase the quality and reliability of the results. Since less material is needed,
smaller areas can be sampled from lignite monoliths or cores that behave as closed systems. The precision of the TIMS U/Th dates is increased by one magnitude of order as well.
The suitability of the U/Th method for dating lignite was checked by dating Eemian material. For
various European profiles a mean U/Th age of 111.5 ± 3.4 kyr was obtained, which corresponds to
the end phase of the last interglacial period. This is plausible. Many glacial lakes must first have
been filled with sediment before lignite and fen bog formation could begin.

The first published U/Th date for lignite related to the calibration of the Pleistocene 14C time scale
was obtained from a 28-cm-thick Pleistocene lignite seam in the Oberwasser canal in Rosegg, Austria. The base layers comprise silty clayey sediments and the top layers calcareous gravel (Fritz and
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t

Ucik 1996). The conventional 14C age was 34,700 1350 BP (VRI-1222) and the "isochron" U/Th
date was 40,670 1080 BP (Table 2). Signs of 14C contamination were not present, nor were indications of uranium leaching and/or accumulation.

t

An extended study was done on the Pleistocene lignite profile at Gossau in the Zurich Canton of Switzerland (Fig. 2; Schluchter et al. 1985, 1987). It is better preserved than others in Switzerland and
palynologically well investigated. The results can be correlated with global climate records. The profile reflects peat growth in a delta environment that was interrupted twice by deposition during flooding. There is 30 cm of sandy silty material between the top of the main lignite bed of 1 m and the basal
lignite bed of 70 cm. This organic deposit is overlain by 2 m of reworked fluvial gravel and fine sand.
The upper lignite bed, 25 cm thick, was formed in a swampy milieu. Nine samples from these organic
deposits were dated using 14C in the Zurich AMS laboratory (SchlUchter et aL 1987). Eight UITh "isochron" dates were determined in the Hannover 14C laboratory. The results are compiled in Table 2.
Conventional 14C and "Isochron" UITh Ages for Lignite from the Section in
K"rnten and from the Gossau Section in Switzerland (SchlUchter et a1.1987)

TABLE 2.

Stratigraphy

Layer

Depth
(cm)

age
(BP)

2209

528-532

Upper lignite bed

34,700

Basal lignite bed

Upper

t 4000

Base

579-582

Upper

584-586

29,450 ± 1150
28,250 ± 350
28,460 225

2121

33,000±2500

Mean

33,400 ± 470

2122
2214

49,100±3700
Mean

Mean

(yr)
1730

310

2120
2210
Mean

524-527

37,600±2300
47,800± 6000

age
(yr BP)
34,700 ± 1350

40,670 ± 1080

"rnten

Main lignite bed

no.

t
t 480

t 1120

4000

2350
6100

±1200
47,500± 1800
54,000 ± 3000

46,840±950

3820

5180± 960

The initial intention of the UITh dating of the Gossau lignite section was to check the reliability of
14C ages between 40,000 and 50,000 BP. A 14C age of 49,100 BP was determined for the basal lignite
bed. This date could represent a lignite formed during the Odderade interstadial at ca. 80,000 BP if
it was contaminated by 20% humic acids or roots during the formation of the upper lignite at ca.
28,500 BP. This possibility is excluded by comparison of the 14C ages with the U/Tb ages (Table 2).
DISCUSSION

The conventional 14C ages are plotted versus the absolute ages (Tables 1 and 2) in Figure 3. The
large confidence intervals, especially for the radiometric UITh ages, preclude the construction of a
14C calibration curve. The maximum deviation between the 14C and the absolute time scale may
increase to 6000 yr ca. 35,000 BP (Fig. 4). The postulated disappearance of the deviation due to the
Laschamp Event (Maraud et a1.1991; Sternberg and Damon 1992) between 40,000 and 50,000 BP
can be neither confirmed nor neglected. The modeled deviations appear to be generally too low.
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Fig. 2. Lithostratigraphy of the Gossau section in the Zurich Canton
of Switzerland

The narrower confidence intervals of TIMS U/Th dates and precision 14C ages of samples for the
Gossau lignite section offer an additional opportunity to complement dates to the 14C calibration
curve up to 50,000 BP from the same terrestrial material. This may allow a check whether the sediment time scales are complete or shrunken due to erosion.
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Fig. 3. Absolute numerical ages (UITh, TL, Ar/Ar) and the corresponding conventional 14C ages
from the late Pleistocene (Table 1)
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Fig. 4. Difference between absolute numerical ages and conventional 14C ages. The dotted lines are
the upper and lower limits of the geomagnetic modeling results by Mazaud et al. (1991).
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CONCLUSION

The difference between conventional AMS 14C ages and radiometric "isochron" U/Th ages for lignite from the Gossau section in Switzerland, as well those for other suitable pairs of dates, suggest
that the deviation between the 14C and the absolute time scale is between 3000 and 6000 yr within
the age range of 22,000 to 50,000 BP. On-going, more precise TIMS U/Th dating will permit a reliable, precise 14C calibration curve to be constructed for the late Pleistocene. The precision will be
high enough to differentiate between changes in the difference within the range of 3000 to 6000 yr.
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A NEW 14C CALIBRATION DATA SET FOR THE LAST DEGLACIATION BASED ON
MARINE VARVES
KONRAD A. HUGHEN, I'Z JONATHAN T. OVERPECK,1'3 SCOTT J. LEHMANI
MICHAELE KASHGARIAN,4 JOHN R. SOUTHON4 and LARRY C. PETERSON5
ABSTRACT. Varved sediments of the tropical Cariaco Basin provide a new 14C calibration data set for the period of deglaciation (10,000 to 14,500 years before present: 10-14.5 cal ka BP). Independent evaluations of the Cariaco Basin calendar and
14C chronologies were based on the agreement
of varve ages with the GISP2 ice core layer chronology for similar high-resolution paleoclimate records, in addition to 14C age agreement with terrestrial 14C dates, even during large climatic changes.
These assessments indicate that the Cariaco Basin 14( reservoir age remained stable throughout the Younger Dryas and late
Allerod climatic events and that the varve and 14C chronologies provide an accurate alternative to existing calibrations based
on coral U/Th dates. The Cariaco Basin calibration generally agrees with coral-derived calibrations but is more continuous
and resolves century-scale details of 14C change not seen in the coral records. "C plateaus can be identified at 9.6, 11.4, and
11.714C ka BP, in addition to a large, sloping "plateau" during the Younger Dryas (-10 to 1114C ka BP). Accounting for features such as these is crucial to determining the relative timing and rates of change during abrupt global climate changes of
the last deglaciation.

INTRODUCTION

Radiocarbon dating is an important tool for studying the natural variability of the global climate system. High-resolution paleoclimate records show that many large, abrupt changes occurred during
the last deglaciation, and there is increasing evidence that some of these may have been global in
scope (Bender et a1.1994; Lowell et al. 1995; Denton and Hendy 1994; Behl and Kennett 1996).14C
dating is necessary for determining the relative timing of these changes and their propagation
through the climate system, but its utility is limited by the fact that the 14C "clock" runs at different
speeds depending on the atmospheric 14C inventory. Studies have shown that atmospheric 14C concentration (014C) has varied significantly through time (Stuiver 1970; Linick et al. 1986; Stuiver et
al. 1986; Bard et al. 1990; Stuiver et al. 1991; Becker 1993; Goslar et al. 1995), as a result of
changes in 14C production rate (a function of variability in the Earth's geomagnetic field strength
and solar activity), and redistribution of 14C between reservoirs (primarily a function of oceanic
thermohaline circulation). Because of &4C changes, the 14C time scale departs from true calendar
ages in a nonlinear fashion by as much as 3000 yr (Bard et al. 1990).
The highest-resolution 14C calibration data set, based on tree-ring chronologies from German oaks
and pines (Becker, Kromer and Trimborn 1991; Kromer and Becker 1993; B. Kromer, personal communication), currently begins Ca. 12 calendar ka BP, just prior to the abrupt termination of the
Younger Dryas cold period, a dramatic climatic oscillation lasting from ca. 13 to 11.7 cal ka BP
(Alley et a1.1993). Tree rings thus do not provide calibration during several of the other large and
abrupt climate changes of the last deglaciation. Previous attempts to extend 14C calibration prior to
the interval covered by tree rings have used paired 14C-UTh dates on corals (Bard et al. 1990;
Edwards et al. 1993; Bard et al. 1993; Bard et al. 1996) as well as annually laminated sediment
(varve) chronologies with 14C-dated macrofossils from European lakes (Hajdas et a1.1993; Hajdas
et a1.1995; Goslar et a1.1995) and the Baltic Sea (Wohlfarth 1996). Each of these data sets agrees
with the tree-ring calibration for the period later than ca. 12 cal ka BP. Prior to 12 cal ka BP, however,
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the coral results disagree with the longer chronologies from Lakes Soppensee (Hajdas et a1.1993)
and Holzmaar (Hajdas et al. 1995), as well as the Swedish varve chronology (Wohlfarth 1996). The
lack of agreement between coral and varve data sets, together with the discontinuous or low-resolution nature of these time series, introduces substantial uncertainty to 14C calibration prior to 12 ka BP.

In this paper, we present a new 14C calibration data set from varved marine sediments of the Cariaco
Basin that spans most of the last deglaciation. Several independent lines of evidence are used to
demonstrate the accuracy of both Cariaco Basin calendar (varve) and 14C chronologies. These data
extend a continuous 14C calibration an additional 3000 yr before the tree-ring record to the Glacial/
Bulling event boundary and resolve short-lived changes in 14C during the early Younger Dryas and
Bo11ing/AllerOd periods that are not resolved by data sets based on corals (Bard et a1.1990; Edwards
et a1.1993; Bard et a1.1993; Stuiver and Reimer 1993; Bard et a1.1996).
VARVE CHRONOLOGY

Laminated Sediments
The Cariaco Basin is an anoxic marine basin off the coast of Venezuela (Fig. 1), separated from the
open Caribbean Sea by shallow sills (<146 m), that possesses varved sediments with the potential
for continuous, high-resolution AMS 14C dating due to high concentrations of planktonic foraminifera (Overpeck et a1.1989; Peterson et a1.1991; Hughen et a!. 1996a, 1996b, 1998). The climate
cycle in the Cariaco Basin region consists of a dry season with strong trade winds and coastal

Fig. 1. Location and bathymetry of the Cariaco Basin, off the coast of Venezuela in the southern Caribbean Sea. Shallow
sills (arrows mark two channels to the west and east, 146 and 120 m deep, respectively) isolate deep waters, which are
presently anoxic below 300 m, allowing preservation of finely laminated sediments. o = locations of piston cores PL0739PC, -56PC, -57PC and -58PC. Contour interval is 200 m.
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upwelling, alternating with a rainy season with weaker winds and no upwelling. This climatic
regime results in the annual deposition of laminae couplets of light-colored, plankton-rich and darkcolored, terrigenous mineral grain-rich layers (Overpeck et a1.1989; Peterson et al. 1991; Hughen
et al. 1996a). The annual nature of the laminae couplets was investigated in well-laminated surface
sediments containing two distinct turbidites, using 210Pb dating and historical records of earthquakes
(which would be expected to result in turbidity currents) in the neighboring region. The independent
dating methods yielded ages of 58 ± 4 and 89 ± 5 yr e10Pb), vs. 61 and 90 yr (historical) for the two
turbidites, in good agreement with paired-laminae counts of 60 and 90 yr, respectively. This agreement using multiple dating methods demonstrates that the laminae couplets are annually deposited
varves (Hughen et aL1996a).

The Cariaco Basin has distinct, thick laminae at depths corresponding to ages of 12.7-9.014C ka BP,
after which they become thinner and less pronounced toward the surface. Four sediment cores were
cross-correlated on the basis of distinct, millimeter-scale "marker laminae", and laminae couplets
were counted to create a floating annual chronology 5500 varve-years long, covering the period of
deglaciation from ca. 8.0 to 12.714C ka BP (Hughen et al. 1996b, 1998). AMS 14C dates were
obtained on 60 samples of the planktonic foraminifer Globigerina bulloides, hand-picked from 1.5
to 2 cm thick samples, each corresponding to 10-15 varve years. The samples were taken from cores
PL07-56PC and PL07-39PC (Fig. 2; Table 1), over the same sediment interval in which the varves
were counted. The floating varve chronology was anchored to absolute calendar age by "wigglematching" 14C vs. calendar age variations to those measured in the German pine dendrochronology
(Kromer and Becker 1993; B. Kromer, personal communication; Hughen et a1.1998). Recently, the
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Fig. 2.14C vs. calendar ages for two different Cariaco Basin sediment cores, PLO7-56PC and PLO7-39PC, and German pines
(B. Kromer, personal communication; Kromer and Becker 1993). Vertical shaded lines delineate boundaries between Preboreal (PB), Younger Dryas (YD), and BOlling/Allerod(B/A) climatic events. Width of lines indicates duration of these transitions based on Cariaco Basin gray scale and varve chronology. Small arrows indicate locations of 14C dates from core PLO739PC, shown here to evaluate the reproducibility of Cariaco Basin 14C dating. All 14C errors are reported at la.
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TABLE 1. Radiocarbon

Sample ID
PC56-269
PC56-279
PC56-283
PC56-290
PC56-295
PC56-299
PC56-304
PC56-306
PC56-311
PC56-319
PC56-3341
PC56-346
PC56-355
PC56-368
PC56-384
PC56-401
PC56-426
PC56-447
PC56-464
PC56-487

PC56-521
PC56-538

PC56-552
PC56-560
PC56-569
PC56-575
PC56-596
PC56-607
PC56-616
PC56-623
PC56-639
PC56-644
PC56-655
PC56-662
PC56-672
PC56-685
PC56-697
PC56-711
PC56-725
PC56-737

PC56-744
PC39-293
PC39-305
PC39-334
PC39-401
PC39-441
PC39-462
PC39-521
PC39-573
PC39-621

and Varve Ages for Cariaco Basin Sediment Samples
14C age
Varve age
BP ±l a)
(yr BP)

Depth
(cm)

268-269.5
278-279.5
283-284.5
289-290.5
294-295.5
298-299.5
303-304.5
306-307.5
310-311.5
318-319.5
333-335
345-347
354-355.5

367-369
383-384.5
401-402.5
425-426.5
446-447.5
463.5-465
486-487.5
520-521.5
537.5-539
551-552.5
559-561
568-570
574-575.5
596-597.5

606-608
615-617
622-623.5
639-640.5

643-645
654-656
661-662.5
671.5-674
684-685.5
696-697.5
710-711.5
724-725.5
736-737.5
743-745.5
293-295
305-309
334-336
401-404
441-444
462-465
521-524
573-576
621-622.5

code

±la)

(+9.7 -9.7)
(+8.5 -8.5)
(+8.6 -8.6)
(+8.5 -8.5)
(+9.8 -9.8)
(+8.6 -8.6)
(+8.6 -8.6)
(+7.3 -7.3)
(+10.2 -10.2)
(+8.9 -8.9)
(+10.7 -10.7)
(+8.7 -8.7)
(+8.7 -8.7)
(+11.4 -11.4)

+61-52)
13,8
13,998 (+66 -56)
14,108 (+66 -56)
14,206 (+71-60)
14,410 (+78 -65)
14,553 (+81-70)

(±70)
(±60)
(±60)
(±60)
(±70)
(±60)
(±60)
(±50)
(±70)
(±60)
(±60)
(±60)
(±60)
(±80)
(±60)
(±90)
(±60)
(±60)
(±50)
(±50)
(±50)
(±60)
(±60)
(±70)
(±80)
(±70)
(±70)
(±70)
(±70)
(±80)
(±60)
(±60)
(±60)
(±60)
±7
(±80)
(±70)
(±60)
(±80)
(±100)
(±100)

(+20 -20)
(+20 -20)
(+20 -20)
(+32 -32)
(+32 -32)
(+38 -36)
(+46 -41)
(+66 -56)
(+78 -65)

(±80)
(±60)
(±100)
(±120)
(±80)
(±80)
(±150)
(±100)
(±220)

(+11.1-11.1)
(+8.7 -8.7)
(+14.3 -14.3)
(+18.1-18.1)
(+12.6 -12.6)
(+13.6 -13.5)
(+23.4 -23.2)
(+18.0 -17.2)
(+33.9 -33.2)

9966 (+20 -20)
10,087 (+20 -20)
10,234 (+20 -20)
10,360 (+20 -20)
10,505 (+20 -20)
10,624 (+20 -20)

10,751(+20 -20)
10,880 (+20 -20)
11,026 (+20 -20)
11,112 (+20 -20)
11,218 (+20 -20)
11,277 (+20 -20)
11,381(+20 -20)
11,533 (+20 -20)
11,655 (+24 -24)
11,742 (+27 -29)
11,911(+28 -31)
12,085 (+32 -32)
12,170 (+32 -32)
12,318 (+34 -34)
12,463 (+38 -36)
12,520 (+38 -36)
12,658 (+41-38)
12,802 (+41-38)
12,850 (+41-38)
12,904 (+43 -39)

13,014 (+46-41)
13,071(+46 -41)
13,146 (+51-45)
13,196 (+53 -47)
13,256 (+53 -47)
13,332 (+53 -47)

13,421(+53 -47)
13,536 (+53

-47)

583("+61-

10,390
10,910
11,142
12,115
12,200
12,493
13,044
14,028
14,440

,

-9.2)
(+13.2 -13.3)
(+9.6 -9.8)
(+9.9 -9.9)

-8.7)
(+9.0 -9.0)
(+9.5 -9.3)
(+10.6 -10.4)
(+11.0 -10.8)
(+12.5 -12.3)
(+13.6 -13.4)
(+12.6 -12.3)
(+12.6 -12.2)
(+12.3 -11.9)
(+13.0 -12.5)
(+14.0 -13.5)
(+11.7 -11.1)
(+12.0 -11.4)

-11.4)
(+11.8 -11.2)
(+13.8 -12.9)

-14.4)
(+14.5 -13.4)
(+13.4 -12.3)
(+15.7 -14.6)
(+18.6 -17.4)
(+18.8 -17.8)

analyses were made at CAMS, Lawrence Livermore National Laboratory. 14C measurements are AMS dates
using conventional half-life of 5568 yr and reservoir correction of 420 yr.14C and A14C errors are reported at lo.
t14C age of this sample is anomalously young-we have no explanation as to the cause.
#A11 14C
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German pines themselves have been securely anchored to German oaks (B. Kromer, personal communication) and thus now constitute an absolute and continuous calendar time scale. The Cariaco
Basin and German pine 14C variations were matched by incrementally adjusting the calendar-age
offset until the correlation between the data sets was maximized (r = 0.99), anchoring the varve chronology in absolute calendar time (Hughen et al. 1998). The uncertainty of the wiggle-match was
determined by the amount of offset between the data sets that still yielded a correlation coefficient
of at least r = 0.99. This resulted in an uncertainty of ±20 cal yr during the period covered by the
match itself. Cumulative errors in varve counting were constrained to accrue only within the 3000
yr older than tree rings and provide an additional 1-2% uncertainty during that period (Table 1).

Paleoclimate Verification of Varve Chronology
Records of relative reflectance, or gray scale, have been measured on fresh surfaces of split Cariaco
Basin sediment cores. Gray scale values correlate well with records of light laminae thickness,
which correspond to annual upwelling intensity, and therefore trade wind strength (Hughen et al.
1996b). Gray scale and light laminae thickness both record large and abrupt changes during deglaciation, including decade-to-century-scale variability during the Bolling/Allerod, Younger Dryas
and Preboreal periods that correlates well with high-resolution terrestrial and marine paleoclimate
records from the high-latitude North Atlantic region (Hughen et al. 1996b). In particular, annually
dated records of light laminae thickness from the Cariaco Basin and 6180 in the GRIP ice core from
Greenland (Johnsen et al. 1992) both show strikingly similar patterns and durations of abrupt events
at the scale of a single decade. The brevity of these decade-scale events occurring in two widely separated sites suggests that they were essentially synchronous (i. e., occurring within 10 yr) and caused
by the same mechanism (Hughen et aL1996b). Atmospheric and coupled ocean-atmosphere general
circulation model (GCM) results (Rind et al. 1986; Schiller, Mikolajewicz and Voss 1997) show that
cooling in the high-latitude North Atlantic region produces an increase in trade wind intensity over
the tropical North Atlantic, thus explaining the synchronous climate linkage between North Atlantic
sea surface and air temperatures, and trade wind-driven upwelling in the tropical Cariaco Basin
(Hughen et al. 1996b).
The tight linkage between Cariaco Basin and Greenland ice core paleoclimate records was used to
assess independently the accuracy of the anchored varve chronology. Cariaco Basin gray scale and
accumulation from the GISP2 ice core (Alley et al. 1993) are plotted during the period of deglaciation, each versus its individual annual chronology (Fig. 3). In addition to the large changes at the
Glacial/Bolling boundary and the beginning and end of the Younger Dryas (14.7,13 and 11.7 cal ka
BP, respectively), the two records show similar events and patterns of change at decade to century
scales. A least-squares procedure (Paillard 1996) allowing manual identification of similar, large climate events as constraints (dashed lines, Fig. 3) was used to align the GISP2 accumulation and Cariaco Basin gray scale records along their entire lengths. The resulting correlation between the two
records is good (r = 0.69) and was used to assign the GISP2 layer-age chronology to the Cariaco
Basin gray scale record. In this way, the two independently derived chronologies could be compared
directly and differences between them quantified (Fig. 3). The two chronologies consistently agree
within <0.7%. The pattern of increasing disagreement with age may reflect errors in either chronology compounding downcore, the direction in which the varves and annual ice layers were counted.
For most of the period from 10-14.7 cal ka BP, the difference is <20 yr, and reaches 100 yr only in
the oldest part of the chronology (i. e., the Glacial/Bolling boundary, Fig. 3). The Cariaco Basin ages
meander randomly about the GISP2 ages, rather than remaining consistently offset, and always
agree well within the combined independent errors (.-l-2%) of the two chronologies. This assessment of Cariaco Basin varve ages, independent of 14C considerations, provides strong evidence for
the accuracy of the Cariaco Basin calendar chronology.
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Fig. 3. Comparison of high-resolution paleoclimate records from Cariaco Basin and GISP2 Greenland ice core.
Upper curve is Cariaco Basin gray scale. Shaded lines drawn from gray scale record indicate timing and durations
of paleoclimate event transitions. PB, YD, B/A as in Figure 2. Center curve is GISP2 annual ice accumulation
(Alley et a1.1993). Dashed lines from GISP2 to Cariaco Basin record indicate major climatic events used to constrain correlation of the two records. This correlation was used to quantitatively compare the two independent
chronologies. Lower curve shows the age difference as a function of time. The chronologies mostly agree within
20 yr, and only differ by as much as 100 yr toward the beginning of deglaciation.
14C

CHRONOLOGY

Sample Reproducibility
In addition to possessing an accurate annual varve chronology, the Cariaco Basin sediments are also
well suited for reliable 14C dating. The high sediment deposition rate and concentration of foraminifera provide high-resolution 14C sampling (10-15 varve years per 14C date, with no mixing artifacts
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from bioturbation), at closely spaced intervals (one 14C date every -100 varve years). To test
whether 14C dates thus obtained could be reproduced, 14C ages from cores PL07-56PC and -39PC
are plotted together in Figure 2. Calendar ages for the two cores were assigned using detailed crosscorrelations with individual millimeter-scale "marker" laminae and high-resolution gray scale
records. The 14C dates for both cores show close agreement, demonstrating that Cariaco Basin 14C
dates are reproducible and that 14C and calendar ages from one core can be readily applied to other
cores from the basin.

Reservoir Age
The ocean reservoir stores vastly more carbon than the atmosphere, particularly in deep waters.
Depending on the rate of mixing from below, the surface ocean typically has 14C ages 400-1600 yr
older than the atmosphere, reflecting the marine reservoir age (Broecker and Peng 1982; Stuiver et
al. 1986; Ingram and Southon 1996). In any 14C-dated marine sediment record, the magnitude and
stability of reservoir age with time is an important issue. The present-day Cariaco Basin reservoir
age has been measured on two sediment samples of known recent age and averages 420 yr (Hughen
et al. 1996a). This age is close to the open-ocean surface Atlantic value, despite the fact that the basin
experiences variable seasonal upwelling. The good agreement with the open-ocean reservoir age is
probably related to basin bathymetry. Shallow sills surrounding the basin limit entry to waters less
than 146 m deep that are well equilibrated with the atmosphere. Furthermore, tritium profiles (Holman and Rooth 1990) as well as S13C and C02 profiles (Deuser 1973) within the Cariaco Basin
indicate the presence of continual mid-depth ventilation with Caribbean Sea thermocline water and
an estimated residence time of ca. 100 yr. Thus, only "young" water is ultimately available within
the basin to replace surface water advected offshore during Ekman drift-induced upwelling.

The reliability of Cariaco Basin 14C dates also depends on the stability of the reservoir age through
time. Bard et al. (1994) used the Vedde volcanic ash layer (-10.314C ka BP on land) to identify terrestrial and North Atlantic marine sediments deposited at the same time, and showed that, on average, high-latitude 14C reservoir age increased during the Younger Dryas relative to the present value
by ca. 300-400 yr. This was due to reduced northward advection of young, well-equilibrated surface
waters into the high-latitude North Atlantic, together with increased sea ice, which isolated surface
waters from the atmosphere and allowed a greater proportion of upward mixing of old, deep waters.
However, this effect was probably limited to high latitudes and would not have affected the Cariaco
Basin. At low latitudes, reservoir ages are less variable, due to a well-ventilated thermocline
(Slowey and Curry 1992) and the lack of sea ice to act as a barrier to the atmosphere.
Direct evidence for a stable Cariaco Basin reservoir age through time is seen in the close match
between tree-ring and Cariaco Basin 14C ages from 10.0 to 11.8 cal ka BP (Fig. 4). The reservoir age
remains the same, within errors, during a period of almost 2000 yr. More importantly, the reservoir
age remains constant across the large change in upwelling at the Younger Dryas termination. This
climate shift, representing one of the largest transitions in the Cariaco Basin record between periods
of intense and reduced upwelling, occurred in less than a decade (Hughen et a!. 1996b). Cariaco
Basin 14C dates overlap with the tree-ring 14C record immediately prior to the Younger Dryas-Preboreal transition (Figs. 2 and 4). If variable upwelling had influenced reservoir age, we would
expect to see it here. However, there is no discernible shift to older 14C ages in Cariaco Basin dates
during the Younger Dryas. In addition, high-resolution series of 14C dates from terrestrial macrofossils have been measured from Lake Krakenes, Norway (H. Birks, personal communication) and
Lake Madtjarn, Sweden (S. Bjorck, personal communication). The Lake Krakenes and Lake Madtjarn records can be correlated to the Cariaco Basin at sediment transitions bracketing the Younger
Dryas, clearly discernible in both records. The Cariaco Basin 14C ages show no offset from the ter-
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Fig. 4. Interpolation spline (Stineman 1980) used to provide continuous calibration curve from Cariaco Basin core
PL07-56PC data set, compared to data from German pines (B. Kromer, personal communication); PB, YD and shaded
line as in Figures 2 and 3. Correlation between spline and German pine data is excellent (r = 0.99). Cariaco Basin dates
that overlap with tree rings and bracket the abrupt shift from intense to reduced upwelling at the Younger Dryas termination show no systematic increase in 14C ages during the Younger Dryas. All 14C errors are reported at lo.

restrial 14C dates throughout the Younger Dryas and during the late Allerod period. The weight of
evidence clearly supports the conclusion that the Cariaco Basin reservoir age reflects open Atlantic
values, and has not changed significantly through time due to variations in local upwelling.
CALIBRATION

Fitted Spline
The evaluation of both Cariaco Basin varve and 14C chronologies provides independent evidence
that the chronologies are accurate and can be used as an alternative data set for 14C calibration during the period of deglaciation. In order to provide continuous calibration coverage, an interpolation
spline (Stineman 1980) was fitted to the Cariaco Basin data set (Figs. 4 and 5). This spline was chosen over other possibilities (for instance, cubic spline, linear interpolation) for several reasons. First,
the spline approximates a linear interpolation between points, which is a simple interpretation and
avoids the risk common to cubic splines of creating structure beyond the resolution of the data. Second, the spline has the advantage over a linear interpolation of providing a continuous curve which
passes smoothly through the data points. The interpolation spline shows excellent agreement with
the German pine data (r = 0.99) and preserves detailed century-scale variability, for example during
the Preboreal period, Ca. 9.614C ka BP (Fig. 4).
The interpolation spline was used to create a curve through the entire Cariaco Basin data set to
extend continuous 14C calibration from 9.0 to 12.714C ka BP. This represents an objective treatment
of the calibration in that no Cariaco Basin data points are excluded, and the same interpolation procedure used to match the curve to tree rings is used to extend the curve further back in time. The full
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Fig. 5. Interpolation spline extended through all of the Cariaco Basin data set and compared to coral 14C-U/Th data from
Tahiti (Bard et al. 1996), Barbados (Bard et al. 1993) and New Guinea (Edwards et al. 1993). PB, YD, B/A and shaded
lines as in Figures 2 and 3. Cariaco Basin curve shows close agreement with German pine data from 10-12 cal ka BP, and
general agreement with coral data older than 12 cal ka BP. Cariaco Basin data set resolves considerable detail that is not
resolved by the coral data, including plateaus at 11.7 and 11.4140 ka BP, and century-scale structure imposed on a gradually-sloping "plateau" during the Younger Dryas. All 14C errors reported at lo.

Cariaco Basin calibration spline is plotted together with paired 14C-UI'Fh dates from Atlantic (Bard
et al. 1990) and Pacific corals (Edwards et al. 1993; Bard et al. 1996), and agrees in general with
corals throughout most of the record (Fig. 5). However, the data sets do show some large differences, particularly during the Preboreal and Younger Dryas periods. The Cariaco Basin data set
shows less scatter around the tree-ring data than corals (Fig. 5), suggesting greater reliability during
the earlier period as well. The Cariaco Basin data also provide greater resolution and bridge the
numerous gaps in the coral data. The new Cariaco curve resolves detailed changes prior to the 9.6
140 ka BP plateau, including the precise timing of
the beginning and end of a long sloping "plateau"
with superimposed century-scale structure during the Younger Dryas. In addition, there are plateaus
at 11.7 and 11.414C ka BP, and the possibility of a brief plateau or reversal immediately preceding
the Younger Dryas at 11.114C ka BP.

Identifying features such as plateaus in the 14C calibration curve, and determining their relationships
to abrupt climatic events occurring at the same time, is crucial for a wide range of paleoenvironmental studies. Calculating rates of change or sedimentation rates in 14C-dated sediment cores depends
greatly on whether, and how, the 14C dates are calibrated. For example, a sediment age-depth curve
based on uncalibrated 14C dates will introduce error into rate-of-change and proxy flux calculations.
A linear age-depth model that uses uncalibrated 14C ages (upper curve, Fig. 6a) will change significantly when those 14C ages are calibrated (lower curve, Fig. 6a). Using uncalibrated 14C ages to calculate sedimentation rates creates large anomalies, artificially increasing values during plateaus
when the 14C "clock" is running more slowly than calendar time, and decreasing values when 14C is
running faster (Fig. 6b). Uncalibrated 14C chronologies can result in substantial, abrupt changes in
sedimentation rate (and rate of change) calculations that coincide with, but do not necessarily relate
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Fig. 6. Modeled age-depth
resulting from calibrated vs. uncalibrated 14C ages. (a) Upper curve, linear age-depth curve
based on constant sedimentation rate and using uncalibrated 14C ages (assumed to equal calendar age). Lower curve, age-depth curve based on constant sedimentation rate and using calibrated 14C ages. Detailed structure and large divrgences from linear age-depth model result
from using calibrated 14C age-depth model. (b) Sedimentation rate anomalies resulting from
differences between upper and lower curves in a above. Periods when 14C age changes slower
than calendar age (14C plateaus) result in significant positive anomalies in sedimentation rate.
Conversely, periods of rapid 14C change result in negative anomalies. Dashed line indicates
"background" sedimentation rate resulting from linear age-depth curve. Timing of Younger
Dryas and century-scale climatic events during the Bo11ing/Allerod intervals (defined using
Cariaco Basin gray scale) are indicated by shaded rectangles. The timing of sedimentation rate
anomalies resulting solely from lack of 14C calibration is very similar to the timing of true paleoclimatic events. All 14C errors reported at la.

to, paleoclimate change. For example, the large, sloping 14C "plateau" from 10 to 10.614C ka BP and
smaller plateaus at 11.4 and 11.714C ka BP defined by the Cariaco Basin data occur close to the timing of the climatic Younger Dryas and century-scale cold events during the Bolling/Allerod, respectively (Fig. 6b). Several previous studies have investigated rates of environmental change during the
last deglaciation, and show increased rates of change occurring ca. 10-11 14C ka BP, as well as
smaller events before this time (Jacobson, Webb and Grimm 1987; Overpeck 1987; Overpeck, Bartlein and Webb 1991). As suggested here, however, at least a part of these signals may be artifacts
resulting from the lack of accurate 14C calibration. Ironically, this problem appears to be compounded by high-resolution sampling for 14C dating, as a limited number of 14C dates will tend to
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smooth over the sharp bends in the calibration curve and thus produce a smaller, smoothed anomaly
during the Younger Dryas.
CALIBRATION PROGRAM

The new 14C calibration data set from the Cariaco Basin is available online for use as an alternative
deglacial calibration beyond tree-ring based calibrations. The data are available in a look-up table
and program for converting files of 14C dates to calendar dates at http://www.ngdc.noaa.gov/paleo/
paleo.html. Details of the program and its use are available at this site as well. The Cariaco Basin
spline data are presented at decade resolution for ease of calculation on the part of the user, because
14C dates are typically reported to the nearest decade. However, it should be noted that the resolution
of the actual calibration data is ca. one date per 100 yr and does not resolve decade-scale changes in
14C that may have occurred. The Cariaco Basin calibration is intended to serve as a higher-resolution alternative to curves based on coral 14C-U/Th dates during deglaciation (11.5-14.5 cal ka BP),
and as a complement to longer curves based on corals that extend back to 30 cal ka BP.
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EXTENSION OF THE 14C CALIBRATION CURVE TO ca. 40,000 cal BC BY
SYNCHRONIZING GREENLAND 180/160 ICE CORE RECORDS AND NORTH
ATLANTIC FORAMINIFERA PROFILES: A COMPARISON WITH U/Th CORAL
DATA
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ABSTRACT. For a better understanding of pre-Holocene cultural history, archaeologists are in need of an absolute time scale
that can be confirmed and duplicated by different dating methods. Proxy data available from archaeological sites do not, in
themselves, allow much reflection on absolute age. Even when founded on supporting radiocarbon data, Paleolithic chronologies that are beyond the actual limits of 14C calibration still remain relative ones, and thus are often quite tentative. Lacking
the possibility of calibration for the Paleolithic, archaeologists often attempt to correlate their data with different time scales
from different archives that are thought to be absolute or calendric. The main result of this paper is that the GISP2 and U/Th
chronologies duplicate each other over their entire range of data overlap, while other time scales (i.e., GRIP, most varve sites)
differ significantly. The context-derived 14C calibration curve provides a large potential to correlate the various climate
archives as recorded in ice cores and deep ocean drillings with terrestrial sequences.

INTRODUCTION

Using tree-ring records, the radiocarbon calibration curve presently reaches back to Ca. 9450 den
BC1 near the termination of the Younger Dryas cold stage. Although the Preboreal German Pine
Master Chronology (Becker, Kromer and Trimborn 1991; Kromer and Becker 1993) may have to be
shifted to older ages, disregarding that the shift2 of the tree-ring based calibration curve is well
established. A further systematic extension of the calibration curve based on tree-rings seems
unlikely-at least in the near future-for the period before the Late Glacial interstadial. On a global
scale there is a lack of well-preserved trees from the glacial periods. Thus, to construct a calibration
curve reaching back to the present limits of the 14C method at ca. 45,000 BP for routine measurements, additional proxy records must be utilized.
Presently, a "first-order" (Bard et al. 1993) data set for 14C calibration is available from pairs of
234U/230Th mass spectrometric (TIMS), and conventional n-decay and accelerator mass spectrometry (AMS) 14C measurements on corals (Bard et al. 1993; Edwards et al. 1993). The combined treering and U/Th calibration curve (Stuiver and Reimer 1993) reaches back from the present to the end
of the Last Glacial Maximum (LGM)3 at 19,950 cal UfTh BC, with a single additional data point at
28,275 cal U/Th BC. However, the Late Glacial coral ages are systematically older than data derived
from lacustrine varve counts from different regions (Hajdas et a1.1995), by up to 1000 cal yr at the
onset of the Late Glacial interstadial. The disagreement between the UITh-data and most varve
counts still remains unresolved.

1In this paper, we use the following as abbreviations for the "absolute" time scales: den BC/AD for tree-ring ages, cal BC/AD

for calibrated 14C ages, cal U/Th BC/AD for U/Th yr converted to the cal BC/AD scale, and cal GRIP/GISP2 BC/AD for icecore synchronizations with the cal BC/AD scale.
2Post-conference comment: This shift has been confirmed, cf. Spurk et al. (1998).
3In the nomenclature used in this paper, Last Glacial Maximum is the period between interstadials IS 3 and IS 2 (Dansgaard
et al. 1993; Johnsen et al. 1992). The Late Glacial is the period from 1S2 until the onset of the Holocene. The Oldest Dryas
is the period between IS 2 and IS 1, as derived from European continental records.
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First studies in calibrating Paleolithic archaeological 14C data (mainly of Magdalenian and Late
Paleolithic age in Central Europe) have applied the Stuiver and Reimer (1993) calibration curve
(Street, Baales and Weninger 1994), but have not checked the reliability of the underlying Uf'hmeasurements. In an attempt to resolve the discrepancies between the different time scales, we have
undertaken efforts to derive additional, independent calibration data sets.

Perhaps more reliable than annually laminated lacustrine sediments, ice core records from polar
regions at present offer the largest potential to construct an additional time scale for 14C calibration
with a resolution of 1 yr, as with tree rings. Techniques for the direct measurement of 14C02 and
14C0 trapped in polar ice have been developed recently (e.g., van Roijen, van der Borg and de Jong
14C dates
1995; Wilson 1995), but problems with dissolution of carbonate dust may prevent reliable
from CO2 in Greenland ice (Wahlen, personal communication 1997).

Time Scales and Absolute Chronology in Different Climate Archives
For most terrestrial stratigraphies, including archaeological sites, absolute ages are not available.
Most archaeological chronologies are based on comparative studies e.g., typology or palynology, and
are only roughly synchronized with Pleistocene climate oscillations recorded in other archives. In
Paleolithic studies researchers have tended to transform their chronologies to marine records (Martinson et al. 1987), instead of referring to the higher resolution of the ice core records of Greenland
and Antarctica (e.g., Dansgaard et a1.1993; Johnsen et a1.1992; Meese et al. 1994; Sowers et al.
1993; Taylor et al. 1993a). Geologists focusing on terrestrial sequences often point out the insecurities of such correlations, referring to the complex relations between all the climate parameters known
up to now. Worse, terrestrial sequences mostly contain stratigraphical gaps that are often difficult to
identify, and archaeological deposits are well known for secondary if not primary disturbances.
On the other hand, by comparing different high-resolution archives, in recent years the relative chronology of the Last Glacial Cycle has become quite elaborate, in some details showing that climate
signatures in deep-sea cores obviously match those recorded in ice cores (e.g., Behl and Kennett
1996; Bond et al. 1993; Fronval et a1.1995; Keigwin et a1.1994; Lehman and Keigwin 1992; Sowers
and Bender 1995). Convincing correlations, based on various methods, imply that most Pleistocene
climatic fluctuations, even short-termed, were coherent in different regions. Most of these records
lack calendric time scales, but there is wide agreement that changes in climate took place at more or
less the same time (Broecker 1992). Whereas for the last 55.6 kyr (Sowers et a1.1993; Bender et al.
1994) ice-core counts (i.e., Dansgaard et a1.1993; Johnsen et a1.1992; Meese et a1.1994; Sowers et
a1.1993) have the highest resolution, the chronological frame for the older periods is based on deepsea records (SPECMAP) and orbital theories (Kukla et al. 1981; Martinson et a1.1987).

The widely established global climate changes shown in marine records and ice cores should imply
a transfer onto the continents. In recent years important steps have been taken in this direction using
palynology (i. e., Behre and van der Plicht 1992; Guiot et al. 1989; Mangerud, Sonstegaard and
Sejrup 1979; Woillard and Mook 1982), varves (Goslar, Arnold and Pazdur 1995), stable isotopes
(Lotter et al. 1992), and even beetle-paleotemperature reconstructions (Lowe et a1.1995). However,
these correlations of terrestrial with marine and ice-core records cover only the most recent and the
most prominent climate oscillations. As a consequence of this transfer, the dating accuracy available
for Paleolithic archaeological sites is limited, at least restricted to broader correlation with other
archives. While all these archives are apparently leading to identical relative chronologies, time
scales still differ as outlined above, and the problem is put to the archaeologist, who has to decide
(based on his background knowledge of the site) which scale to favor.
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Required Data Sets and Calibration Methods
At least for the Upper Paleolithic, 14C dating still remains the first-choice dating method, when
applicable. Without the possibility of 14C calibration, it is difficult to compare 14C ages with results
obtained by other dating methods, which often wrongly leads to the assumption that some data cannot be relied on. Hence, the archaeologist often rejects one or the other data set derived by the different methods, which in the Paleolithic-when approaching the limits of 14C dating-are more
often the 14C ages, and this is often motivated simply by referring to the potential danger of sample
contamination. This problem, of course, will strongly impact any correlations with other archives.
Potentially useful data to construct a glacial calibration curve must fulfill a number of criteria. If
possible, the data should be from long-term, continuous and undisturbed stratigraphies with the
highest possible time resolution. The required sequences have to contain 14C-datable materials,
uncontaminated, in large amounts, and carbon content related closely to the atmosphere, to avoid
inaccurate carbon reservoir corrections. Further, the stratigraphies should have their own time
scales, or be related to an independent chronology. In one way or another, all these criteria are fulfilled by peat stratigraphies and lacustrine and marine sediments, but never simultaneously and to
differing degrees of reliability. Thus, to construct a calibration curve reaching back to the limits of
the 14C method, a combination of different proxy records seems to be necessary.
To support statistical analysis and interpretation of archaeological 14C data, we are using different

computer programs and methods (Weninger 1995), all written in FORTRAN-77 and with HPGL
graphic output. The hardware comprises an IBM-compatible 486 processor and laser printer. The
program CALKN performs Dendro- and Archaeological Wiggle Matching (Pearson 1986), and 2-D
Dispersion Calibration (Weninger 1986), used to calibrate single dates as well as sets of data.
CALKN has a numeric accuracy of 1 yr on the 14C and the calendric scales. For convenience in
updating the calibration database, in archaeological studies we employ the data sets of Stuiver and
Reimer (1993), for the range AD 2000 to 18 kyr cal BC. A new program CALKN-PAL extends the
time scale to maximum 200 kyr with 10-yr steps to explore relations between 14C, UITh, and TLdata. Designed as a tool for Paleolithic research, this program plots the data in context with maximum two additional graphs showing global paleoclimate data. Options are line graphs or histogram
representation, scaled automatically to the time window chosen for the input data.

Marine Records
The required criteria on a calibration data set, outlined above, with emphasis both on reliable synchronisms with the ice-core records and on the time covered in the records, led us to studies by Bond
et al. (1993) and Fronval et al. (1995). In brief, these studies show that sea-surface temperatures
(SST), as derived from marine foraminifera abundances (Bond et al. 1993) and ice-rafted detritus
(IRD) in the North Atlantic (Fronval et al. 1995), reveal series of rapid climate oscillations that
match those obtained in records from Greenland ice. In detail, Bond et al. (1993) present high-resolution marine records of N. pachyderma (foraminifera living close to sea-surface) from DSDP-609
and V23-81 cores, using Heinrich events and Ash Zones (far spread in the North Atlantic) as fixed
isochrones. Fronval et al. (1995) elaborate on inter-core correlation of the cores ODP-644 and
DSDP-609/V23-81 based on IRD. These records, combined, reveal series of apparently related
abrupt climate changes in the North Atlantic (Bond and Lotti 1995). As previously predicted (Broecker, Bond and Klas 1990), the terminations of Dansgaard-Oeschger Cycles (Broecker, Bond and
Klas 1990) in the ice cores correlate with the marine Heinrich events (Bond et al. 1992). This having
being established, all three cores match the GRIP 5180 record.
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Marine Cores V23-81, DSDP-609 and ODP-644,
Transferred to cal GRIP and cal GISP2 Time Scales
TABLE 1.14C Data from

14C age BP

Core*

Depth
(cm)

V23-81
V23-81
DSDP-609

154.5
198.5
74.0

N.p.
N.p.

DSDP-609

80.0

V23-81
DSDP-609
V23-81
V23-81
V23-81
V23-81
V23-81
V23-81
ODP-644
DSDP-609
V23-81
DSDP-609
DSDP-609
ODP-644
ODP-644
DSDP-609
DSDP-609
V23-81
V23-81
V23-81
ODP-644

210.0

G.b.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.
N.p.

DSDP-609

111.5
329.0
331.0
333.0

V23-81
V23-81
V23-81
DSDP-609
DSDP-609
V23-81
ODP-644

DSDP-609

84.5
213.0
217.0
219.0
221.0
223.0
227.0

no.1
87.5
229.0
90.5

98.5
no. 2
no. 3
106.0
110.5
321.0
323.0
327.0
no. 4

Sp.t

N.p.

N.p.

N.p.
N.p.
N.p.
N.p.
N.p.

112.5
115.5

N.p.

337.0
no. 5

N.p.

DSDP-609

119.0
no. 6
140.0

V23-81
DSDP-609
V23-81
DSDP-609
V23-81
V23-81
DSDP-609

DSDP-609

ODP-644

Ca. cal BC

N.p.
N.p.
N.p.
N.p.

140
220
220

90
230
120
100
100
100
110
85
240
110
150
120
90
100
220
330
180
160
180
130

260
170
170
180

220
220
190
115

150

G. i.

440

371.0
148.0
381.0
154.0
391.0
393.0
166.5

N.p.
N.p.
N.p.
N.p.
N.p.
N.p.

200
310
260
660
320
310
680

175.0

G. i.

730

N.p.

7

ODP-644
ODP-644

no.

N.p.

no.

N.p.

870

*References: V23-81 and DSDP-609=Bond et aL (1993); ODP-644 = Fronval et aL (1995).
tSpecies: N.p. = N. pachyderma; G.i. = G. inflata; G.b. = G. bulloides
Correlation: (+) = good correlation; (i.) = interpolated between neighboring data/peaks;
(-) = bad correlation.
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Fig. 1. A. Spline led through U/Th 14C data (Bard et a1.1993; Edwards et al. 1993), SSTderived (Bond et al. 1993) and
11W-derived (Fronval et al.1995)14C cal GISP2 data, revealing progressive deviations between the U/Th cal GISP2 and the
cal GRIP time scales. 5180 records of GRIP (Dansgaard et al. 1993; Johnsen et al. 1992) and GISP2 (Grootes et a1.1993;
Meese et al. 1994; Sowers et a1.1993; Stuiver, Grootes and Braziunas 1995) are given in context. B. Spline as in A. with
the zoomed time-window 10-31 kyr cal GISP2 BC and 14C cal GISP2 data derived from marine cores (Bond et al. 1993;
Fronval et al. 1995), showing agreement with the combined U/Th cal GISP2 spline.
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14C
From these marine cores, Bond et al. (1993) and Fronval et al. (1995) give a total of 47 AMS
pachyN.
BP)
on
400
constant
measurements (all with an assumed marine reservoir correction of
derms, G. inflata, and G. bulloides (Table 1). Sampling of DSDP-609 and V23-81 is concentrated
around Heinrich events H1-H3, giving 38 AMS 14C dates (Bond et a1.1993). The ODP-644 core
offers 9 additional AMS 14C dates (Fronval et a1.1995).

As mentioned above, the marine core-to-core correlations are established by fixed isochrones, and
also by the temporal fine-structure of SST and IRD; the authors thus synchronize these records first to
the GRIP time scale (Bond et al. 1993; Fronval et a1.1995) and later to the GISP2 time scale (Bond
and Lotti 1995). We use these correlations, reading peak-to-peak as close as possible, to derive GRIPage readings for very specific samples, namely those which are '4C-dated. For sample positions that
are difficult to read, notably around the LGM, we have used linear depth-age interpolation between
framing sample positions or Heinrich events. Having derived paired 14C/GRIP ages, for comparison
we transferred the data to the GISP2 time scale (Table 1), according to the established inter-ice-core
correlations (Grootes et a1.1993; Taylor et a1.1993b). To check on mistakes, we repeated the study,
but refrained from further data manipulation. We made use of all 14C data; no measurements were discarded. The two data sets (14C vs. cal-GRIP/cal-GISP2) are shown in Table 1 and Figure 1.
RESULTS

Using these correlations, the time scales for both potential 14C calibration data sets (14C cal GRIP
and 14C cal GISP2) are given by the GRIP (Dansgaard et a1.1993; Johnsen et a1.1992) and GISP2
chronologies (Grootes et al. 1993; Meese et a1.1994; Sowers et a1.1993; Stuiver, Grootes and Braziunas 1995). Due to the complex correlations, it is difficult to quantify the inaccuracies at each
point of both calibration curves. The obtained data series independently can be compared with the
14C
U/'I'h calibration records (Bard et al. 1993; Edwards et al. 1993), which show atmospheric
changes smoothed by the ocean surface (Stuiver and Braziunas 1993). Each of the marine sets can
be seen as a meaningful test set for checking the internal chronology of the two ice cores.
In carrying out the plan of deriving a Glacial calibration curve from the marine data of Bond et al.
(1993) and Fronval et al. (1995), we ran into the difficulty that age discrepancies exist between the
otherwise identical GRIP and GISP2 records. The age discrepancies between GRIP and GISP2
increase with depth and total up to ca. 3 ka at the time of IS 4 (Fig. 1, lower half). Of course, the offsets between GRIP and GISP2 time scales are well known, and thus would not be remarkable except
that we clearly observe good agreement between the GISP2-calibrated marine 14C data sets and the
U/Th coral 14C data, in the entire age range covered by both data sets (Fig. 1B, inlay). In comparison, when scaled to the GRIP core, the marine 14C data deviate progressively from the U/Th curve
(raw data and spline in Fig. 1).
As the result of the near-perfect agreement (i. e., within error-limits given by the authors) between
the GISP2-derived calibration curve and the U/Th-14C coral data, in Figure 1 we use a spline interpolation function to smooth the combined data set. The spline data and the ±1Q error estimates,
derived from a separate spline, are given in Table 2. The few readily apparent outliers (Fig. 1B,
inlay) all derive from the ODP-644 core, mainly from the interval 23.5-18.0 kyr cal GISP2 BC.
These values may be traced back to our difficulties in identifying IRD peak-to-peak 6180 correlations between ODP-644 (Fronval et a1.1995) and (both) GRIP and GISP2 ice cores. As mentioned
above, we undertook no secondary efforts to identify "better" positions for any of these samples, to
avoid non-reproducible pseudo-accuracies. The spline graph (Fig. 1A; Table 2) extrapolates the
combined data set, with only two additional dates (both ODP-644) reaching back to ca. 43.0 kyr cal
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GISP2 BC. The data base of a tentative long-term 14C plateau in the splined calibration curve at 32.0
kyr BP with length ca. 5 kyr, is minimal to non-existent (Fig. 1A), although this potential plateau
may turn out to be real when archaeologists take a closer look at available early Upper Paleolithic
Aurignacian series of data from well-stratified sites.
TABLE 2. Data Set
14C Data* and 14C

Cal GISP2
BC/AD

9720
10,000
10,500
11,000
11,500
12,000
12,500
13,000
13,500
14,000
14,500
15,000
15,500
16,000
16,500
17,000
17,500
26,500
27,000
27,500
28,000
28,500
29,000
29,500
30,000
30,500
31,000
31,500
32,000
32,500
33,000
33,500
34,000
34,500

2000
11,720
12,000
12,500
13,000
13,500
14,000
14,500
15,000
15,500
16,000
16,500
17,000
17,500
18,000
18,500
19,000
19,500
28,500
29,000
29,500
30,000
30,500
31,000

of Spline Function (Fig. l) Led Through U/Th
cal GISP2 Datat
14C

age BP

±10
10,100 ±
10,158±
10,598 ±
11,032±
11,461 ±
11,883 ±

Cal GISP2
BC/AD

age BP

2000

150

136
126
117
109

±84
±89
±96
104

12,297±95

113
123
135

12,704±89

148

13,101
13,490
13,870
14,240

101

±84
±80
±77
±75

14,606±74

14,973
15,346
15,731
16,132

±74
±75
±77
±80

24,269 ± 352
24,809 ± 380
25,440 ± 407
26,261 ± 386
26,994 ± 416
27,735 ± 448
31,500 28,462 ± 479
32,000 29,148 ± 509
32,500 29,769 ± 538
33,000 30,299 ± 565
33,500 30,715 ± 591
34,000 30,996 ± 611
34,500 31,418 ±531
35,000 31,637 ± 526
35,500 31,790 ± 515
36,000 31,893 ±500
36,500 31,962 ± 484

162

178
195

214
234
255
278
302
326
467
450
436
426
421
422
432
449
473
504
542
586
635

±690
750
815
884

Bard et al. (1993); Edwards et al. (1993)
tBond et al. (1993); Fronval et al. (1995)

The Potential of the GISP2 "Context Calibration" in Archaeology
To summarize, the U/Th-14C coral data given by Bard et al. (1993) and Edwards et al. (1993) are well

replicated by the SST-derived 14C data of Bond et al. (1993), and are in reasonable agreement with
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the IRD-derived 14C data of Fronval et al. (1995), when both are synchronized with the GISP2 time
scale. In consequence, due to known differences between the GRIP and GISP2 time scales (Dansgaard et a!. 1993; Grootes et al. 1993; Johnsen et al. 1992; Meese et al. 1994; Sowers et a1.1993;
Stuiver, Grootes and Braziunas 1995; Taylor et a!. 1993a) yet to be resolved, there are discrepancies
increasing with age (Fig. 1A) between the U/Th and 14C GRIP data. Of course, we cannot refute the
possibility that both the U/Th and GISP2 time scales are wrong, but see no reason to follow this
hypothesis: annual ice layer countings of GISP2 reach back further (Meese et a1.1994; Sowers et al.
1993) than in the GRIP record. Also the GISP2 chronology is partly interpolated (and thus calibrated)
with the SPECMAP-based Vostok chronology (Bender et al. 1994; Sowers et al. 1993) and in
broader agreement with orbital theories (Martinson et a1.1987), and altogether implies higher reliability. We also conclude that varve chronologies from different regions (Hajdas et al. 1995) must
contain unidentified errors, i. e., gaps and/or dates of potentially reworked terrestrial macrofossils.
CONCLUSION

Since our research field is archaeology, our prime interest lies in the comparison of terrestrial stratigraphies (which contain documentation of human activities), with the relative sequence of Glacial
climatic changes, as recorded with high resolution in marine archives and ice cores. It seems that
archaeologists are best advised, presently, to base the absolute chronology for the Glacial periods on
U/Th-calibrated 14C data, in context with climate information that is scaled to the GISP2 ice core.

As an addendum to the Groningen Conference, we recommend further reference to the work presented by Kitagawa and van der Plicht (1998) and Voelker et al. (1998) in this issue. Computer programs for explorative research on calibration of 14C data for the Paleolithic periods, shown with
optional GISP2/GRIP/VOSTOK/SOLAR INSULATION climate context, are available from the
authors. The data sets for Glacial '4C calibration will be updated as new data become available.
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A 40,000-YEAR VARVE CHRONOLOGY FROM LAKE SUIGETSU, JAPAN:
EXTENSION OF THE 14C CALIBRATION CURVE
HIROYUKI KITAGAWAI and JOHANNES VAN DER PLICHT2
ABSTRACT. A sequence of annually laminated sediments is a potential tool for calibrating the radiocarbon time scale
beyond the range of the absolute tree-ring calibration (11 ka). We performed accelerator mass spectrometric (AMS) 14C measurements on >250 terrestrial macrofossil samples from a 40,000-yr varve sequence from Lake Suigetsu, Japan. The results
yield the first calibration curve for the total range of the 14C dating method.

INTRODUCTION

Lake Suigetsu is located near the coast of the Sea of Japan (35°35'N, 135°53'E). The lake is 10 km
around the perimeter and covers 4.3 km2. It is a typical kettle-type lake, nearly flat at the center, Ca.
34 m deep. A 75-m-long continuous core (Lab code = SG) and four short piston cores (Lab codes =
501, -2, -3 and -4) were taken from the center of the lake before 1993 (Kitagawa et al. 1995).
The sediments are characterized by dark-colored clay with white layers due to spring season diatom
growth. The seasonal changes in the depositions are preserved in the clay as thin, sub-millimeter
scale laminations or "varves". Based on observation of varve thickness change, we expect that the
annually laminated sediment records the paleoenvironmental changes during the past 100 ka.

This sequence of annually laminated sediments not only forms a unique continuous paleoenvironmental record after the last interglacial but also permits us to reconstruct a complete 14C calibration
extending back to at least 40 ka BP, and probably even more by means of combined isotope enrichment and AMS 14C dating (Kitagawa and van der Plicht 1997).
We have performed AMS 14C measurements on >250 terrestrial macrofossil samples of the annual

laminated sediments from Lake Suigetsu. Here, we report varve and 14C chronologies of these sediments. The combined varve and 14C chronologies back to 40,000 BP are used to reconstruct a 14C
calibration curve for the total range of the 14C dating method.
METHODS

In order to build up a calendar time scale (i. e., varve chronology) for the Suigetsu (SG) core, a total
of 85 subsamples were taken in a section of SG extending from 10.42 to 30.45 m below the top sediment, each ca. 25 cm in length, including a 1.5 cm overlap with neighboring subsamples. To allow
detailed observation of the sediments, the well-cleaned surfaces of sediments were scanned with a
digital camera with a resolution of ca. 1200 data points per inch. The ca. 1500 digital images were
processed using an image analyzing program.

Based on a more detailed analysis of the varve sediments, the previous chronology obtained mainly
from the short piston cores (Kitagawa et al. 1995) is revised for two reasons: 1) a more precise
matching of the floating Lake Suigetsu varve chronology to the available dendrochronologies with
a high-resolution AMS 14C data set, and 2) an updated varve chronology due to previous miscounting of varve numbers. We had identified the white and diatom-rich layers under a microscope with
a UV light source. The white layers typically observed in the Holocene and at limited time intervals
in the Glacial are easily identified by this procedure. However, after reassessment of varve counting
'International Research Center for Japanese Studies, 3-2 Oeyama Goryo Nishikyo-ku, Kyoto 610-11 Japan
2Centre for Isotope Research, University of Groningen, Nijenborgh 4, NL-9747 AG Groningen, The Netherlands
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by means of computer image analysis of digital pictures, we found that the much less distinct varves
observed in some intervals during the deglaciation and Glacial could be determined only with a relatively large error. In order to reconstruct a more precise and longer varve chronology for the laminated sediments from Lake Suigetsu, we have reassessed the varve chronology in the whole section
during the deglaciation as well as the Glacial up to a depth of 30.45 m.

The uncertainty in the varve chronology comes from two sources: core sampling and varve counting. The SG core parts were divided into 90-cm-long sections for sampling from one drilling hole;
therefore, there is a potential loss of sediment or varves between samplings. Detailed comparison
with short piston cores (SG3 and SG4) for the upper 16 m shows that the sampling does not cause
significant loss of varves-typically 0-2 cm to a maximum of 3 cm, corresponding to ca. 20-30 yr
in the Holocene and ca. 50 yr in the Glacial. Since the varve ages from below 18 m (corresponding
to ca. 20,000 cal BP) were estimated by varve counting of a single core, the ages quoted in this paper
should be considered as minimum ages, the error increasing with depth.
Since the detectability of the varve depends on the quality of the lamination, it is not straightforward
to estimate the accuracy of the varve counting process. Based on the results of some duplicated
countings of selected subsamples and independent counting of different subsamples collected from
the same horizon, we estimate that the counting error is < 1.5%, corresponding to 150 yr for 10,000
varve yr.

The sediment from the core top to 19.3 m of SG was split ca. every 3 cm (corresponding to 20-50
yr). The macrofossils were washed out from ca. 60 cm3 of sediment. For the deeper part, the relatively large macrofossils were picked up by hand in a dust-free room to reduce contamination from
the surroundings. We selected terrestrial-origin macrofossils such as leaves, branches, and insects
for AMS 14C measurements.
The 14C/12C and 13C/12C ratios of terrestrial macrofossils were measured at the Groningen AMS facility (van der Plicht et al. 1995; Gottdang, Mous and van der Plicht 1995; Wljma and van der Plicht
1997). An essential procedure is a strict elimination of possible contamination during the sample collection and handling (Wohlfarth et a1.1993). The samples are processed using a strong acid-alkaliacid (AAA) treatment (hook and Streurman 1983) for both samples and reference blank materials.
The reference blank consists of >5014C-free plant materials collected from the deep layer of the same
core (corresponding to an age of ca. 90-100 ka). The blank correction is 0.28 ± 0.03 (1 ar) pMC on
average for relatively large samples (containing > 0.7 mg carbon), corresponding to 47,000 BP. For
smaller samples, the blank level and its scatter increase with decreasing sample size. For age calculation, we include this effect as well as the scatter in 5-6 standards per measurement batch, prepared
independently from the HOxII international standard, which is typically 0.5%.
RESULTS

*

Figure 1 shows the varve and 14C chronologies as a function of depth of the SG core. Until now, the
varve numbers have been counted in the 10.42-30.45 m deep section. The Lake Suigetsu floating
varve chronology consists of 29,100 varves. As shown in Figure 1 the sedimentation or annual
varve thickness is relatively uniform (typically 1.2 mm yr-1 during the Holocene and 0.62 mm yr-1
during the Glacial). The age below 30.45 m depth is obtained by assuming a constant sedimentation
in the Glacial (0.62 mm yr-1). The 14C ages at 10.42, 30.45 and 35 m depth are ca. 7800, 35,000 and
42,000 BP, respectively.
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Fig. 1. Varve and radiocarbon chronologies of Lake Suigetsu (SG) core. The ash
layers are found in this core section up to 35 m (Takemura et a1.1994).

In order to reconstruct the calendar time scale, we compared the Lake Suigetsu chronology with calibration curves obtained from the absolute German oak (shifted by 41 yr at 5241 BC to the older
direction, Kromer et al. 1996) and the floating German pine (Kromer and Becker 1993) using the
least squares minimization. The revised German oak and the floating German pine calibration
curves were combined into one calibration curve by moving the age of German pine chronology.

Figure 2 shows the best match between the tree-ring and the Lake Suigetsu chronologies, estimated
by minimizing the weighted sum of squared differences between the 14C ages of macrofossils and
the tree-ring calibration curve. We found the best match when the German pine chronology is shifted
by 160 yr with respect to the pine chronology reported by Kromer and Becker (1993). The features
in our data overlapping the tree ring calibration agree very well, even for "wiggles" in the 14C calibration curves. Using this match, we defined the absolute time scale for the Lake Suigetsu varves
chronology. The 29,100-yr Lake Suigetsu chronology then covers the absolute age range from 8830
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Fig. 2. Matching of the 29,100-yr-long floating varve chronology from Lake Suigetsu to the absolute chronology.
= Lake Suigetsu (Japan); 0 = Lake Go§ci± (Poland) (Goslar et al. 1995, ms.). Continuous lines show the German
oak and pine chronologies fixed by comparison with the varve chronology of Lake Suigetsu.

to 37,930 cal BP. Our varve chronology also confirms the revised floating German pine chronology,
which was recently shifted by 160 yr to the older direction (Bjorck et a1.1996; Kromer et a1.1996).

The combined 14C and varve chronologies from Lake Suigetsu are used to calibrate the 14C time
scale beyond the range of the absolute tree-ring calibration. Figure 3 shows an atmospheric 14C calibration for the complete 14C dating range (<45 ka) reconstructed from annually laminated sediments from Lake Suigetsu. The numbers are given in the Appendix. Beyond the-tree ring calibration
range, our calibration agrees well with the European sediments (Goslar et a1.1995, Goslar, Arnold
and Tisnerat-Laborde ms.) and generally with marine calibrations obtained by combined U/Th and
14C dating of corals (Bard et al. 1990, 1993; Edwards et a1.1993). Our data confirms the higher 14C
levels for the Glacial period likely induced by a low geomagnetic field intensity (e.g., Laj, Mazaud
and Duplessy 1996). The maximum difference between 14C and calendar ages during the past 45 ka
is ca. 5000 yr around 30,000 cal BP. Similar data are obtained by Voelker et al. (1998).
CONCLUSION

The atmospheric 14C concentration is sensitive to parameters such as geomagnetic field strength
and solar fluctuations (also through magnetic effects) as well as rearrangements in equilibrium
between the major carbon reservoirs (atmosphere, ocean and biosphere). High-resolution 14C calibration extending into the Glacial is therefore critical for establishing the exact timing of drastic cli-
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matic changes, as well as for better understanding of geophysical changes in the Earth's system. A
detailed discussion of our results from this point of view will be published elsewhere (Kitagawa and
van der Plicht 1998).
The long sequence of annually laminated sediments from Lake Suigetsu provides a very exciting
record of atmospheric 14C changes during the past 45 ka. In order to produce a more complete 14C
calibration curve, we intend to completely reconstruct the continuous varve chronology for this
period together with other paleoenvironmental signals recorded in these sediments.
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APPENDIX

Varve and 14C chronologies of the annually laminated sediments from the Lake Suigetsu, Japan. The
numbers in the FVT column represent relative varve numbers from the beginning of the presently
floating varve chronology (1042.0 cm below the top sediment). The varve age below 3045.0 cm is
estimated by assuming a constant sedimentation (0.62 mm yr-1).

Sample
5G02C04

5002A02
SG03E05

5003A03
SG04D05
5G04A01
SG05D07
SG05C01
SG05B05
SG06E05
SG06C03
SG06B07
SG07E08
SG07E08
SG07B05
SG08C02
5G08C10
5G08B08
SG08A03
SG09D04
SG09C01
SG09C05
SG09B01
SG10C05
SG10C09
SG10B03
SG10B05
SG10B07
SG10B11
SG10A02
SG10A05
SG10A08
SG11D02
SG11D03
SG11D04
SG11B03
SG11B03
SG11D10
SG11C01
SG11C02
SG11C03
SG11C04

Depth in SG
(cm)
111.7 ± 1.5
146.4 ± 1.5
177.1 ± 2.0
240.4 ± 1.5
291.7 ± 1.5
328.4 ± 1.5
382.7 ± 1.5
385.5 ± 1.5
410.6 ± 1.5
452.9 ± 2.2
479.8 ± 1.5
515.4 ± 1.5

562.7±2.0
569.2 ±
604.9 ±
626.6 ±
652.1 ±
677.5 ±
692.5 ±
728.4 ±
748.1 ±
760.0 ±
775.8 ±

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

817.0± 1.5
829.4 ± 1.5
844.9 ± 1.5
851.1 ± 1.5
857.3 ± 1.5
869.7 ± 1.5
875.9 ± 1.5
885.2 ± 1.5
894.0 ± 1.5
912.8 ± 1.5
915.8± 1.5
919.0 ± 1.5
925.2 ± 1.5
931.9 ± 2.0
937.8 ± 1.3
940.7± 1.5
943.8± 1.5
946.9 ± 1.5
950.0 ± 1.5

Varve age

FVT

cal BP

Lab code(s)
GrA4571
4572
4573
4574
4575
4576
4577
4578
4579
4580
4581
4582
1899
1897
1900
1953
7746
1939
1894
2493
2498
4583
4584
2499
2496
2495
2500
2494
2491
7744
7742
7745
2963
7738
2964
2965
2966
2967
7741
2982
7734
2977

14C

age
BP)

±60
65

±60
60
90

±65
60
65
65
60

±60
60

60

±60
60
60
40
60

±60
±60
±60
125

70
60
65

±65
85

±70
70
60

90

200
70
110
100
150
150
80
115
70
95

512

H. Kitagawa and J. van der Plicht

Sample
SG11C06
SG11B01
SG11B02
SG11B03
SG11B04
SG11B05
SG11B06
SG11A01
SG11A03
SG11A06
SG12C01
SG12C05
SG12B07
SG12B04
SG12B06
SG12A01
SG13D01
SG13D04
SG13D07
SG13D08
SG13D09
SG13C03
SG13C05
SG13C06
SG13C07
SG13C09
SG13B05
SG13A04
SG14D03
SG14D06
SG14C01
SG14C04
SG14C06
SG14B02
SG14B07
SG14A04
SG15D01
SG15D05
SG15D07
SG15C01
SG15C03
SG15C06
SG15C08
SG15B02
SG15B03
SG15B06
SG15B07
SG15A01
SG15A04

Depth in SG
(cm)
956.4 ±
959.8 ±
962.9 ±
966.0 ±
969.1 ±
972.2 ±
976.1 ±
979.1 ±
986.1 ±
995.4 ±
988.6 ±

Varve age

FVT

1001.0±1.5
1009.3 ± 1.5
1021.7 ± 1.5
1025.3 ± 2.0

1028.9±1.5
13
91
172

200
231
301
343
368
393
413
553
663
750
821
878
950
998
1067
1204
1298
1385
1485
1555
1575
1625
1685
1735
1775
1805
1885
1915
1970
2045

age
BP)

2989
7733
2978
7732
7730
2981
7743
7731
7737
7736
2930
2846
6231
2888, 2889
2946
6230

1.8
1.5
1.5
1.5
1.5
1.5
2.3
1.5
1.5
1.5
1.5

1043.6±1.5
1053.4 ± 1.5
1063.1 ± 1.5
1066.4 ± 1.5
1070.2 ± 2.0
1079.4±1.5
1085.9±1.5
1089.1 ± 1.5
1092.4 ± 1.5
1097.5 ± 1.3
1114.3 ± 2.3
1128.1 ± 1.5
1142.0 ± 1.5
1151.7 ± 1.5
1159.2 ± 1.5
1168.8 ± 1.5
1175.2 ± 1.5
1184.3 ± 1.5
1200.4± 1.5
1213.2± 1.5
1226.7 ± 1.5
1240.2 ± 1.5
1247.0± 1.5
1250.4± 1.5
1257.2± 1.5
1267.3 ± 1.5
1274.1 ± 1.5
1280.9 ± 1.5
1284.3 ± 1.5
1294.4± 1.5
1297.8± 1.5
1305.1 ± 1.5
1315.3 ± 1.5

Lab code(s)
BP

110
90
85

70
70
200
60
70
70
70
100

100

±85
60
100
110
70
100
90

±85
105

105
80

±95
±85
2948

70
105
110
110

±80
110

±90
110
95

110
120
115

115
115

180
100
80

±90
±90
±80
100
105

±90
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Sample
SG16D06
SG16C01
SG16C04
SG16C05

SG16B01
SG16B02
SG16B04
SG16B05
SG16A02
SG16A05
SG16A06
S017D01
SG17D02
SG17D06
SG17D10
SG17C03
SG17C04
SG17B01
SG17B04
SG17A02
SG17A04
SG17A07
SG18E01
SG18E02
SG18E03
SG18E04
SG18E05
SG18E06
SG18E07
SG18D01
SG18D02
SG18C01
SG18C04
SG18B01
SG18B03
SG18B05
SG18B06
SG18A01
SG18A04
SG18A06
SG19D03
SG19D04
SG19D05
SG19D07
SG19D08
SG19C04
SG19C05
SG19B01
SG19B04

Depth in SG
(cm)
1336.7 ± 2.0
1344.2 ± 1.5
1254.2 ± 1.5
1357.8±1.8
1364.2 ± 1.5
1367.5 ± 1.5
1374.2 ± 1.5
1377.5 ± 1.5
1386.9 ± 1.5

1393.6±1.5
1396.9 ± 1.5
1410.5±1.5
1413.5 ± 1.5
1425.6 ± 1.5
1437.4±1.3
1446.2±1.5
1449.2 ± 1.5
1455.3 ± 1.5
1464.3 ± 1.5
1483.9 ± 1.5
1490.0±1.5

1497.2 ± 0.8
1499.0 ± 1.5
1502.0 ± 1.5
1505.0±1.5
1508.0±1.5
1511.0±1.5
1514.0±1.5
1517.0 ± 1.5
1522.5 ± 1.5
1525.5 ± 1.5

1540.5±1.5
1548.5± 1.5
1554.8± 1.8
1561.0 ± 1.5
1567.0 ± 1.5
1570.3 ± 1.8
1573.5± 1.5
1582.5 ± 1.5
1588.0± 1.5

1594.8± 1.5
1598.0± 1.5
1601.3 ±
1607.7 ±
1610.9±
1623.8±
1627.0 ±
1638.8±
1648.4 ±

1.5
1.5

1.5
1.5
1.5

1.5
1.5

Varve age

FVT
2296
2371
2453
2492
2543
2572
2633
2663
2752
2814
2854
2981
3022
3177
3315
3433
3474
3540
3652
3908
3965
4030
4046
4096
4136
4176
4216
4256
4296
4376
4426
4686
4816
4906
5006
5106
5166
5216
5346
5426
5531
5591
5621
5721
5771
5961
6031
6171
6331

Lab code(s)
BP

age
BP)

±85
±95
95

±95
125
100

±95
100

±85
±95
±95
105
100
105

125
110

100
100

125
125
145

±90
±55
110

110
125

95

100

±85
±55
150

±55
370
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Sample
SG19B05
SG19B06
SG19A03
SG20D01
SG20D03
SG20D04
SG20D05
SG20C01
SG20003
SG20C05
SG20C06
SG20B01
SG20B02
SG20B04
SG20A03
SG21D04
SG21D07
SG21C02
SG21C02
SG21C07
SG21B03
SG21B03
SG21B03
SG21A05
SG22D03
SG22D06
SG22C06
SG22B02
SG22B04
SG22B05
SG22A01
SG22A04
SG22A05
SG22A06
SG23-4
SG24-5

Depth in SG
(cm)

1651.6±1.5
1654.8 ±
1668.8 ±
1684.7 ±
1691.0 ±
1694.1 ±
1697.3 ±
1706.7 ±
1712.9 ±

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

1719.2±1.5
1722.4
1729.2
1732.3
1738.6
1757.4
1778.6
1787.7

±
±
±
±
±
±
±

1.5
1.5
1.5
1.5
1.5
1.5
1.5

1795.8±1.5
1801.9±1.5
1811.0±1.5
1820.1 ± 1.5
1823.1 ± 1.5
1826.2 ± 1.5

1847.9 ± 2.0
1864.1 ± 2.0
1874.0 ± 1.3
1891.9±2.5
1901.0 ± 1.5
1907.1 ± 1.5
1910.7 ± 2.0
1919.3 ± 1.5
1928.4 ± 1.5
1931.4 ± 1.5
1934.4 ± 1.5

1968.7 ±0.5
2051.1±0.5

S024-4

2054.3 ± 0.5

SG24-3
SG24-1
SG25-2

2065.4 ±0.5

S025-1
SG26-3
SG26-2
SG26-1
SG27-7

S027-5
SG27-4
SG27-3
SG27-2

2106.9 ± 0.5
2149.5 ± 0.5
2175.5 ± 0.5
2264.0 ± 2.0
2278.4 ± 0.5
2286.1 ± 0.5
2312.2 ± 0.5
2334.7 ± 0.5
2337.1 ± 0.5
2340.4 ± 0.5
2356.2 ± 0.5

Varve age

FVT
6389
6441
6681
6966
7066
7116
7176
7326
7416
7526
7586
7706
7746
7856
8136
8466
8616
8736
8841
8991
9131
9181
9232
9616
9886
10,011
10,296
10,466
10,571
10,636
10,791
10,971
11,023
11,081
11,716
13,117
13,172
13,372
14,032
14,752
15,182
16,732
16,957
17,067
17,492
17,852
17,902
17,957
18,206

Lab code(s)
BP

age
BP)

±75
105
300
215
165

±80
100
110

±80
125

170

±70
±85

±60
90
195
185
270
140
145
180
230

180
195
220

178
240
170
185
185
240
140

110

±290
135

±305
130
440
220

150

±500
270
170
265

Varve Chronology from Lake Suigetsu

Sample

Depth in SG
(cm)

S038-1
5G39-1

2405.8 ± 0.5
2408.4 ± 0.5
2433.0 ± 0.5
2508.2 ± 0.5
2537.6 ± 0.5
2560.8 ± 0.5
2623.4 ± 0.5
2636.4 ± 0.5
2665.5 ± 0.5
2665.5 ± 0.5
2671.8 ± 0.5
2698.3 ± 0.5
2716.5 ±0.5
2733.1 ± 0.5
2740.0 ± 0.5
2751.8 ±0.5
2761.4 ±0.5
2784.8 ± 0.5
2792.2 ± 0.5
2800.7 ± 0.5
2807.0 ± 0.5
2813.4 ± 0.5
2855.7 ± 0.5
2913.8 ± 0.5
2920.6 ± 0.5
2976.3 ± 0.5
2993.8 ± 0.5
3012.4 ± 0.5
3067.0 ± 0.5
3132.8 ± 0.5
3224.9 ± 0.5
3311.5 ± 0.5
3367.2 ± 0.5
3428.3 ± 0.5

SG39-3

3496.8 ± 0.5

SG28-4
SG28-3
SG28-2
SG29-3
SG29-2
SG29-1
SG30-5
SG30-4
SG30R-1
SG30-3

S030-1
SG31-7
5G31-6

S031-5
S031-4
SG31-1
SG31-3
SG31-7
SG32-6
5G32-5
SG32-4

5G32-2
SG32-1
SG33-4
SG33-3
SG34-2
SG34-4
SG34-3

S035-1
5G35-2
S036-1
SG37-1

Varve age

FVT

Lab code(s)

age
BP)

BP

6200

6199

4516

270
185
270
670
670
190
215
235
250
245
255
200
310
340
335
355
330
260
370
380
345
730
680
330
415
415
460
340
550
650
820

1800
4526,
4527
4529

570
780
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CORRELATION OF MARINE 14C AGES FROM THE NORDIC SEAS WITH THE GISP2
ISOTOPE RECORD: IMPLICATIONS FOR 14C CALIBRATION BEYOND 25 ka BP
ANTJE H. L. VOELKER,1 MICHAEL SARNTHEIN,1 PIETER M. GROOTES2
HELMUT ERLENKEUSER,2 CARLO LAJ,3 ALAIN MAZAUD,3MARIE-JOSEE NADEAU2
and MARKUS SCHLEICHER2
ABSTRACT. We present two new high-resolution sediment records from the southwestern Iceland and Norwegian Seas that
were dated by numerous 14C ages up to 5414C ka BP. Based on various lines of evidence, the local 14C reservoir effect was
restricted to 400-1600 yr. The planktic stable isotope records reveal several meltwater spikes that were sampled with an average time resolution of 50 yr in PS2644 and 130 yr in core 23071 during isotope stage 3. Most of the 6180 spikes correlate
peak-by-peak to the stadials and cold rebounds of the Dansgaard-Oeschger cycles in the annual-layer counted GISP2 ice core,
with the major spikes reflecting the Heinrich events 1-6. This correlation indicates large fluctuations in the calibration of 14C
ages between 20 and 54 i4C ka BP. Generally the results confirm the 14C age shifts as predicted by the geomagnetic model of
Laj, Mazaud and Duplessy (1996). However, the amplitude and speed of the abrupt decrease and subsequent major increase
of our 14C shifts after 4514C ka BP clearly exceed the geomagnetic prediction near 40-43 and 32-34 calendar (cal) ka BP. At
these times, the geomagnetic field intensity minima linked to the Laschamp and the Mono Lake excursions and confirmed by
a local geomagnetic record, probably led to a sudden increase in cosmogenic 14C and 10Be production, giving rise to excess
14C in the atmosphere of up to 1200%o.

INTRODUCTION

Laj, Mazaud and Duplessy (1996) presented a geomagnetic field-intensity record, mainly based on
three magnetic records from deep-sea sediments in the Azores Basin (Lehman et a1.1996), and calculated from this evidence a global 14C production curve for the last 80 cal ka BP. To examine the
differential contributions of both the Earth's magnetic field and the ventilation of the deep ocean to
variations in the atmospheric 14C budget, they employed a simple four-box global ocean model to
convert the geomagnetic 14C production curve into a record of bulk past changes in the atmospheric
l4C/12C ratio (referred to as &4C). They found that 80% of the A14C variations (and thus the major
shifts between 14C and calendar ages) over the last 5014C ka BP can be explained by changes in the
geomagnetic field and only 20% by changes in ocean ventilation. For the last 2014C ka BP, their proposed 14C age shifts are well confirmed by dendro- and lake-varve chronology (Stuiver and Reimer
1993; Kromer and Becker 1993; Goslar et a1.1995) and various spot calibrations (Bard et a1.1990;
Bard et al. 1993; Edwards et at. 1993). Hardly any proof hitherto existed for the calibration of 14C
ages >2014C ka BP (Chappell and Veeh 1978; Vogel 1983; Bard et al. 1993, 1998).

The GISP2 ice core from the Greenland summit may bridge this gap by providing a unique annuallayer counted time scale for the last 50 ka BP (Meese et a1.1994). The paleoclimatic 8180 signals
used have a resolution of 1 m, equal to a time resolution of 40-60 yr for the interval 12-50 cal ka BP
(Grootes and Stuiver 1997; cf. Fig. 2 below). However, the annual-layer dated 8180 record in the
GISP2 ice core cannot be used directly to calibrate 14C ages because of the difficulty of dating atmospheric CO2 trapped in the ice core (Wilson 1995; Wahlen, personal communication 1997). We thus
employ a different strategy to convert the annual-layer time scale. First, we correlate the 8180 temperature record of GISP2 step-by-step to two high-resolution sediment records of climatic change
from the nearby Nordic Seas. In a second step, the marine 14C ages of the various correlated climatic

Geologisch-Palaontologisches Institut, Universitat Kiel, Olshausenstrasse 40, D-24118 Kiel, Germany
ZLeibniz Labor fur Altersbestimmung and Isotopenforschung, Universitat Kiel, Olshausenstrasse 40, D-24118 Kiel,
1

Germany
3Centre des Faibles Radioactivit6s, Laboratoire mixte CEA-CNRS, Avenue de la Terrasse, F-91198 Gif-sur-Yvette, France

Proceedings of the 16th International '4C Conference, edited by W. G. Mook and J. van der Plicht
RADIOCARBON, Vol. 40, No. 1, 1998, P. 517-534

517

A. H. L. Voelker et al.

518

events are linked to the annual-layer counted chronology of the GISP2 ice core. This provides the
framework for the 14C age anomalies from the calendar time scale over the last 50 ka BP.
METHODS

We studied two deep-sea cores from the western and eastern Nordic Seas, which have sedimentation
rates of 8-20 cm ka-1 during stage 3 (Fig. 1). We focused especially on the "watch dog" position of
site PS2644 (67°52.02'N, 21°45.92'W; 777 m water depth; 9.18 m core recovery) in the West Iceland Basin to monitor changes in the surface and intermediate water currents through the Denmark
Strait (Hopkins 1991) (Fig. 1). Today, the hydrographic conditions near site PS2644 show a high
interseasonal and interannual (and spatial) variability, such as with the "Great Salinity Anomaly"
during the 1960s (Malmberg and Stefansson 1972; Malmberg 1984; Malmberg and Kristmannsson
1992). In particular, the site occupies a position right in between 1) the warm, saline Atlantic water
of the North Icelandic Irminger Current (NIIC) to the south; 2) the cold, freshwater-enriched East
Greenland Current (EGC), which carries plenty of drift ice and icebergs, to the north and west; and
3) the East Iceland Current (EIC), an easterly branch of the EGC, to the northeast (Stefansson 1962;
Swift and Aagaard 1981; Hopkins 1991) (Fig. 1). Sea ice covers site P52644 during winter and
spring, and occasionally also during summer (Vinje 1977; Malmberg 1984).

During glacial times, the site of PS2644 was reached by icebergs and meltwater originating from
both Iceland and East Greenland (Voelker et al. 1997). PS2644 was then located at the entrance of a
shallower Denmark Strait, narrowed down by the adjacent continental ice shields. The Icelandic glaciers extended about 130 km onto the western Icelandic shelf during the Last Glacial Maximum
(LGM; Ca. 20 cal ka BP) (Olafsdbttir 1975; Vogt, Johnson and Kristjansson 1980), whereas off the
Kangerdlugssuaq Fjord on the western side of the Denmark Strait the ice margin reached >100 km
onto the shelf (Larsen 1983 and references therein; Andrews et a1.1996).

W

20

0

E

Fig. 1. Location (*) of sediment cores PS2644 and
GIK23071 in the Icelandic and Norwegian Seas and
the GISP2 ice core on Greenland. .fl = present axes
of the major currents in the Nordic Seas (EGC: East
Greenland; EIC: East Iceland; IC: Irminger; JMC:
Jan Mayen; NAC: Norwegian Atlantic; NIIC:
North Iceland Irminger).
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Core 23071(67°05.09'N, 2°54.48'E,1308 m water depth; 7.23 m core recovery) was retrieved on
the Voering Plateau in the Norwegian Sea (Fig. 1). The site is located below the warm, saline Norwegian Atlantic Current, which provides ice-free conditions in the Norwegian Sea throughout the
year (Swift and Aagaard 1981; Hopkins 1991). During glacial periods this site was reached by icebergs and meltwater originating from the Fennoscandian ice sheets (e.g., Fronval et al. 1995).
The 8180 and 613C records are based on a 1-cm sampling resolution, equal to a mean time resolution
of 50 yr for P52644 and 130 yr for 23071 in marine oxygen isotope stage 3 (Fig. 2). The stable isotopes were measured on samples of 30 specimens of the polar planktic foraminifer Neogloboquadrina (N.) pachyderma (sinistral) (125-250 µm). The foraminifera specimens were neither treated
with alcohol nor cracked and cleaned in an ultrasonic bath, because we believe the contamination by
coccolithophorids to be small based on the low carbonate content of the sediments and SEM studies.
In the record of core 23071, we include previously published data from Samthein et al. (1995). The
stable isotope data were measured in the MAT-251 mass spectrometer of the Leibniz Labor of Kiel
University, which runs with the automated Carbo-Kiel preparation line and has an analytical reproducibility of ±0.07%o for 6180 and ±0.04 %o for 813C (Sarnthein et a1.1995). The isotope values are
calibrated to the Peedee Belemnite (PDB) scale via National Bureau of Standards standard NBS 19.
To roughly interpret the planktic 5180 curve in terms of a paleosalinity record, we counted in the
>150 .tm fraction of core PS26441) the percentage of N. pachyderma (sinistral) as a proxy for
paleo-sea-surface temperatures (Bond et al. 1993; Cortijo 1995), and 2) the abundance of lithic frag-

ments as proxy for ice-rafted debris to identify iceberg incursions (Ruddiman 1977; Bond and Lotti
1995) (Fig. 3). Furthermore, we used rhyolithic shards and basaltic ash particles (not depicted in this
paper) to identify 1) iceberg meltwater originating from Iceland and 2) North Atlantic Ash Zones 1
and 2. These are employed as major stratigraphic markers and can be clearly distinguished in the
Greenland ice core records (Gronvold et a1.1995; Zielinski et a1.1996).
Our results on 14C fluctuations were linked to the geomagnetic model of Laj, Mazaud and Duplessy
(1996) by measuring the natural remanent magnetization (NRM in the continuous high-resolution
u-channel profile of P52644 (method of Weeks et al. 1993). We normalized NRM with anhysteretic
remanent magnetization (ARM), isothermal remanent magnetization (IRM), and susceptibility (Fig.
4). Inclination and declination records were also obtained.
The planktic AMS 14C ages of both cores (Appendix: Table 1A,B; Fig. 2) were measured on monospecific samples of the planktic foraminifer N. pachyderma (sin.) (150-250 µm; 800-2300 specimens). We also obtained a few benthic AMS 14C ages from either mixed or monospeciflc samples
of the epibenthic foraminifera species Cibicides lobatulus (Walker & Jacob) and Cibicidoides
pachyderma (Rzehak) from P52644 (100-240 specimens; Table 2). The AMS samples were strictly
selected on the basis of abundance maxima of the foraminifera species to minimize bioturbation
effects. Most samples were washed with distilled water in an ultrasonic bath before further treatment. A set of the oldest samples with KIA numbers 23506 were washed with peroxide and then
attached to the carbonate system while still wet (Schleicher et al. 1998) to obtain the lowest background correction. The three samples of P52644 measured at the Gif-sur-Yvette AMS facility (Table
1A) were treated according to that laboratory's procedures (Arnold et al. 1989). Most samples were
measured in the Kiel Leibniz-Labor AMS facility (3 MV HVEE Tandetron 4130 AMS) (Nadeau et
a1.1997) with a background age of 46 ka BP for foraminiferal samples prior to July 1997 (Schleicher
et a1.1998) and background ages of 51-57 ka BP with the "wet" peroxide treatment (Table 1A, B).
A number of dates of core 23071 were measured in Gif-sur-Yvette (Sarnthein et a1.1995) and Aarhus (Samtleben et al. 1995) and are included in this study. The >130 datings of core PS2644 lead to
an approximate sample spacing of 3 dates per 1000 yr.

Fig. 2. Planktic 5180 strati8mPhY based on N. Pac derma sinistral in cores a GIK23071 and
PS 2644 vs. depth. Oblique numbers show AMS 14C
dates in ka BP able IA+B , measured on Planktic N. Pac derma sin.
lain and benthic foraminifera (bold) able 2 corrected for an oceanic reservoir effect of 400 Yr. For PS2644 only weighted average ages are shown below 4.88 m composite depth. * = ages measured in Gif-sur-Yvette by M.
Arnold. Hi-H6 indicate Heinrich events 1 to 6. (c)6'80 record of annual-layer dated GISP2 ice core in ka BP; Grootes and Stuiver 1
used for chronostrati8raPhic comparison and the calibration of 14C ages. Numbers refer to "Dans8aard-Oesch8er" interstadials Johnsen et aL 1992. Vertical lines
show correlation of Dansgcard-Oesch8er events in GISP2 with pertinent events in the 8180 record of PS2644 dashed line is tentative correlation).
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92
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100
0
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400
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Composite depth (cm)
Fig. 3. Lithic grain concentration in (a) fraction >150 µm, (b) planktic 6150 record, and (c; reversed) percentages of planktic
foraminifera N, pachyderma (sinistral) in the fraction >150 µm of core PS2644 vs. composite core depth. The lithic grain concentration serves as a proxy for the ice-rafted debris, supplied by melting icebergs. Peak abundances correlate with meltwater
spikes (i.e., minima) in the planktic 6180 record and with glacial stages 2 and 4 (St. 2, 4). H1-H6 indicate Heinrich meltwater
events 1-6. Low percentages of N. pachyderma (sin.), a proxy for sea-surface temperatures, mainly correlate with heavier
8180 values following a 6180 depletion. They indicate the advection
of warm Atlantic water into the Iceland Sea contemporary with warming episodes on Greenland (numbers mark ice-core interstadials; Johnsen et a1.1992)...... = the percentage
for 7.5°C surface water temperature (Cortijo 1995).

In summary, the stratigraphy in both cores is based on Ash Zone 2 in core PS2644, the AMS 14C
ages and on tuning the stable isotope records to the GISP2 ice core.

PALE0-REsERv0IR EFFECT
We measured the benthic AMS 14C ages to obtain ventilation ages of the glacial intermediate/deepwater masses identified in the benthic stable isotopes of PS2644 (Voelker, Sarnthein and Erlenkeuser 1996). We expected benthic ages that were higher than the planktic ages according to the

generally observed gradual aging of deepwater (Andree et a1.1986; Broecker et al. 1988). However,
as shown in Table 2, most benthic ages are younger than the planktic ages measured at the same core
depth. The age differences reach up to 1600 yr (we excluded benthic ages at 1.63 m and 2.52 m
based on the small sample size of <0.5 mg C, as well as an extreme outlier at 6.57 m). The benthicplanktic age anomalies cannot be explained by differential bioturbation, since bioturbational mixing

522

A. H. L. Voelker et al.
400

-45,-----'
200

400

600

800

Composite Depth (cm)

Fig. 4. 'IWo normalized magnetic field intensity records (a) and the inclination record (b) vs. depth
obtained in core PS2644. Normalizing parameters for the natural remanent magnetization (NRM) are
the anhysteretic remanent magnetization (ARM) (black curve) and the susceptibility (gray curve).
M.L. = Mono Lake Excursion; L. = Laschamp Excursion.

is almost negligible in regions where the nutrient flux is extremely low (Trauth, Sarnthein and
Arnold 1997). Most planktic 14C ages of Heinrich events in 23071 were younger than the planktic
ages and similar to the benthic ages measured on the same Heinrich events in core PS2644. In the
Southern Ocean, several areas are covered by seasonal ice leading to an increase of reservoir ages
of the surface water to 1300 yr (Gordon and Harkness 1992; Stuiver and Braziunas 1993; Berkman
and Forman 1996) and up to 5500 yr (Domack et al. 1989). Per analogy, we infer a paleo-reservoir
effect for the planktic 14C ages off Iceland, which by far exceeds the conventional number of 400 yr.

This paleo-reservoir effect does not occur in the probably largely ice-free Norwegian Sea (Sarnthein
et al. 1995) where glacial deepwater has formed (Weinelt et a1.1996; Seidov et a1.1996) and consequently, the water column has been thoroughly mixed.This young glacial deepwater also passed
14C ages of P52644.
the Denmark Strait as recorded in the "young" benthic AMS

The high and variable paleo-reservoir effect northwest of Iceland was probably caused by changes
in the habitat of the planktic foraminifer N. pachyderma (sin.). It may have calcified its tests in local
"oldish" subsurface and/or upper intermediate waters that were less ventilated below sea-ice cover
and/or meltwater lids. These assumptions fit recent observations in the modern Arctic ocean (Bauch,
Carstens and Wefer 1997) and in the Greenland Sea (Simstich et al., ms.). Below the modern freshwater-enriched and partly ice-covered West Greenland and Labrador Currents, Wu and HillaireMarcel (1994) also obtained negative benthic-planktic age differences of -350 to -2110 yr in late
Holocene sediment samples from the continental margin off southern Greenland and from the
Labrador Sea.

Correlation ofMarine 14CAges with the GISP2 Record
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Calculation of Benthic-Planktic Age Differences in Core PS2644

Depth (m)

Benthic species
and size fractions

Benthic AMS 14C
age ±10 (yr)

AMS 14C
age ±la (yr)

Benthic-Planktic
±10 (yr)

0.65

Cibicides lobatulus +
13,650±90
Cibicidoides pachyderma
> 250 µm

13,970±60

110

0.71

Cibicides lobatulus +
14,050±80
Cibicidoides pachyderms

14,680 ± 210

220

14,490±80

120

120

> 150µm
0.80

Cibicides lobatulus +
14,090±90
Cibicidoides pachyderma
> 315µm

0.80

Cibicidoides pachyderma 13,730 ± 90
> 400 µm

14,490 ± 80

0.86

Cibicides lobatulus +
14,320+90/-80
Cibicidoides pachyderma

14,810 ± 240

+250/-260

> 150µm
0.95

Cibicides lobatulus +
14,750±80
Cibicidoides pachyderma

14,980 ± 90

120

17,230 ± 90

150

> 150µm
1.13
Cibicides lobatulus +
15,790± 120
(1.13-1.14) Cibicidoides pachyderms
> 250 µm

1.29

Cibicides lobatulus
> 250 µm

17,340± 160

18,900±90

180

1.33

Cibicides lobatulus
> 250 µm

21,030 ± 200

20,700± 160

260

1.37

Cibicides lobatulus

21,390 +200/-190

21,940± 180

+260/-270

25,300+300/-290

+370/-360t

+4201-400
29,740 +270/-260

580t
+480/-490t

>

150µm

1.63
Cibicides lobatulus +
23,380 +220/-210
(1.62-1.64) Cibicidoides pachyderma
> 150µm

2.52

Cibicides lobatulus

25,200+420/-400

(2.50-2.54) > 150 µm

t

4.14
Cibicides lobatulus
(4.13-4.15) > 150 µm

37,340 +1190/-1040

6.57
Cibicides lobatulus
(6.56 -6.58) > 250 µm

45,110+1360/-1170

+1670/-1380

+2040/-1940t

The bulk of benthic foraminifera were picked from the >315 µm fraction. Smaller size fractions were used, when samples
from the larger fractions were too small.
Problematic age anomaly ignored (see text).

To test the assumption of increased and highly variable paleo-reservoir ages, the regional distribution of 14C ages at the base of Heinrich Event 4 was mapped using the age records of 22 deep-sea

cores from the North Atlantic (Sarnthein et al., unpublished data). Along the main track of meltwater input during Heinrich Event 4, as reconstructed from planktic 5180 values (Cortijo et a1.1997),
planktic 14C ages vary between 35 and 36.5 ka BP, whereas at peripheral sites the ages decrease to
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33.5-34 ka BP. The resulting age differences exceed 1500 yr. Likewise, a model on the influence of
Heinrich-type meltwater events on the oceanic 14C budget (Stocker and Wright 1998) shows reservoir ages that strongly vary, independently for surface and deepwater in the Atlantic at 39°N, near
the southern edge of the major meltwater track (Cortijo et aL1997). Moreover, Bard et al. (1994)
and Haflidason, Seirup, and Kristensen (1996) measured an increased paleo-reservoir effect of >800
yr for the North Atlantic at the Vedde Ash during the Younger Dryas.
14C
For calibrating the marine 14C time scale to the GISP2 calendar time scale, however, we used the
ages of PS2644 with a simple constant ocean reservoir age of 400 yr because of an insufficient number of benthic ages. Without correction, any increase in the reservoir effect would result in an
14C age shift.
(apparent) increase of the 14C age and hence, in a decrease of the (apparent)

CORRELATION WITH GISP2

Any correlation between the marine climate record of core PS2644 and the GISP2 isotope-temperature record requires a basic understanding of the planktic stable-isotope signals. In the marine
record, most 8180 minima run parallel to 1) 813C minima, indicating reduced ventilation of the surface ocean (Sarnthein et a1.1995; Fig. 5), 2) high values of ice-rafted debris (Fig. 3), and 3) high percentages of N. pachyderma (sin.), indicative of cold surface water temperatures (Fig. 3). This evidence links most 8180 minima to meltwater events, not to increased sea-surface temperatures. An
exception is found at the 5180 minimum prior to Heinrich event 1, which is clearly identified as a
warm event by lower percentages (down to 92%) of N. pachyderma (sin.). Based on the equation of
Cortijo (1995), a percentage of 93% already corresponds to a sea-surface temperature of 7.5°C,
whereas higher abundances cover the whole temperature range from 0-7.5°C. At site P52644, these
lower percentages indicate an occasional advection of warm Atlantic water across the Denmark
813C values and often follow a
Strait, a paleo-Irminger Current. They match "heavier" 8180 and
meltwater event (Fig. 3), similar to the observations of Rasmussen et al. (1996a,b) in core ENAM
93-21 at the margin of the Faeroe-Shetland Channel.
The most prominent 8180 minima in cores P52644 and 23071 correspond to the Heinrich meltwater
events (H1-H6) in the North Atlantic, that Bond et al. (1993) related to the cold stadials preceeding
the Dansgaard-Oeschger interstadials 1, 2, 4, 8, 12, and 17 in the Greenland ice cores (Fig. 2). Based
on the same interpretative rules, we can relate the numerous minor 8180 depletions to the less pronounced cold phases in the GISP2 isotope-temperature record, approximately matching the spike
amplitudes. The onset of the planktic 6180 meltwater signal is directly linked to the abrupt cooling
episodes ending the interstadials or defining abrupt steps in their decline. By contrast, every final
disappearance of meltwater matches phases of abrupt temperature increase on Greenland (Fig. 5;
note that the planktic 8180 record is plotted in normal order to demonstrate the correlation of minima
and maxima in the 8180 records measured in ice and marine sediments). The meltwater disappearance is indicated by an abrupt increase in the planktic 813C values, i.e., the appearance of well ventilated surface water, that is accompanied by the advection of Atlantic water (lower percentage of N.
pachyderma (sin.)) and indicates a return to the interstadial mode of the thermohaline circulation
(Rasmussen et aL1996a,b). Furthermore, the onsets of Dansgaard-Oeschger events 1-13,16,18,
and 19 are marked by a pronounced increase in the abundance of Cibicides sp. (Voelker, unpublished data), benthic species that indicate strong bottom currents (Mackensen, Sejrup and Jansen
1985) and thus, the overflow of glacial deep water. The warm phases in the sediment record are also
associated with high magnetic susceptibility values (Niessen et al. 1996) which helped to solve
minor correlation problems near Dansgaard-Oeschger events 9-11. Here the signal frequency is
higher in core PS2644 than in the GISP2 isotope-temperature record, a difference yet unexplained.
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Fig. 5. Close-up of the correlation between Dansgaard-Oeschger cycles 6-13 in the GISP2 8180 record (Grootes and
Stuiver 1997) and the planktic 8180 and 613C records in core PS2644.0 = position of 14C ages. H4 and H5 refer to
Heinrich events 4 and 5.

The low time resolution of the climatic oscillations in PS2644 between H3 and Hi, their fairly low
amplitudes, and a potential hiatus subsequent to Heinrich event 2 hamper a precise age correlation
between ca. 17 to 26 cal ka BP.
The cumulative error in the GISP2 time scale (Meese et al. 1994) is ignored. For the interval we
study, this uncertainty in the number of counted layers is small as compared to other age uncertainties considered here.
CALIBRATION OF

14C

AGES

Our correlation reveals differences between the marine 14C and the GISP2 calendar ages as shown
in Figure 6 (Color Plate 1, following p. 416). The reconstructed 14C age shifts (in Libby years) generally confirm the predicted calibration curve of Laj, Mazaud and Duplessy (1996), based on their
geomagnetic model (in 14C years based on Tla = 5730 yr; x-axis is the inclined Tln correction line).
In particular, the expected abrupt increase in the age shift between 45 and 37 ka BP is generally verified. Also, from 25 to 10 ka BP, our shifts of 3700 to 1300 yr nicely fit the model within the predicted error range and are in accordance with the other published data sets on 14C age calibration.
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However, we observe a new minimum 14C age shift of 150-1000 yr near 44-45 ka BP and two prominent intervals near 33-34 and 28.5 ka BP where our reconstructed age shifts rise to 7600 yr and 4800
1.5 (Fig. 6). Along with the
yr, respectively, thus exceeding the predictions by a factor of 2.7 and
14C
core depth in core PS2644
m
0.15
ages "jump" forward by 350014C yr within
7600 yr shift, the
14C
coincide with two
exactly
activity
(Fig. 2; Table 1A). Our abrupt and extreme increases in
m and 2.60-2.75
3.86-4.16
at
marked lows of geomagnetic field intensity, measured in core PS2644
the Mono Lake
and
Laschamp
m composite depth (Fig. 4). The intensity minima are attributed to the
by
the inclination
revealed
as
excursions (Bonhommet and Babkine 1967; Denham and Cox 1971),
28 ka BP (Lidand
changes of >90° and >20°, previously 14C-dated at ca. 33 ka BP (Viag et a1.1996)
form negaactually
BP
dicoat 1992), respectively. The extremely reduced age shifts near 44-45 ka
preceeding
the
from
result
tive age shifts, with respect to the physical half-life of 5730 yr. They may
which
level
a
PS2644,
long-term increase in geomagnetic field intensity, ending near 5.50 m in core
was dated at 45 ka BP (Fig. 4 and 2).
The Azores geomagnetic record, upon which the model of Laj, Mazaud and Duplessy (1996) is
based, was derived from sediments with relatively low sedimentation rates. Thus the mechanisms of
sedimentary magnetization acquisition possibly smoothed the effects of the fast-changing geomagnetic field, resulting in broader, less pronounced minima and consequently, in lower values of calculated 14C production. Analyses of paleointensity records from ODP site 983 (Channell, Hodell
and Lehman 1997), offering a time resolution similar to PS2644, confirm the large and rapid magnetic variability found in PS2644.

Our extreme 14C age shifts at the Laschamp and Mono Lake events appear trustworthy because they
are based on multiple planktic and benthic datings in cores PS2644 and 23071. The shifts are further
14C and UITh dates (Chappell and Veeh
supported by various spot calibrations based on concurrent
1978; Vogel 1983; Schramm, Stein and Goldstein 1996,1997; Vogel and Kronfeld 1997; Bard et al.
1998; Geyh and SchlUchter 1998). Our reconstructed age shifts are in line with findings of McIntyre
and Molftno (1996), who obtained similar age shifts from a record in the equatorial Atlantic by
using the calibration of Stuiver and Reimer (1993) and Bard et al. (1993). On the other hand, Kitagawa and van der Plicht (1998) calibrated 14C ages of terrestrial organic matter with varve ages in
Lake Suigetsu, Japan, and observe a 14C age shift of 4700 yr at 25.5-26.5 ka BP, which may resemble our Mono Lake event, but is about 250014C yr younger.
14C half-life of 5730 yr, to peak
Our maximum age shifts correspond, if calculated with the physical
atmospheric a14C values of ca. +1200%o during the Laschamp event and +670%o during the Mono
Lake excursion (Fig. 6). These high cosmogenic 14C concentrations are confirmed by the coeval
cosmogenic 10Be peaks observed in ice cores (Raisbeck et al. 1987; Beer et al. 1992; Yiou et al.
1997) and marine sediment records (McHargue, Damon and Donahue 1995; Castagnoli et a1.1995;
Robinson et a1.1995; Frank et a1.1997) and by high 36C1P5CI ratios in fossil packrat urine (Plummer et a1.1997).

CONCLUSION

Detailed correlation of our 14C-dated sediment cores PS2644 and 23071 with the GIPS2 ice core,
dated by layer counting, provides a considerable number of 14C calibration points revealing large
fluctuations in 14C concentration in planktic foraminifera. In general, our data confirm the geomagnetic model of atmospheric el4C changes as presented by Laj, Mazaud and Duplessy (1996). However, our record of 14C age shifts over the last 5214C ka BP does not provide a simple key for converting marine 14C ages beyond 20 14C ka BP into calendar ages due to still insufficient data and,
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probably, local and variable reservoir age effects. Such calendar ages are essential to calculate sedimentation rates and material balances or to elucidate the timing and driving mechanisms of rapid
climatic changes.

Based on our data, jumps in the 14C shifts can amount to >7500 yr and >4500 yr at the Laschamp and
Mono Lake geomagnetic events, respectively, and probably account for many age reversals
observed in marine and terrestrial records, especially during 33-35 ka BP. The observed fast changes
in atmospheric e14C need further detailed calibrations in sediments from land, such as the record
provided by Kitagawa and van der Plicht (1998), and from the ocean to establish the details of the
various jumps and plateaus of the 14C time scale. New high-resolution geomagnetic records (such as
that of Fig. 4) and a more sophisticated treatment of the global oceanic circulation will provide a better understanding of the primary cosmogenic 14C production rates that may have reached >220% of
the modern rate, and of the potential impact of variations in the ocean circulation and in the oceanatmosphere exchange on past changes in the atmospheric 14C budget.
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Correlation ofMarine 14CAges with the GISP2 Record
APPENDIX: TABLES lA AND 1B
TABLE

lA. AMS 14C Measurements on Planktic (p) and Benthic (b) Foraminifera in Core

PS2644

Lab
code
KIA1557
KIA733
KIA3348
KIA734
KIA74
KIA757
KIA3344
KIA3345
KIA801
K1A735
KIA3346
KIA802
KIA741
KIA77
KIA1649
KIA736
KIA742
KIA743
KIA78
KIA1650
KIA79
KIA737
KIA744
KIA803
KIA804
KIA1641
KIA805
KIA80
KIA806
KIA745
KIA1647
KIA746

Composite depth (m)
0.005(p)
0.005(p)
0.18(p)
0.21(p)
0.22(p)
0.24(p)
0.24(p)
0.35(p)

0.36(p)
0.50(p)
0.55(p)
0.65(p)
0.65(b)

0.71(p)
0.71(b)

0.80(p)
0.80(b)
0.80(b)

0.86(p)
0.86(b)

0.91(p)
0.95(p)

6820 ±40
10,460 ±60
3800 ± 30
4330 ± 30

12,050±60
8610 ± 50
13,970 ± 60
13,650 ± 90

14,680±210
14,050±80
14,490 ± 80
13,730 ± 90

14,090±90
14,810±240
14,320+90/-80
15,260 +220/-210

1.05(p)
1.13(p)

16,110± 70
17,230± 90

1.13(b)

1.29(b)

15,390 ± 120
18,560 ± 100
19,330 +340/-330
18,900 ± 90
17,340 ± 160

1.33(p)

20,700± 160

1.33(b)

21,030 ± 200

1.34(p)

21,010 (interpolated)
21,050 (interpolated)
21,940± 180

KIA710
KIA747
KIA738
KIA807
KIA739

1.37(p)

K1A1642
KIA81

1.63(b)

1.37(b)

1.43(p)
1.49(p)
1.63(p)
1.76(p)
1.80(p)
1.99(p)
2.06(p)
2.18(p)
2.29(p)
2.36(p)
2.41(p)
2.51(p)
2.52(b)
2.53(p)
2.60(p)

shift (yr)

-14C age)

5360 ± 40
10,190 ± 110
9580 ± 60

14,980±80
14,750±90

1.21(p)
1.26(p)
1.29(p)

Cal. age in
(yr)

-580 ± 30
-630 ± 20

0.95(b)

1.34(b)

KIA740
KIA758
KIA82
KIA808
KIA809
KIA759
KIA810
KIA1648
KIA1643
KIA760
KIA811

AMS 14C age ± lo (yr)
(T = 5568 yr)

21,390
22,380
23,910
25,300
23,380
27,150
27,040
27,630

24,100
24,100

+2001-190
± 180
+1701-160
+3001-290
+2201-210
+9101-820
+3001-290
+3401-320

28,940+11501-1010
28,070 ±200
29,000 ± 210

29,790+4401-410
28,730 +2301-220
28,650 +4201-400
25,200 +4201-400

29,740+270/-260
29,710 +260/-250

33,880

4170
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AMS 14C Measurements on Planktic (p) and Benthic (b) Foraminifera in Core
PS2644 (Continued)
shift (yr)
AMS 14C age ± la (yr) Cal. age in
Lab
-14C age)
Composite depth (m)
code
(yr)
(Tl12 = 5568 yr)
30,640 +2601-250
2.70(p)
KIA812
31,180 +5001-470
2.75(p)
KIA761
31,400 +2701-260
2.83(p)
KIA813
31,550 +2801-270
2.92(p)
KIA814
31,680+1670/-1380
2.975(p)
KIA75
31,530 +2801-270.
3.04(p)
KIA815
32,150 +2901-280
3.12(p)
KIA816
32,010+330/-310
3.20(p)
KIA817
32,740+330/-320
3.25(p)
KIA818
32,760 +360/-340
3.31(p)
KIA819
33,030 +320/-310
3.40(p)
KIA820
33,520 +350/-330
3.44(p)
KIA821
32,260 +5601-520
3.59(p)
KIA1449
34,450 +930/-840
3.67(p)
K1A889
34,750 +9901-880
3.79(p)
KIA890
32,960 +600/-560
3.89(p)
KIA1552
32,850 +770/-710
3.90(p)
KIA910
36,410 +1160/-1020
4.05(p)
KIA3347
TABLE 1A.

KIA911
KIA1644
KIA891

KIA912
KIA913
KIA914
KIA1553
KIA1554
KIA3975
KIA892
KIA3976
KIA1555
KIA4120

Gif 97134
KIA1556
KIA4121
KIA915
KIA4151

KIA4122
KIA893
Gif 97136
KIA3506
KIA3696
KIA3507
KIA3697

KIA3508
KIA3698
KIA3770

4.14(p)
4.14(b)
4.22(p)
4.35(p)
4.60(p)
4.74(p)
4.82(p)
4.88$(p)
4.88§(p)
4.88(p) average
4.92(p)
4.92§(p)
4.92(p) average
5.03(p)
5.03§(p)
5.03(p) average
5.07 * $(p)
5.07(p)
5.07§(p)
5.07(p) average
5.30(p)
5.30§(p)
5.30(p) average
5.35§(p)
5.42$(p)
5.42*$(p)
5.42§(p)
5.42§(p)
5.42(p) average
5.49§(p)
5.49§(p)
5.49(p) average
5.64§(p)
5.64§(p)
5.64(p) average
5.65§(p)

37,050 +14001-1190
37,340 +11901-1040

38,590+16401-1360
38,810 +1670/-1380
39,310 +1820/-1480

42,130+2690/-2010
43,740+2540/-1930
45,010 +3070/-2220

41,770+880/-790
42,300 +8401-760
44,070 +3580/-2470
42,070 +920/-830
42,300 +8801-800
45,650 +3470/-2420
43,330 +1150/-1010
43,750 +10801-950
41,010 ± 690
44,470 +2860/-2100
43,340 +1080/-950
43,540 +9901-880
42,470 +28101-2080
44,750 +1360/-1160
44,390 +1200/-1040
44,050 +1180/-1030

44,210

44,390

44,720

44,850

45,360

43,540+3300/-2330
43,530
45,500
45,190
45,410

± 890

+810/-730
+12001-1040
+6601-610

46,530

45,090+780/-710
45,170+1240/-1070
45,120 +6501-600
41,210 +480/-460
43,210+990/-880

41,750 +4301-410
47,000 +1600/-1330

47,030

Correlation of Marine 14CAges with the GISP2 Record
TABLE 1A. AMS 14C Measurements

on Planktic (p) and Benthic (b) Foraminifera in Core
PS2644 (Continued)
Lab
AMS 14C age ± lo (yr) Cal. age in
shift (yr)
-14C
code
Composite depth (m)
5568
age)
=
(Tl
yr)
(yr)
KIA4123
5.65§(p)
43,880 +12601-1090
5.65(p) average
45,560 +9901-880
K1A3771
5.68§(p)
50,720 +2510/-1910
KIA4124
5.68§(p)
46,070 +1550/-1300
5.68(p) average
48,420 +13301-1140
KIA3509
5.80§(p)
47,410+1090/-960
KIA3699
5.80§(p)
49,470 +21201-1680
5.80(p) average
48,040 +9601-860
49,190
KIA3768
5.85§(p)
48,620 +1870/-1520
KIA3510
5.90§(p)
47,490 +10601-930
KIA3700
5.90§(p)
48,100 +18101-1480
5.90(p) average
47,670 +8901-800
KIA3769
5.98§ p)
50,890+2610/-1970
KIA3511
6.00§$(p)
43,700+670/-620
KIA3701
6.00§(p)
50,420 +24901-1900
KIA3977
6.00§(p)
46,880 +1720/-1410
5.98-6.00(p) average 49,400 +1210/-1050
KIA3762
6.05§(p)
51,500+2930/-2140
KIA3762
6.05§(p)
50,110 +2340/-1810
6.05(p) average
50,770 +17501-1440
KIA3512
6.10§ p)
50,480+1500/-1260
KIA3702
6.10§(p)
51,550 +28301-2090
6.10(p) average
50,780 +12801-1110
KIA3763
6.27§(p)
50,080 +2370/-1830
KIA3763

6.27§(p)

6.27(p) average
KIA3761
K1A3761

KIA3979
KIA3978
KIA3764
KIA3764
KIA3980
KIA4125

KIA176
KIA711
KIA828
KIA828
GifA97137
KIA3513
KIA3513
KIA3703
KIA3703
KIA3981

50,710 +2720/-2030
50,380 +17001-1400

6.57§(p)
6.57§(p)

52,810+3480/-2420

6.57§(p)
6.57(p) average
6.57§(b)
6.65§(p)

49,370+2470/-1890

6.65§(p)
6.65§(p)

52,070+3200/-2280

6.65(p) average
6.75§(p)

53,240 +36401-2500

51,870 +16701-1380

47,750 +1950/-1570
50,760 +14801-1250
50,030 +2680/-2010

8.25(p)
8.25(p)
8.85(p)
8.85(p)
8.85*(p)

34,930 (34,680-37,870)

8.85(p)

56,540 (54,880-59,080)

8.85§(p)
8.85§(p)
8.85§(p)
8.85§(p)

53,260

45,110+1360/-1170
52,770+3700/-2520

42,060(40,520-43,790)
44,750 (42,960-47,150)
46,340 (45,980-47,540)

53,260

background ages

53,150±890
57,530(56,410-60,990)
51,140(49,260-53,350)

55,770(54,550-59,340)
50,590(47,990-55,030)

K1A3981
8.85§(p)
53,610 (50,220-59,020)
Notes: Ages (except for backgrounds) are corrected for a global-average ocean reservoir effect by -400 yr.
Calendar ages are obtained by correlation of 8180 minima spikes in core PS2644 with annual-layer dated 8180
minima spikes in the GISP2 ice core (Meese et aL 1994). The composite depth is based on a core tit between
the giant box core and the gravity-core records, the original core depths of which are increased by 0.06 m.
*= 14C dates measured in Gifsur-Yvette, France; = outlier dates ignored in Fig. 6 (see text); $ = samples
which we rank at low weight and do not include into the calculation of weighted-average values; § = samples
treated with peroxide and attached "wet" to the carbonate preparation line (Schleicher et al. 1998).
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AMS 14C Measurements on Planktic (p) Foraminifera in Core 23071
age in
AMS 14C age ± 10 (yr)
Composite depth
Lab
(m)
code
(yr)
(Tin = 5568 yr)
1610± 70
0.0075#(p)
AAR1354
6680 ± 120
0.15*(p)
GifA
7560 ± 60
0.20(p)
KIA829
5440 ± 50
0.255(p)
KIA706
10,570±70
0.435(p)
KIA830
11,760 ± 100
0.645(p)
KIA831
12,550 ± 220
0.75*(p)
GifA
13,600±300
0.82*(p)
GifA
13,835 ± 100
0.835(p)
KIA426
14,790 ± 190
0.93*(p)
GifA
17,030 ± 120
0.955(p)
KIA832
16,580 ± 130
0.99(p)
KIA707
16,550±200
1.12*(p)
GifA
16,690 ± 230
1.16*(p)
GifA
16,990 ± 220
1.20*(p)
GifA
18,520 ± 240
1.40*(p)
GifA
18,790 ± 240
1.50*(p)
GifA
21,430 ±300
1.70*(p)
GifA
23,730±360
2.10*(p)
GifA
25,730 +330/-310
2.40(p)
KIA833
26,350+340/-330
2.54(p)
KIA427
28,020 ± 560
2.73*(p)
GifA
31,630 +7401-680
3.09(p)
KIA708
32,890 +8701-780
3.27(p)
KIA709
39,600 ± 1800
3.33*(p)
GifA
37,720 +13201-1540
3.38(p)
KIA834
37,110 +320/-310
3.45§(p)
KIA3514
41,200 +1910/-1540
3.58(p)
KIA894
45,180+3400/-2380
3.76(p)
KIA895

TABLE 1B.

K1A3766

3.76§(p)

3.76(p) average
KIA3765
KIA896
KIA3515
KIA3767
KIA897
KIA3516
KIA898
KIA3517

KIA836
KIA3518
KIA3518
KIA3704

3.89§(p)
4.01(p)
4.02§(p)
4.06§(p)
4.17(p)
4.17§(p)
4.26(p)
4.26§(p)

shift (yr)

-i4C age)

45,000 +1160/-1010
45,030 +1080/-950
45,870 +1290/-1110

>42,970
44,510+700/-650
48,850 +1980/-1590
>45,520
50,110 +15001-1260
>46,180
53,610 +2290/-1780

45,450 (44,100--47,740)
5.34(p)
back56,470 (54,050-57,910)
5.34§(p)
ages
(56,820-61,910)
5.34§(p)
52,910 (52,630-56,030)
5.34§(p)
Notes: Ages (except for backgrounds) are corrected for a global-average ocean reservoir effect by -400 yr. Calendar ages
are obtained by correlation of 6180 minima spikes in core 23071 with annual-layer dated 8180 minima spikes in the
GISP2 ice core (Meese et al. 1994). The composite depth is based on a core fit between the giant box core and the kastencore records, the original core depths of which were reduced by 0.10 m.
* and
§, see Table 1A (ages measured in Gif-sur-Yvette, from Sarnthein et aL 1995); # = date measured in Aarhus (Samtleben et al. 1995).

THE SHARP RISE OF e14C ca. 800 cal BC: POSSIBLE CAUSES, RELATED CLIMATIC
TELECONNECTIONS AND THE IMPACT ON HUMAN ENVIRONMENTS
BAS VAN GEEL,1 JOHANNES VAN DER PLICHT, Z M. R. KILIAN,1,1 E. R. KLAVER,1
J. H. M. KO UWENBERG,1 H. RENSSEN, 3 I. REYNA UD-FARRERA4 and H. T. WATERBOLKS
ABSTRACT. In this study we report on accelerator mass spectrometry (AMS) wiggle-match dating of selected macrofossils
from organic deposits ca. 800 cal BC (ca. 2650 BP). Based on paleological, archaeological and geological evidence, we found
that the sharp rise of atmospheric 14C between 850 and 760 cal BC corresponds to the following related phenomena:

of peat forming mosses and a sharp decline in decomposition
of the peat indicate a sudden change from relatively dry and warm to cool, moist climatic conditions.
2. As a consequence of climate change, there was a fast and considerable rise of the groundwater table so that peat growth
started in areas that were already marginal from a hydrological point of view.
3. The rise of the groundwater table in low-lying areas of the Netherlands resulted in the abandonment of settlement sites.
4. The contemporaneous earliest human colonization of newly emerged salt marshes in the northern Netherlands (after
loss of cultivated land) may have been related to thermal contraction of ocean water, causing a temporary stagnation
1. In European raised bog deposits, the changing spectrum

in the relative sea-level rise.
Furthermore, there is evidence for synchronous climatic change in Europe and on other continents (climatic teleconnections
on both hemispheres) ca. 2650 BP. We discuss reduced solar activity and the related increase of cosmic rays as a cause for the
observed climatological phenomena and the contemporaneous rise in the 14C-content of the atmosphere. Cosmic rays may
have been a factor in the formation of clouds and precipitation, and in that way changes in solar wind were amplified and the
effects induced abrupt climate change.

INTRODUCTION

Natural variations in the atmospheric radiocarbon content, which are reflected as wiggles in the 14C
calibration curve, severely limit the possibilities for high-resolution dating of changes in vegetation
and climate recorded in lake deposits and bogs. van Gee! and Mook (1989) stressed the importance of
the strategy of 14C wiggle-match dating (WMD) of organic deposits, and the fact that WMD can
reveal relationships between 14C variations and short-term climatic fluctuations caused by solar and!
or geomagnetic variations (Wigley and Kelly 1990; Davis, Jirikowic and Kahn 1992; Magny
1993a,b; Jirikowic, Kahn and Davis 1993; Stuiver and Braziunas 1993). Kilian, van der Plicht and
van Gee! (1995) have shown that by using the strategy of WMD, raised-bog deposits in particular can
be dated more precisely. The technique of precise wiggle-matching is usually restricted to samples
showing annual banding (trees, annually laminated lake sediments). The assumption of constant
accumulation, or a linear time-depth relation (Kilian, van der Plicht and van Gee! 1995), is evidently
simplistic for complex peat sequences. However, it seems to suit brief stratigraphic intervals well, and
can easily be adapted to fit a more complex picture (Kilian, van Gee! and van der Plicht ms.).
With WMD, the raised-bog archive can be compared effectively with other proxy data archives, more
so because WMD showed that an unexpected 14C reservoir effect plays a role in raised-bog deposits
(individual conventional 14C dates appeared to be 100-250 yr too old). WMD is an elegant way of
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identifying this reservoir effect and of estimating its magnitude. Moreover, Kilian, van der Plicht and
van Gee! (1995) showed that the sharp rise of the former 14C content of the atmosphere (A14C, as it is
calculated from the dendrochronologically dated 14C-calibration curve) between ca. 2750 and 2450
BP (ca. 850-760 cal BC), appeared to be synchronous with the transition from the often highly decomposed, so-called "older Sphagnum peat", to the less decomposed "younger Sphagnum peat" at the
Subboreal/Subatlantic transition in northwest European raised bogs. This change in decomposition
and also in species composition of raised bogs represents one of the most clearly defined climate
shifts during the Holocene, and was used by Blytt and Sernander (Sernander 1910) in their classical
division of the Holocene. The Subboreal was interpreted as representing a relatively warm, dry
period and the Subatlantic as a humid and, especially in the beginning, a cold episode.
Van Gee!, Buurman and Waterbolk (1996) illustrated and interpreted the succession of peat-forming
mosses in a core from the raised bog Engbertsdijksveen and described details of the correspondence

between the changing moss composition, the fluctuations in the pollen curve of Corylus avellana
(Hazel) and the rise in &4C ca. 800 cal BC. Van Gee! et al. (1996) combined paleoecological evidence with archaeological information for the impact of climate change ca. 800 cal BC on human
populations in the Netherlands. They also considered evidence from elsewhere in Europe and other
areas for a synchronous climate change. Here, we present new and more detailed evidence for the
abovementioned climate change and we discuss the apparent link between trends in changes of solar
activity and cosmic rays, cloudiness, precipitation and temperature changes. An example of that link
is provided by Svensmark and Friis-Christensen (1997). We apply their discussion here, in addition
to another possible mechanism, to the Subboreal/Subatlantic climate change.

Radiocarbon, Paleoecology and Archaeology of Investigated Sites
TheEnd of theBronzeAgeHabitation in West-Friesland andAMSDating of theRising Groundwater
Table at the Site Enkhuizen-Dijk
Tidal activity ceased ca. 3500 BP in the northeast part of the province of Noord-Holland as a consequence of the closure of a tidal inlet. The area known as West-Friesland became attractive for Bronze
Age farmers who colonized the area ca. 3350 BP. During the later habitation period, for which 1314C
dates are available (ranging from 2760 to 2620 BP; see Table 1), people adapted to increasing wetness

of the "Terpen" Phase (Extremely
Wet Conditions) of Excavated Settlement Sites in WestFriesland, the Netherlands
TABLE 1.14C Dates

14C

age

(yr BP)
2760 ± 35
2745 ±30
2745 ±30
2740 ± 40
2710 ± 35
2700 ±70
2690 ± 25
2685 ±30
2680 ± 50
2660 ± 60
2650 ± 30
2650 ± 45
2620 ± 20

Lab no.
GrN-7475
GrN-8561
GrN-7507
GrN-7508
GrN-7509
UtC-2355
GrN-8563
GrN-8562
GrN-5051
UtC-2356
GrN-8334
GrN-5048
GrN-8564

Material

seeds

Charcoal
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of the area by building their houses on dwelling mounds ("terpen"). However, the settlement areas
eventually became so wet that no further adaptations were possible and the area was abandoned
shortly after 2620 BP, and was not reoccupied until medieval times. The 14C dates of archaeological
material for the period of accelerated rise of the water table range between ca. 850 and 800 cal BC.
Apart from the archaeological evidence, van Geel, Buurman and Waterbolk (1996) also referred to
ample paleoecological evidence for an accelerated water table rise in West-Friesland during this
period and they realized that: 1) the period of the dwelling mound phase was contemporaneous with
the beginning of a rapid increase in 14C content of the atmosphere, and 2) indications for increasing
wetness and the final abandonment of the area reflect the abrupt climatic change as recorded in
raised-bog deposits (a shift from older, highly decomposed, to younger, fresh Sphagnum peat).
Enkhuizen-dijk is a site where the rise of the water table was recorded in sediments (van Geel,
Hallewas and Pals 1983). The Bronze Age soil surface consisted of sandy clay (Fig. 1). The upper
ca. 5 cm of the soil was a pitch-black horizon, containing numerous charcoal particles. On top of the
black soil surface, a 14-cm-thick shallow water deposit and a 45-cm-thick peat deposit were present.
In 1980 a bulk sediment sample of the shallow water deposit was conventionally dated at 2800 ± 50
BP (GrN-10993). However, the sediment contained many small charred particles, possibly eroded
from the pitch-black soil horizon which had been exposed during the preceding habitation phase. In
1995, we realized that the original 2800 BP date for the recorded rise of the water table was probably
too old. The metal box containing the original sediment core was still available, so we selected seeds
and moss remains for AMS dating from the levels at 13,
and 17 cm. Figure 1 shows the new
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dating results (four GrA- dates ranging between 2760 and 2690 BP). The pool deposit showed characteristics of running water, and, after comparison with the calibration curve, we conclude that the
sequence of the four AMS dates from bottom to top apparently does not represent a chronological
order. Therefore, we calibrated the mean value of the four dates as shown at the right side of Figure
1. The calibration results in a probability distribution in calendar years, ranging from ca. 906 to ca.
820 cal BC (95% confidence level). This range includes the moment of the start of the sharp rise of
014C (more cosmic rays, more clouds, more precipitation; see discussion and Fig. 2), which is the
most probable calendar age for the suddenly rising water table. This also fits with the archaeological
l4C dates for the start of the period of extremely wet conditions (Table 1).

Rising Water Tables at Zwolle-Ittersumerbroek
At Zwolle-Ittersumerbroek (province of Overijssel), near the river IJssel, a Late Neolithic/Bronze
Age/Early Iron Age settlement area was excavated on a relatively low coversand plateau (Waterbolk
1995a,b). The termination of local settlements was caused by a rise in the water table and related
peat growth and deposition of clays and sands by the river IJssel. The youngest 14C dates of the settlement (2670 ± 35 BP, 2600 ± 30 BP and 2540 ± 30 BP, GrN-18122,18726 and 18123, respectively)
indicate that the area became uninhabitable (apparently as a consequence of impeded drainage after
abrupt climate change) during the period of sharp increase of e14C (compare the above mentioned
dates with the calibration curve and corresponding e14C as illustrated in Fig. 3).

Start of Peat Growth in the Raised Bog Fochtelooer Veen
The former raised bog Fochtelooer Veen is situated in the eastern part of the province of Friesland, at
a relatively low part of the sandy Pleistocene area. It is a remnant of the large bog complex of SmildeFochteloo-Haule, situated on a slightly northwest-sloping plateau that forms part of the watershed
between two river systems (Vecht and Ems). The western part of the former bog complex has been
removed in historical time (peat was used for fuel), and it is in this formerly peat-covered area that
archaeological evidence for settlement sites is present. Klaver (1981) studied a peat column located
<1 km from a prehistoric barrow excavated at "de Knolle" in 1926. The barrow was built in the Middle Bronze Age and contained a secondary urn burial dating from the Early Iron Age. Barrow and urn
cemeteries are generally situated within or at the edge of a so-called Celtic field-system. Such Celtic
(arable) fields have been identified at various places in and near the former bog area, but not so far
near this particular spot. The local topography suggests that at least a part of the Celtic field to be
expected here must have been lying between the sample site and the barrow. A detailed study of the
occupation history of the area in relation to bog growth is in preparation by H. T. Waterbolk.
In the column studied by Klaver (1981), a bulk peat sample that had been taken ca. 3.5 cm above the
sandy subsoil was conventionally 14C dated at 2520 ± 55 BP (GrN-10130). The complete sample
sequence had been taken, and stored in metal boxes, so in 1995, to address new questions, we took
extra material from the column to apply 14C AMS wiggle-match dating. The wiggle-matched dating
results from a series of six contiguous charcoal and peat samples on top of the sandy subsoil show that
peat growth started here ca. 2690 BP (Fig. 3; Table 2). As in the area of West-Friesland, a sharp rise of
the water table as a consequence of climate change in the area of the Fochtelooer Veen will have
caused the loss of formerly cultivated land in the beginning of the Early Iron Age. The horizontal line
in Figure 3 (p. 542) shows that the evidence for climate change is at the start of a sharp rise of A14C.
For our interpretation (more cosmic rays mean more clouds and precipitation) we refer to the discussion and to a simplified illustration of changes in the landscape of the northern Netherlands (Fig. 2).

According to Kilian, van der Plicht and van Geel (1995), conventionally dated bulk samples of
raised-bog peat often show a reservoir effect (100-25014C yr too old). The source of old carbon
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Fig. 2. Development of the landscaPe in the northern Netherlands during the olderPart of the first millennium BC under
influence of climate change. Between ases A and B a decline
of solar irradiance caused an increase in cosmic rays, resulting in a sharp increase in the atmospheric 14C content and also in more clouds,
more precipitation and lower temperatures
(change of atmospheric circulation patterns). Consequently, there was a sharp increase of the groundwater level and enhanced bog
growth. Farmers in hYdrolo81'callY marginal areas
had to move to drier sites. Salt marshes emerged, probably as a consequence of thermic contraction of ocean water, and these
areas were colonized. When the solar irradiance changed
again to the less extreme values, the atmospheric circulation patterns did not move to their earlier positions and,
consequently,the relatively cool and wet climate persisted.
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2.14C Dates Fochtelooer Veen-I, the Netherlands
14C age
Sample
no.
(cm)
(yr BP)
sample of peat
GrN-10132
2190 ± 50
69
sample of peat
GrN-10131
±
55
2410
45
sample of peat
GrN-10130
2520 ± 55
29
of selected overground remains of
GrA-5283
2495 ±40
28
and Erica
AMS-date of selected overground remains of
GrA-5284
2500 ±50
27
Calluna and Erica
AMS-date of selected overground remains of
GrA-5285
2690 ± 50
26
and charred stems and leaves of CaiIuna and Erica
AMS-date of unidentified charred material
GrA-5287
2730 ± 50
25
of GrA-5287
GrA-5286
2750 ± 50
25
of unidentified charred material
GrA-5278
2820 ± 50
24

TABLE

could not be directly detected yet, but based on circumstantial evidence they supposed that methane
from deeper peat layers is taken up by methane-consuming bacteria, thus forming a source of old
carbon in the root zone of especially ericaceous plants. Fungi associated with the living roots are
likely to fix CO2 and may transport CO2 into the roots of their host plant. In the present study the
peat cores do not show evidence of reservoir effects. The samples from the Fochtelooer Veen as
shown in Figure 3 represent the start and early growth of the peat-forming vegetation (no raised bog
yet). The samples were at low vertical distances from the sandy subsoil, so there was no thick peat
layer that could be an important source of "old", carbon-containing gas. The AMS samples from
Carbury Bog (see Table 3) consisted of carefully selected aboveground plant remains. Only sample
GrA-976 consisted of ca. 1 volume percent rootlets of Ericales, but, fitting quite well in the
sequence of the series of dates, this sample does not seem to show an apparent age.
TABLE

3.14C AMS dates from Carbury Bog, Ireland

Sample
(cm)
100
99

98
97
96
95

14C age

(yr BP)
2515 ±50
2625 ±30
2615
2700
2715
2850

±35
±35
±35
± 35

no.

GrA-2136
GrA-976
GrA-975
GrA-979
GrA-980
GrA-981

of Rhynchospora alba
imbricatum, ca.1 vol.% rootlets of EriSphagnum imbricatum
imbricatum
imbricatum
and opercula of Sphagnum species, seeds and
stems of Rhynchospora alba, overground remains of
Ericales and some elytra of Coleoptera

Colonization of the Salt Marshes in the Northern Netherlands
The loss of cultivated land in Pleistocene sandy areas in the northern Netherlands (areas that were
already marginal from a hydrological point of view) caused depopulation. A causal relationship
between this depopulation and the colonization of the salt marshes in the northern Netherlands during the Early to Middle Iron Age was already mentioned by Waterbolk (1959,1966). Arguments for
migration to the salt marsh areas were based on archaeological evidence: pottery of the so-called
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Ruinen-Wommels type was found in both areas. 14C dates from the earliest settlements in the salt
marsh area are particularly important. The start of the settlement at Middelstum (Boersma 1983) is
dated at 2555 ± 35 BP, which may indicate that the earliest colonization occurred during or shortly
after the period of climate change, when &4C showed a steep rise. The colonization of the salt
marsh area was not only related to the abovementioned environmental changes in the adjacent Pleistocene areas. Earlier migration was not possible because salt marshes emerged for the first time ca.
2650 BP (Roeleveld 1976; Griede 1978). Van Geel, Buurman and Waterbolk (1996) postulated that
a slowing in sea level rise, contemporaneous with climate change, was caused by thermal contraction (for the phenomenon of thermal expansion, see Morner 1995; Wigley and Raper 1993) of the
upper layer of the ocean (Fig. 2) and/or of reduced velocity and pressure on the coast by the Gulf
Stream. Moreover, after this climate change in the temperate zones more water will have accumulated in glaciers, as ground water in soils, in fens and bogs, and in clouds.
Evidence for Climatic Change Elsewhere in Europe and on Other Continents ca. 800 cal BC
In a review paper, van Geel, Buurman and Waterbolk (1996) compiled evidence for a considerable
and abrupt climate change ca. 850 cal BC. The evidence was based on studies of lake and peat deposits, pollen analysis, dendrochronology, geomorphology, glacier studies and archaeological information. It was concluded that a climate change to cooler, wetter conditions occurred in the temperate
and boreal zones of Europe, North- and South America, Japan and New Zealand. In addition to the
paleoclimatological-archaeological evidence as mentioned by van Geel, Buurman and Waterbolk,
new 14C dates from the earliest Scythian grave monuments in Europe may indicate that extreme climatological conditions in Central Asia triggered the migration of Scythians to southeast Europe and
western Asia. The oldest dates of the Kelermess monuments (northwest Caucasus) are 2690 ± 150
and 2610 ± 60 BP (Zaitseva et al. 1998), and thus also may correspond to the period of the sharply
rising 14C content of the atmosphere.

A climate change to cooler, wetter conditions in the temperate and boreal zones is in contrast with
evidence for contemporaneous climate change in the Caribbean and in tropical Africa, where a
change to drier conditions occurred. For the present study the example of evidence for climate
change in Cameroon (Reynaud-Farrera, Maley and Wirrmann 1996) was derived in more detail:
extra pollen samples were studied and extra samples from the sediment core were AMS-dated. In
the discussion of the present paper we will use the recently published evidence for the effect of
changing solar activity, related changes in cosmic rays, and the effect of such changes on cloudiness
in the tropical and non-tropical part of the world (Pudovkin and Raspopov 1992; Raspopov et al.
1997; Svensmark and Friis-Christensen 1997). Here we present our AMS data from the Carbury
Bog (Ireland) and Lac Ossa.

The Start of Sphagnum imbricatum in Carbury Bog, Ireland
Kouwenberg (1985) studied pollen and macrofossils in a peat sequence from the raised bog Carbury
Bog, 46 km west of Dublin. The abrupt appearance and dominance of the oceanic species Sphagnum
imbricatum was dated in the first instance by extrapolation of two 14C dates at ca. 2600 BP. The
original samples had been taken in metal boxes and stored at the laboratory in Amsterdam. In 1994,
with new questions in mind, we took six contiguous subsamples around the transition from the more
decomposed ericaceous peat to the fresh S. imbricatum peat. From these subsamples we selected
aboveground macrofossils for AMS-dating (Table 3). For the relevant interval the changing
frequencies of a selection of peat forming plant taxa (according to Kouwenberg 1985) are shown in
the diagram (Fig. 4), and the corresponding AMS dates are shown in relation to the calibration curve.
Considering the pureness of the selected material (almost no rootlets; see Table 3) no reservoir effect
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was expected (cf., Kilian, van der Plicht and van Gee! 1995). Figure 4 shows that the sharp increase
of the oceanic species S. imbricatum is at the start of the sharp rise of &4C ca. 850 cal BC.

Dating Climate Change as Recorded in the Sediments of Lac Ossa (Cameroon)
From palynological evidence in southwest Cameroon, Reynaud-Farrera, Maley and Wirrmann
(1996) recorded a major change in vegetation at low and high altitudes after ca. 2730 BP and additional pollen analysis performed on the same core (Fig. 5) confirms this event. All the forest types
present in this region since at least ca. 5000 BP were affected synchronously. A great extension of pioneer taxa such as Alchornea, Macaranga, an increase of Poaceae and the strong decrease of pollen
taxa belonging to the Biafrean and montane forests were observed. This major change in the forest
communities from southwest Cameroon is linked to a major climatic event, an and crisis, previously
recognized in the Congo and Cameroon ca. 3000 BP (Elenga and Vincens 1990; Elenga, Schwartz
and V ncens 1992,1994; Elenga et al.1996; Maley 1992; Schwartz 1992; Giresse, Maley and Brenac
1994). This climatic event was also detected in East Africa between ca. 4000 BP and ca. 2500 BP
(Vmncens 1986,1989; Hamilton 1987; Bonnefille and Riollet 1988; Roche, Bikwemu and Ntaganda
1988; Ssemmanda and Vincens 1993; Jolly, Bonneville and Roux 1994). The dry phase is responsible
for the extension of disturbed and/or open types of vegetation. It leads to local fragmentation of the
African forest, as it has been observed in some forested areas in the Congo with the occurrence of isolated enclosed savannas (De Foresta 1990; Schwartz, Guillet and Dechamps 1990), and to a complete
drying up of some lakes such as lake Sinnda in the Niary valley (Congo)(Vincens et al. 1994). These
local openings of the forests made the migration of Iron Age populations possible (Bantu immigration) as well as the spreading of metallurgic techniques which appeared at ca. 2400-2200 BP within
a central African domain, which is now completely forested (Schwartz 1992).
The climate change originally recorded in Lac Ossa was only roughly dated by interpolation between
two i4C dates: 3330 ± 50 BP (244 cm; Beta-73084) and 2442 ±43 BP (174 cm; Utc-3911). Bearing in
mind the possibility that climate change here was also contemporaneous with the sharp rise of e14C
ca. 2650 BP, we AMS-dated extra samples from core 0W4 of Lac Ossa (Fig. 5). Table 4 shows all the
14C dates from core 0W4. The pollen diagram shows the changes in the vegetation occurring from
sample 200 cm onward. There are some irregularities in the sequence of 14C dates that prevent the
TABLE 4.14C Dates (Bulk Sediment Samples) Lac Ossa,
14C age
Depth
BP)
Lab code

7.9 cm
63.7 cm
124 cm
174 cm

178 cm
180 cm
185 cm
197 cm

(yr
90 ± 60
740 ± 50

1890 ±60
2442 ± 43
2000 ± 70
2470 ± 60
2520 ± 50
2830 ± 50

Cameroon

73082
86769
73083
3911

200 cm: sharp change in forest composition after climate change
to drier conditions
204 cm

210
244
360
525

cm
cm
cm
cm

549 cm

2600 ± 50
2840 ± 50
3330 ± 50
3880 ± 60
4580 ± 60
4770 ± 60

73084
73085
73086
73087

550

500
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400
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application of WMD. Especially the date at 197 cm does not fit in the sequence. Nevertheless, the
samples show that the change in the forest composition, as recorded at the 200-cm level, was contemporaneous with the rise in z 14C ca. 850 cal BC.
DISCUSSION

Climate Change ca. 800 cal BC and Its Relation to i 14C, Cosmic Rays and Solar Activity
The noted abrupt climate change ca. 2650 BP corresponds to one of a number of Holocene cold
events identified by Harvey (1980). He analyzed the published proxy climate evidence and found
indications for at least three Holocene phases with simultaneous cooling in Europe, North America
and the Southern Hemisphere, viz., ca. 4700-4500 BP, ca. 2700-2300 BP and the Little Ice Age.
Recently, O'Brien et al. (1995) inferred a direct correlation with the above periods in glaciochemical
time series derived from the GISP2 Greenland Ice core. Based on changing concentrations of sea salt
and terrestrial dusts, O'Brien et al. conclude that the cool phases are characterized in the North Atlantic region by an intensified polar atmospheric circulation, more often bringing winter-like, stormy
weather to the region. Cooler climates reoccurred at intervals of ca. 2600 yr. Earlier, a similar oscillation was inferred by Dansgaard et al. (1984) using the Camp Century 8180 Greenland ice core
record. Moreover, as reported by Kerr (1995), Bond found evidence for small increases of ice-rafted
debris in the Holocene part of North Atlantic Ocean cores at an interval of 1000-2400 yr, thus possibly coinciding with the quasi-cycle found by O'Brien et al. (1995). The discussed periods may correspond to so-called triple oscillation events during which the 14C production rate changed, as reconstructed from tree rings (Stuiver and Braziunas 1989; Stuiver et al. 1991). The triple oscillations are
defined as 114C intervals during which at least two Sporer and Maunder type patterns occurred. The
Sporer- and Maunder events were periods (1416-1534 AD and 1645-1715 AD, respectively) during
which a minimum number of sunspots were present, thus coinciding with reduced solar activity (estimated 0.4% reduction) and with a corresponding increase in atmospheric 14C. Stuiver and Braziunas
(1989) argue that such century-scale 014C variations during the Holocene are best explained by variations in the 14C production rate induced by solar change. This conclusion is partly based on the similarity of the 10Be and 14C records (Beer et al. 1994). Stuiver and Braziunas (1989) note that there are
no indications that changes in the ocean circulation caused the discussed 14C variations (viz., by a
reduced CO2 gas exchange at the air-sea interface or a reduced upwelling of 14C deficient deep ocean
water). It is now generally believed that the triple oscillations in A14C are caused by a reduced solar
activity. The triple oscillations were reconstructed at ca. 8500-7800 cal BP, ca. 5400-4700 cal BP, ca.
2680-2200 cal BP and 1100-400 cal BP. Accordingly, a ca. 2500-yr quasi-cycle of solar variability
seems present in the 14C record in tree rings. As changes in the magnetic-dipole moment follow a
cycle of 8-10 ka (Harvey 1980), fluctuations in the geomagnetic field can be excluded as a cause for
the triple a14C variations. A possible correlation between the E 14C triple oscillation and the quasicycles of cold periods reported by Harvey (1980), O'Brien et al. (1995), Dansgaard et al. (1984) and
others may indicate that the forcing mechanism behind the cool events is a variation in solar wind.
Such a relation was already suggested in the 1960s by Bray (1968).

How could a relatively small reduction in solar activity induce the relatively large change in global
climate inferred for 2650 BP? Answering this question involves a considerable degree of speculation, since the effect of solar variability on the Holocene climate is still controversial (e.g., Wigley
1981; Roederer 1995). In any case, to provide an answer, it is necessary to look at the effect of solar
variations on the atmosphere. An important effect of a reduced solar activity is an increase in the
cosmic-ray flux. This increase in turn produces more 14C in the stratosphere.
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Two theories are available that explain how a relatively small reduction of solar radiation and an
accompanying increase in cosmic-ray flux may affect the lower stratosphere. The first theory is
based on the notion that a reduction of (ultraviolet) radiation may also lead to a decline in ozone production in the lower stratosphere (Harvey 1980). This could trigger the inferred climate changes.
Such a mechanism may be deduced from recent climate modeling studies by Haigh (1994,1996),
who performed simulations with climate models to study the relation between the 11-yr solar activity cycles, ozone production and climate change. First, Haigh (1994) used a chemical model of the
atmosphere and found that a 1% increase in UV radiation at the maximum of a solar activity cycle
generated 1-2% more ozone in the stratosphere. Subsequently, Haigh (1996) used this increase in
the stratospheric ozone content as input in a January climate model experiment. In the simulation
results, this increase in stratospheric ozone produced a warming of the lower stratosphere by the
absorption of more sunlight. In addition, the stratospheric winds were also strengthened and the tro-

pospheric westerly jet streams were displaced poleward. The position of these jets determines the
latitudinal extent of the Hadley cells and, therefore, the poleward shift of the jets resulted in a similar
displacement of the descending parts of the Hadley Cells. This ultimately led to a poleward relocation of the mid-latitude storm tracks. Recently the results of Haigh (1996) are supported by an analysis of Christoforou and Hameed (1997), who found a close correlation between solar activity, as
expressed by mean annual sunspot numbers, and the intensity and locations of low and high pressure
centers in the North Pacific area.
The opposite effect to the one simulated by Haigh may have played a role in the discussed climate
change ca. 2650 BP (800 cal BC). The observed strong increase of atmospheric 14C during the period
ca. 2650 BP may have been caused by reduced solar activity. Such a reduction in solar activity could
also have resulted in a decrease in the stratospheric ozone content. If one assumes that this decrease
in stratospheric ozone content leads to an opposite effect to the one simulated by Haigh (1996), a
decrease of the latitudinal extent of the Hadley Cell circulation follows. Furthermore, an expansion
of the Polar Cells and a repositioning of the main depression tracks at mid-latitudes towards the
equator may be inferred.

A contraction of the Hadley Cell circulation and a possible weakening of monsoons would be consistent with the inferred drier conditions in the tropics ca. 2650 BP. Similarly, an expansion of the
Polar Cells and a shift of storm tracks closer to the equator would possibly be compatible with the
reconstructed cooler and wetter conditions at middle latitudes in both hemispheres.
The second theory is based on the idea that an increase in the cosmic ray flux may directly lead to
an increase in global cloud cover. This relation may be explained by ionization in the atmosphere by
cosmic rays, thus positively affecting aerosol formation and cloud nucleation (Pudovkin and
Raspopov 1992; Raspopov et a!. 1997; van Gee! et a!. ms.). Svensmark and Friis-Christensen
(1997) found an excellent correlation between the variation in cosmic ray flux and the observed global cloud cover for the most recent solar cycle. An increase in the global cloud cover is believed to
cause a cooling of the earth, especially when low altitude clouds are involved, because more incoming radiation is reflected (Svensmark and Friis-Christensen 1997). Earlier, Friis-Christensen and
Lassen (1991) analyzed for the period 1861-1989 the similarity between the Northern Hemisphere
temperature record and the length of the solar cycle (as an indicator of solar activity), and found a
close match. Moreover, it is expected that the effect would be most marked at high latitudes, since
the shielding effect of the geomagnetic field is larger near the equator. Indeed, the correlation
between cosmic-ray flux and cloud cover increases going from the Equator towards the poles
(Svensmark and Friis-Christensen 1997).
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A direct increase in cloudiness and accompanying cooling would be in agreement with the reconstructed wetter and cooler conditions at middle latitudes ca. 2650 BP. The inferred drier conditions
in the tropics are less easily explained by this second theory. One may speculate, however, that the
proposed changes in cloud cover and temperature may invoke changes in the atmospheric circulation, possibly involving an increase in the number of El Nino events and drier conditions at several
places in the tropics (Svensmark, personal communication 1997).
Possibly, the inferred decrease in solar activity triggered variations in the ocean circulation through
the above-inferred changes in the atmosphere. An increase in precipitation at middle latitudes by a
change in the position of the storm tracks or by the above inferred changes in the atmosphere could
have disturbed the thermohaline circulation in the North Atlantic Ocean. This relationship was tentatively postulated by Stuiver and Braziunas (1993) for the Maunder minimum. Through its association with the Gulf stream, this thermohaline circulation releases significant amounts of heat to the
atmosphere at mid-latitudes, contributing to the relatively mild climate of Europe today. The thermohaline circulation is driven by the formation of North Atlantic deep water (NADW). Modeling studies have shown that the thermohaline circulation may indeed be very sensitive to changes in the
freshwater flux (e.g., Rahmstorf 1994). A weakening of the thermohaline circulation would have two
major effects. First, it would cause a relatively intense cooling of Europe. Second, the cooling could
have caused an increase in the area covered by sea-ice and snow, generating further cooling through
the positive ice-albedo feedback. In conclusion, ca. 2650 BP a weakening of the thermohaline circulation could have amplified the climate change originally initiated by the reduced solar activity. It
should be noted, however, that the thermohaline circulation may change due to the internal variability of the atmosphere-ocean system, thus without a trigger mechanism like a reduced solar activity.
The above hypothesis-involving a weakening of the thermohaline circulation-agrees with the
reconstruction of the surface salinity and density for an ocean core at the Rockall plateau (55°N,
14'W) by Duplessy et al. (1992). The reconstructed surface salinity and density of the ocean water
show a clear minimum ca. 2500-3000 BP. This minimum is simultaneous with a small decrease
(1°C) in the sea surface temperature.
CONCLUSION

A sudden and sharp rise in the atmospheric 14C content ca. 2650 BP was found to be contemporaneous with abrupt climate change at middle latitudes of the Northern Hemisphere (Europe, North
America, Japan) and Southern Hemisphere (New Zealand, South America), changing to a cooler
and wetter climate, and, in the tropics (Africa, Caribbean), changing to a drier climate, as evidenced
by archaeological and paleoecological data.
The inferred variations in atmospheric 14C content and in climate may be tentatively explained by
reduced solar activity. TWo possible mechanisms are given. The first one is based on the idea that a
reduced solar input could have reduced the stratospheric ozone content. The latter process may have
been the trigger mechanism responsible for a decreased latitudinal extent of the Hadley Cells, an
expansion of the Polar Cells and an Equator-ward displacement of the mid-latitudinal storm tracks.
These inferred variations in the atmospheric circulation are consistent with the reconstructed climatic changes based on archaeological and paleoecological data.

The second theory is based on the notion that an increase in cosmic-ray flux, accompanying the
reduction in solar activity, could have directly caused an increase in global cloud cover through the
formation of cloud condensation nuclei. An increase in cloud cover would probably have led to more
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precipitation and cooler conditions at middle latitudes, again in agreement with the inferred climate
changes.

A weakening of the thermohaline circulation in the Atlantic Ocean, as a result of the displacement
of the mid-latitudinal storm tracks, could have played an additional role. Such a weakening could
have caused a relatively strong cooling of Europe through the reduced release of heat by the Gulf
Stream and through the positive ice-albedo feedback.
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USING THE BAYESIAN METHOD TO STUDY THE PRECISION OF DATING BY
WIGGLE-MATCHING
TOMASZ GOSLAR and WIESLAW M4DRY

Institute of Physics, Silesian Technical University, Krzywoustego 2, PL-44-100 Gliwice, Poland
ABSTRACT. The "wiggle-matching" technique has been widely used for the absolute dating of a series of radiocarbon-dated
samples connected in one floating chronology. This is done by calculations of SS statistics (the mean-square distance of 14C ages
of samples from the calibration curve) calculated for any assumed calendar age of the floating chronology. In the standard procedure the confidence intervals of true calendar age are derived from the width of the SS minimum, using the critical values of
the chi-square distribution. This, however, seems oversimplified. Another approach is an extension of the Bayesian algorithm
for calibration ofsingle 14C dates. Here, we describe in detail the Bayesian procedure and discuss its advantages compared to the
SS minimization method. Our calculations show that for given errors of 14C measurements, precision of dating the series is
related to the shape of the SS curve around its minimum, rather than to the absolute value of SSmin. In some cases, dating precision may be improved more efficiently by extending the time span covered by the series rather than by improving the precision
of the 14C measurements. The application of the Bayesian method enabled us to delimit the age of the floating varve chronology
from the sediments of Lake Go§ci± with distinctly better accuracy than was previously reported using the SS curve alone.

INTRODUCTION

Because of variations in atmospheric radiocarbon concentrations in the past, the result of 14C dating- a 14C age-usually differs from the "true" calendar age of sample. To estimate the calendar
age, one must use the calibration curve, which shows the dependence of 14C versus calendar ages.
The most precise part of the calibration curve relies on high-precision 14C dates of tree rings and
covers the last ca. 11 ka. A special issue of Radiocarbon (1993) contains the calibration data
obtained on bidecadal or decadal samples of wood from Europe and North America.
Variations in the past 14C concentration can influence the precision of dating by the 14C method. For
a single sample, the precision of a calibrated date is usually worse than the error of 14C age. This is
especially evident for those periods where the calibration curve reveals large wiggles, and where the
same 14C age corresponds to a few calendar-age values. On the other hand, those wiggles can
improve the precision age determination when we are dealing with a series of samples and know
exactly the differences of calendar age between them. Such a series may consist of wood samples
included in one tree-ring sequence, but for some reason not dated absolutely by dendrochronology.
A similar case is the layers from an annually laminated lake sediment.

The Wiggle-Matching Technique
The wiggle-matching technique (or "curve-fitting") has been used for dating of tree-ring sequences
for 20 yr (e.g., Beer et a1.1979; Kruse et a1.1980; Linick, Suess and Becker 1985) and later on, has
been also applied to sequences of annually laminated lake sediments (e.g., Hajdas, Bonani and Goslar
1995; Goslar et a1.1995). The wiggle-matching technique was described in detail by Pearson (1986).
With this method, one looks for the age of the series (represented by the age of the oldest sample, TS)
that gives the best fit of obtained dates to the calibration curve. The quality of the fit is expressed by
the mean-square difference (normalized to the dating error) between 14C ages of samples and the ages
derived from the calibration curve. In practice, this difference (SS) is plotted versus the age of series,
and the one with the lowest SS value is regarded as the most probable value of T.
Pearson (1986) discussed the question of uncertainty of such an estimate, and noticed that if Ts is true,
the statistics aSS (where n is the number of samples) has a x2 distribution, and argued that the confidence intervals of x2/n (for any given probability P) can be used directly to determine confidence
Proceedings of the 16th International '4C Conference, edited by W. G. Mook and J. van der Plieht
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intervals of T. He proposed using the interception of the upper confidence limit of x2/n with the SS
curve (Fig. la). This procedure, however, sometimes leads to erroneous results if we want to derive
the probability distribution of T. An obvious example is the case of samples (e.g., n=3) descending
from the period of a wide 14C age plateau (Fig. ib). In this case, the SS curve has a broad minimum,
and the minimum SS value is ca. 1. If the interceptions of critical x2/n values for P=0.95 (7.8/3=2.6)
and for P=0.68 (3.5/3=1.2) trace the 0.95 and 0.68 confidence intervals for TS, the probability that TS
lies within the residual interval (out of the 0.68 but still within the 0.95 interval) is 0.27. The first
challenge is determining what fraction of that probability corresponds to the left and what to the right
part of the residual interval. To make matters worse, the residual interval is very narrow, which makes
probability density of T8 higher in the residual than in that of 0.68. This means that any l'S is more
probable at the edges than at the bottom of broad minimum!
One must agree that the confidence limits of x2/n concern only the values of SS if the age Ts is real,
but apparently they are not transferable to the domain of the age itself.

X2
n

P66
--------------------------------=-----

r4c

b

N
Fig. 1. a. Illustration of the method for deriving the confidence intervals of the age determined by the standard wiggle-matching
technique (Pearson 1986). b. illustration of
the case where the standard technique produces incorrect results. Details are given in
the text.
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The Bayesian Approach
The Bayesian approach enables us to calculate directly the probability distribution of the age of
series Ts. It is the natural extension of the algorithm for calibration of single 14C dates (Michczyuiska
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et al. 1990; van der Plicht et al. 1990; van der Plicht 1993), and it also has been included in some
advanced programs for calibration the series of 14C dates (e.g., Bronk Ramsey 1995).
The crucial assumption for that approach is that we have no a priori information about the age of the
series. In other words, every age is a priori equally probable. For simplicity, we focus only on the
interval covered by the calibration curve and assume that the calibration curve is known exactly. We
assume also that our 14C dates (denoted below as T1, T2,... Tn) are free of systematic error and that
the one-sigma standard dating errors are not underestimated. The method is as follows:
1. We assume some value for TS in the interval covered by the calibration curve.

If TS is known, the true values of 14C ages of all samples in the series can be read from the calibration curve. The probabilities that individual samples will be 14C dated to T1, T2,... Tn can
then be derived from Gaussian distributions around true dates. The dispersions of those distributions are equal to the one-sigma standard errors of dating.
3. As the results of measurements are independent of one another, probability for obtaining the
whole set of 14C dates, P(T1,..., Tn) = P(T1) . ... P(T) is a product of appropriate probabilities
for individual samples.
4. We repeat steps 1 through 3, assuming other values of TS, and reconstruct P(T1, ... ,
Tn) as a function of TS for the whole interval covered by the calibration curve. After normalizing to 1, this
function represents the conditional probability for obtaining the set of dates T1, ... , Tn if the calendar age of the series is T. We denote that conditional probability as P(T1, ... , TIT).
5. We may now reconstruct the probability of TS using the Bayesian formula,
2.

P(TSITi, ... , Tn)

P(T1, ... ,

.
TIT) P(TS),

(1)

where P(TS) denotes the a priori probability distribution of T. As all the values of TS are a priori
equally probable, P(TS) = const, we just obtain
P(TSIT1, ... , Tn)

- P(T1, ... , TIT)

(2)

In the numerical algorithm, the spaces between assumed values of TS are discrete. For simplicity we
use the TS values equally spaced (ATS =1) in the whole interval.

Comparison with the Standard Bayesian Calibration of Single Dates
The method presented here is a natural extension of the Bayesian algorithm for calibration of 14C dates
(Michczyfiska, Pazdur and Walanus 1990; Stuiver and Refiner 1993). The key to this extension is that
our whole set of 14C dates is compared to the set of Gaussian distributions derived from the calibration
curve, using known intervals between calendar ages and only one parameter-the absolute age of the
whole series. For a single date, our method gives exactly the same result as the standard calibration
procedure (Fig. 2). Of course, smoothing the calibration curve distinctly affects the final result.

One must remember that, regardless if it is smoothed or not, the calibration curve does not represent
the exact relationship between calendar and 14C ages. Because of the uncertainty of the calibration
data, the dispersions of Gaussian distributions of true 14C dates (see step 2 in the description of the
matching procedure) should be modified according to the formula
ATi, mod =

JAT+AT,,

(3)

where ATi is the error of 14C dating of i-th sample, and AT,, is the uncertainty of 14C age in the
appropriate fragment of calibration curve. In practice, the values of AT, are calculated from 1-ar
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errors of calibration 14C data, by interpolation between appropriate data points. The effect of calibra14C dates of
tion curve uncertainty is usually minor (Fig. 2), and is significant only if the errors of
the matched series (ATe) are very small.
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distribution.

Comparison with the Standard Wiggle-Matching Procedure

-

Figure 3 shows a comparison of the SS(TS) curves and P distributions. The shapes of corresponding
SS and P curves closely resemble each other. In fact, the dependence between them is almost
straightforward, as
n

n

P(T IT1, ... , Tn) =

1

P(Ti Ts) -I

i=1

i=1

eT

exp

-(Ti

-

Tc, j)

'

(4)
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while

SS-n

Z

d7

=1

(5)

where ET denotes the error of i-th 14C measurement, and Tai is the "true" 14C date of i-th sample,
derived from the calibration curve, and dependent on the value of T.
Hence, if all the errors in the series are similar, we get the approximate relation

P(T5IT1>...

T)exP
n

'

- T`

i=1

T,`) 2
2e TZi

=

xp

2

(6)

However, even if all the errors are the same, the values of probability cannot be directly read from
the SS curve, since the distribution P must be normalized to 1. The probability
exp
P(TS T1, ..., Tn) _

- --)

I n SS
eTs
2

I

exp

-

=
2

(7)

eTs

depends thus on the shape of the whole curve, and not only on the absolute value of SS for given T.
The question of absolute values of SS is illustrated in Figure 3, where the match of three date sets
has been compared. The 14C dates in all sets are the same, but the errors in the second and third sets
are 2 and 4 times larger, respectively. The best precision of dating the series occurs for the series
with the smallest errors, despite the fact that in that case, the highest SS values are obtained. Obviously, the width of probability distribution reflects the width of the SS minimum rather than its absolute level. Of course, if the minimum SS value is very low or very high, the quoted dating errors may
be regarded as unrealistic. The question of whether we should estimate the errors from the particular
set of few samples, or rather rely on the results of interlaboratory comparisons of many other dates,
is a delicate problem, and its discussion is beyond the scope of this paper.
EXAMPLES AND DISCUSSION

The most uncertain calibrated 14C ages are obtained for periods when the calibration curve has long
plateaus. As illustrated in Figure 4, uncertainty of the age of the series may be reduced by the
improvement of 14C dating precision, but in certain cases, dating of supplementary samples, extending the time interval covered by the series, may be more effective. It is clear that the 0.68 and 0.95
confidence intervals suggested by the interceptions of SS curve at the critical values of x2 (Fig. 4c)
are quite unrealistic.
As an example of application, we used the Bayesian approach to date absolutely the floating varve
chronology of the Lake Goci± sediments (Fig. 5) and to determine the calendar age of the Younger
Dryas/Preboreal (YDIPB) boundary, reconstructed in those sediments. Relying on the width of SS
curves, that age was previously determined at 11,440 ± 120 yr BP (Goslar et al. 1995). Here, we used
the Bayesian procedure for two series of AMS 14C dates, obtained on different series of samples in
two different institutions (CFR, Gif-sur-Yvette, France; Goslar et al. 1995, and ETH, Zurich; Hajdas,
Bonani and Goslar 1995). We also smoothed the calibration curve (Stuiver and Pearson 1993; Pearson
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and Stuiver 1993; Pearson, Becker and Qua 1993) by the spline function (Reinsch 1967). The fragment of the calibration curve before 7200 BP has been shifted by 41 yr, according to the recently published revision based on matching of the German oak dendroscales (Bjorck et a1.1996).
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Fig. 3. Comparison of the results of wiggle-matching and Bayesian procedure obtained for different
errors of 14C dates. a. smoothed calibration curve and data points with three different values of error.
The ratio of errors is 1:2:4. b. Probability distributions(-) and SS curves (- - - - -) obtained for different errors of 14C dates.

To collect enough material for AMS dating, the macrofossils for a few samples were collected from

sections comprising as many as 150 varves. The uncertainty of sample position with respect to varve
chronology was then significant when compared to errors of AMS dating. This has been taken into
account by the further modification of dispersions of Gaussian distributions (step no. 2 of the matching procedure)

-

d72 + d7Z,i + dT?

(8)

where iT; denotes the error of sample position (i. e., the half-thickness of section). Such an approach
seems fully correct only if the calibration curve is a straight line with the slope of 45°. This is not
exactly the case and the modification should depend also on the shape of the calibration curve. The
development of more adequate procedure will be the subject of further study.
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Fig. 4. Comparison of wiggle-matching and Bayesian procedure results obtained for different
series of dates from the plateau of the 14C calibration curve, a. smoothed calibration curve and
data points. The series of 3 dates (x) was extended to 5 dates (+). b. Probability distributions
of the age of the series of 3 dates (x), 3 dates with the errors reduced by a factor of
and 5 dates (+). c. SS curve obtained for the different series of dates. The method of interceptions SS curve at the critical chi-square values is applied to the set of 3 dates.
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Probability distributions of age of the YD/PB boundary, determined for both separate series and for
the joint series, agree quite well with one another (Fig. Sb). Uncertainty of the match is distinctly
lower for the joint series than for individual ones. Judging by the values of the absolute minima of.
the SS curves (Fig. Sc), one could suspect that the errors of 14C dates were quoted too low. This
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could reflect some overestimation of laboratory precision of 14C measurement, but could also be an
effect of some (not controlled and possibly variable) delays between growth of particular macrofossil and its deposition in the sediments. Another reason might be accidental contamination of individual samples by modem carbon. Goslar et al. (1995) indicated two such samples in the whole set of
Lake Go§ci± 14C dates. One of these samples lies within the range of calibration curve (Fig. 5a).
Rejection of this critical date makes the SS minimum distinctly lower (Fig. Sc), though apparently
still too high.

If we agree that the errors of 14C dates are too low indeed, we may only multiply all the errors in the
series by the constant factor. Here, such a value of factor was chosen, which normalizes the SS minimum to its expected value. Distributions of the YD/PB age, obtained after such procedure (Fig. 5d),
are slightly wider than for the original errors, and, for safety, these results seem preferable. The
rejection of critical date produces shift of the distribution, by 15-20 yr towards the older age. This
shift seems large when compared with the width of distributions obtained using the original errors
of 14C dates (Fig. Sb). However, in the more realistic case, with the errors enlarged to normalize the
SS minimum, the shift of match appears insignificant.

The uncertainty of the match (± 25 yr) is much lower than the average error of the individual 14C
date in the matched series (±85 yr). The reduction of uncertainty is a well-known effect of multiple
measurement, where the individual errors of independent results partly cancel one another. Adopting the primitive formula

(9)

where x is the mean value of x, and n is the number of results, we can roughly estimate the precision
of match to ca. 20 yr. One could expect that the uncertainty is ultimately limited by the precision of
14C dates constituting the calibration curve. However, wiggle-matching of several 14C dates uses
several calibration data, and the effect of multiple measurement concems both data sets. Of course,
an increase in the number of measurements does not reduce match uncertainty when 14C dates are
affected by systematic error. This problem, however, is beyond the scope of this paper.
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CALIBRATION TECHNIQUE FOR 14C DATA CLUSTERS: FITTING RELATIVE
CHRONOLOGIES ONTO ABSOLUTE TIME SCALES
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MATTHEW R. DOUBRAVA

University of Nevada, Las Vegas, Department of Anthropology, 4505 South Maryland Parkway,
Las Vegas, Nevada 89154 USA
ABSTRACT. Application of radiocarbon dating to a short chronology is often limited by the wide probability ranges of calibrated dates. These wide ranges are caused by multiple intersections of the 14C age with the tree-ring curve. For a single unrelated 14C date, each intersection presents a probable solution. When several dates on different events are available,
identification of the most probable solution for each event is possible if one can obtain some information on the relation
between these events. We present here a method for such identifications.
To demonstrate the method, we selected a series of 14C dates from mortuary monuments of the Egyptian Old Kingdom. Cor-

rected 14C dates from seven monuments were used. Calibration of these dates produced three absolute ages with single intersections and four ages with 3-5 intersections. These data are compared to a historical chronology, which places the dated
events at a younger age. If each intersection is chosen as a potential anchor point of the "correct" chronology, 17 solutions
must be tested for the best fit against the historical chronology. The latter is based on the length of the reign of each pharaoh
during the studied time span. The spreadsheet has the function of determining the probability of fit for each of the solutions.
In a second step the 17 probability values and their offset between the historical and the 14C chronology are graphically analyzed to find the most probable offset. This offset is then applied as a correction to the estimated chronology to obtain an absolute time scale for the dated events.

INTRODUCTION

The availability of precise and detailed tree-ring calibration curves has advanced radiocarbon dating
into a more accurate and reliable chronological tool. Numerous publications and several computer
programs based on the published data have made the calibration process available to all users willing to acquire the readily available software and obtain basic knowledge from the literature. The
Calibration Issues of Radiocarbon are a major source for this information (Stuiver and Kra 1986;
Stuiver, Long and Kra 1993).

While the accuracy of calibrated dates has increased, the calibration results have become much more
complex and difficult to interpret. The user is no longer able to base his conclusions on a point estimate with an associated error. The dating result is given in a range, more likely in multiple ranges
from which the user has to select the most appropriate solution. Frequently this is a nearly impossible task. Under certain favorable circumstances, there are methods available to help in the interpretation of the data. The task of interpreting calibrated dates becomes even more complex when
numerous dates from a suite of events are available. The technique presented here offers a solution
that does not require complex statistical manipulation, yet offers a realistic assessment of the quality
of the 14C data. As is the case with all quality assessments, some independent (non-radiometric in
this study) information on the chronology must be available.

A Specific Example
From 1985 to 1987 a 14C dating project on Old Kingdom monuments in Egypt was sponsored by the
American Research Center in Egypt (ARCS) (Haas et al. 1987). Dated were charcoal, wood and
Proceedings of the 16th International '4C Conference, edited by W. G. Mook and f. van der Plicht
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straw samples from pyramids and mortuary temples. 14C dates from the same monument were averaged and then calibrated with a calibration program developed by S. Robinson (Hassan and Robinson 1987). The calibration results obtained were the centroid values of the probability curve
obtained from the intersection of the 14C date (as a Poisson probability distribution) with the calibration curve and its respective error distribution. These centroid values allowed a simple comparison
of the 14C dates with the historically based chronology (Edwards 1985). The surprising result was an
average increase of the 14C ages for the 17 dated monuments by 375 yr over the historically constructed ages.

Because the calibration curve is nonlinear, calibrated ages cannot be precisely stated as a most probable result with an associated error range (van der Plicht 1993). The availability of more sophisticated calibration methods and computer software led to the decision to recalibrate the 1985 data.
The CalibETH program was used (Niklaus 1991), which provides probability ranges and exact
curve intersection values. Most of these 14C dates fell in the range of 4500 to 3500 BP. An inspection
of the calibration curve in this range reveals the presence of five flat segments in the curve, which
produced multiple probability ranges from which a straightforward comparison of the 14C and historical chronologies was no longer possible. Figure 1 shows an especially broad range of multiple
intersections. Among these, only one represents the true age. The process of identifying this intersection can be quite overwhelming when the chronology includes ten or more dated events that all
need to be considered to find the correct calibrated age for each event. The spreadsheet process presented here performs many of the lengthy computations automatically while presenting graphic displays for visual evaluation of the process.
DATE Teti wood log : 4161 t57BP

4500BP

68.2% confidence
2873BC (0.12) 2851BC
2823BC (0.12) 2800BC
2178BC (0.64) 2657BC
2643BC (0.11) 2621 BC

0 4400BP

c 4300BP

'e

0

95.4% confidence
2883BC (1.00) 2580BC

4200BP
4100BP
4000BP
3900BP

uu
1

3200BC

1

3000BC

l

2800BC

1

2600BC

l

2400BC

1

2200BC

Calibrated date
Fig. 1.14C date intersecting a flat portion of the calibration curve, producing 5 intersections and a 252-yr wide probability distribution with a 1-Q confidence level
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Introducing the Intersection Method
The process starts with a set of calibrated dates. Identification of the range that best represents the
true age among multiple ranges is not possible without additional information on the chronology. In
a situation where the intervals between several geological or archaeological episodes are known, or
can be estimated, the proposed intersection-matching technique can be applied. This matching technique is a three-step procedure:
1. An estimation of the probable chronology is recorded in the first of two spreadsheets, using all

available information other than radiometric data and thriving to get good estimates on the
duration or the time separation of the dated events.
2. Using calibration results, the difference between the estimated chronology and the radiometric
data is evaluated and a number of possible corrections (called "discrepancy" in the following
explanations) to the estimated chronology is derived by the spreadsheet's computations.
3. The most probable value of these corrections is established by the second spreadsheet and its
graphic plots. This correction is then applied to the initial, estimated chronology in order to
place it correctly in the absolute time scale.
Figure 2 illustrates this process, leading to a chronology on the absolute time scale, which determines the most probable age for each event. The actual computation is a multi-staged process. The
ideal tool for performing the task is a spreadsheet with graphics display capabilities.

Internally Known Chronology

Events

el

e2

tl

Known
Temporal
Spacing

e4

e3

t2

I

t3

unique

All Intersections from Dated Events e 1 to e4

Absolute Time

?

4-)?

Where does it ft in absolute time?
Fig. 2. A hypothetical chronology of four events points to matching inter-sections from four calibrated dates
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Definition of Terms
We will consistently use these terms and definitions in the following description of the spreadsheet

design:

Historic chronology: Information on the ages of a series of episodes, based on written, lithic or
other, non-radiometric information.

Episode: A phenomenon of interest for which there is estimated or precise time information on the
historic time scale.

Interval: Time span between two episodes.
the Libby half-life (5568 yr) from measured 14C activity relative to
standardized activity of oxalic acid, corrected for isotope fractionation and listed in years "before
present" (BP).

"C age: Age calculated with

Radiocarbon chronology: A series of calibrated dates, each related to a specific event or monument.
cal age: A calibrated 14C age date relating to a specific event or monument. As a result of the calibration process, multiple answers are possible, each originating from an intersection with the treering calibration curve.

Intersection: An age derived from a "before present" (BP)14C age intersecting the calibration curve.
Multiple intersections result from wiggles in the curve.

Anchor point: Selecting a listed intersection as the true age of an event, against which all other data
from events and episodes are compared and evaluated by the "sum of differences". During a thorough evaluation of the 14C chronology, most intersections are successively chosen as anchor points.
Event: A phenomenon of interest for which a cal age is available. It is the equivalent to episode in
the historic time scale. Also, the difference between event and episode represents the discrepancy
between the historic and the radiocarbon chronologies for that particular phenomenon.

Discrepancy: Separation in age of the same phenomenon in the historic and the 14C chronologies.
Because of multiple intersections, several cal age values are possible and consequently a corresponding number of discrete values for the discrepancy must be considered.
Note: In this definition, the cal age is directly derived from the 14C measurement on the phenomenon. In contrast, the term difference will be used in connection with computed ages.
Difference: Comparison of the cal age of an event with the interval adjusted cal age of another event
in the chronology. Interval adjustment is accomplished by adding or subtracting the historic chronological time separation to the second event in order to shift it to the same chronological time of the
first event for the purpose of comparison. This comparison serves as test of adequacy of the 14C
chronology. The difference may have a positive or negative value.
Sum of differences: The process of computing the difference between two events is repeated until
all differences between a selected event and every other event in the chronology are computed.
These differences are summed including their signs. The smallest sum of differences will identify
the 14C chronology that is closest in agreement to the intervals between episodes defined by the historic chronology.
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Description of the Spreadsheet
Below is a step-by-step demonstration of the procedure. The set of dates from the 1985 sampling of
the Old Kingdom monuments in Lower Egypt is used to show the procedures. The data input
requires the following columns:
Listing of episodes that are being dated (the Pharaohs' reigns).
Independent chronological information available for the episodes, which in this case is the terminal year for the reigns (Clayton 1994).
The duration of each episode, calculated from the previous column
14C dates from several episodes, listing the observed intersections with the curve in separate
columns. A practical maximum number of listed intersections is five per dated event.

Additional columns contain the computations and results. The headings of all discussed columns
and a few lines of data are shown in Figure 3. We will discuss only three computational columns of
importance.
active anchor ofnt»
offset betty, historical
and computed chronology

OLD KINGDOM CHRONOLOGY, YEARS BC
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<< ««
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nnnn clceest matching intereecdons

selected anchor points

a
sum of differences

Fig. 3. Heading of the spreadsheet with five lines of data. The bold intersection of 2866 serves as anchor point of a trial
chronology. From this date an age was computed for the first event (Djoser) at 2872 BC and a nearly matching intersection (2868 BC) was identified, with a difference of -4 yr.

In an unbiased approach, every intersection listed is used as an anchor point. In a more practical
approach, events with single intersections are evaluated first, followed by events with smaller numbers of intersections.
1. Select an anchor point.

2. Using intervals, compute the age of every event in the chronology. Take special note of the com-

puted age of the first event in the chronology.
3. Compare the computed ages of each event with its set of intersections, find the closest matching
intersection and calculate the difference to the computed age. Store this difference in a column
and include the plus or minus sign.
4. Compute the sum of the differences and store it together with the age of the first event for use
in the second spreadsheet. Figures 4 and 5 show bar graphs of the differences.
5. Take the age of the first event, computed in step 2, and establish the discrepancy to the age of the
first episode in the historic chronology. In an x-y plot, mark this discrepancy on the horizontal
axis. Plot the "sum of differences" on the vertical axis. Figures 6 and 7 are examples of this plot.
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Fig. 4. A balanced set of differences between computed and calibrated ages
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Fig. 5. With one exception all differences are large and in the same direction, indicating that the chosen anchor
date is not matching the hypothetical chronology
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1985 samples data set
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Fig. 6. Distinct minimum of the sums of differences, showing a well-defined offset of the 14C chronology from the
hypothetical chronology, amounting to 375 yr
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Fig. 7. The sums of differences are low over a 100-yr-wide minimum, indicating a mismatch in the spacing of events
(intervals) between the historical and 14C chronologies.
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Practical Methods for Using the Spreadsheet
Anchor points are selected one at a time and are set in the spreadsheet in one cell location near the
title rows. From there the necessary computations are initiated automatically with cell references.
This avoids a need to make changes in the spreadsheet itself. Each change to the anchor point creates
a new set of differences for which a bar graph should be printed and the sum of differences recorded.
Large differences are omitted in the "sum of differences" computation and in the graph. The threshold for omission can be adjusted; in our Old Kingdom example, we choose 180 yr. This step avoids
the effect of outlier intersections, which usually have a small statistical weight, and improves the
visual interpretation of small differences in the graphs. The tabulation of the "sums of differences"
and discrepancy values was performed with an independent new spreadsheet from which the final
interpretative x-y graph was created.
DISCUSSION AND CONCLUSION

The sum of differences is a sensitive measurement for the match between the estimated or historical
chronology and the radiometric data. In the current demonstration based on samples collected in
1985 from Old Kingdom monuments and shown in Figure 6, sums of differences become very small
(<10 yr) and point in a sharp "V" configuration to a discrepancy of 365-387 yr. In Haas et al. (1987),
the average chronological difference between historical and radiometric data was 374 yr.

The spreadsheet method was further tested with a different set of samples taken in 1995 from Old
Kingdom monuments (Fig. 7). It shows a generally smaller discrepancy of 125-230 yr, but more characteristically, a much broader range of low "sum of differences" values. This suggests a lower internal
consistency of the data set and confirms the observation that individually dated samples from most
monuments have a wider age spread than similar sample sets in the first example. The conclusion then
is that the presented spreadsheet method not only yields a numerical value for the discrepancy
between historical and 14C chronologies, but also offers a qualitative assessment of the internal consistency of the data. It does not provide, however, a numerical value for the error since it is not based
on traditional statistical methods.
To test the sensitivity to the internal consistency of the 14C dates, changes were made to the historic
chronology in the 1985 example. The ages of several monuments were changed by 10-20 yr. As

expected, the discrepancy also changed, but the pointed "V"-shaped pattern of the sums of differences remained unchanged.
Application of this method is restricted to archaeological or geological site studies where independent chronological data are already available and need to be tested. In archaeological sites, the independent data are based most likely on lithic or ceramic typology or inscriptions.
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A TREE-RING AND 14C CHRONOLOGY OF THE KEY SAYAN-ALTAI MONUMENTS
G.1. ZAITSEVA,1 S. S. VASILIEV, 2 L. S. MARSADOLOV, 3 J. VAN DER PLICHT, 4
A. A. SEMENTSOV,r V. A. DERGACHEV2 and L. M. LEBEDEVAI
ABSTRACT. We present a radiocarbon chronology of key Sayan-Altai monuments from the Scythian period, based on a statistical analysis of dates produced in the 1980s and now supplemented with new dates. These new 14C dates were produced
for samples from the Tuekta-1 barrows (burial mounds) and were measured both in St. Petersburg and Groningen. These treering samples were fitted to the calibration curve. Chronologies were established for the Arzhan, Tuekta-1 and Pazyryk-5 barrows. The time of the construction of the Arzhan and Pazyryk-5 barrows is the 9th and late 5th-4th centuries BC, respectively,
and agrees with archaeology. According to new data obtained, the time of the Tuekta-1 barrow construction is some years
older than has been accepted thus far by archaeologists.

INTRODUCTION

Since their discovery, the well-known great barrows (burial mounds) of the Sayan-Altai have been
the focus of researchers from several disciplines. The finds from these barrows allow us to solve
important problems relating to the origin, development and spreading of Scythian-Sarmathian cultures in Eurasia. Figure 1 shows the locations of the barrows. The Pazyryk group and the Tuekta-1
barrow are located in the Gornyi Altai region of Southern Siberia, and the Arzhan barrow is located
in Tuva (Central Asia).

Investigation of the barrows started in the mid-19th century and results have been published by several researchers (Gryaznov 1950, 1992; Mandelshtam 1992; Marsadolov 1996). Chronological
problems have been discussed for more than 50 years. Rudenko (1953, 1970) and Kiselev (1951)
believed that the Pazyryk barrows dated between the 5th and 3rd centuries BC. However, this position has been controversial.
Some archaeologists supported Rudenko's view that the Pazyryk barrows date from the Scythian
period (5th century BC). Others believed that these barrows dated from Hun-Sarmathian time (3rd
century BC), following Kiselev. Later, others reconsidered and agreed with Rudenko's opinion that
the Pazyryk barrows dated from the 5th-4th centuries BC (Smirnov 1964). Up to the present, others
have believed that these barrows date from the 4th, 3rd or even the 2nd century BC (Moshkova 1992).

Thus, the chronological periods suggested by researchers range from the 6th to the 2nd centuries BC,
a span of ca. 500 yr. According to dendrochronological data, 5 Pazyryk great barrows were erected
over a 50-yr period (Marsadolov 1984, 1996). The discussion of the barrows' chronology was
revived at meeting ("Transformed and Transferred Images in East and West Asia") held in the
United States in 1990 (Schneider 1991). Based on the similarity of these barrows with finds from
Chinese monuments (the textile decoration and the animal styles from different objects), the
Pazyryk barrows were believed to be from the end of the 4th to the beginning of the 3rd century BC
(Chugunov 1993).
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Fig. 1. Location of the investigated barrows in Southern Siberia
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A similar controversy involved the chronology of the tsar barrow Arzhan, excavated in 1971-74 by
M. Kh. Mannay-oola and M. P. Gryaznov (Gryaznov 1980). These archaeologists dated the Arzhan
to between the 9th and 6th centuries BC. Although most researchers believe that the barrow was constructed in the 8th century BC, recent publications established a date of the 7th century BC (Chugunov 1993; Chlenova 1996), but there is no convincing proof. Dating by dendrochronology and/or
radiocarbon should resolve these problems with the chronologies.
The first 14C dates for these barrows were produced in the 1960s (Butomo 1965; Rudenko 1970;
Dolukhanov 1970). A tree-ring chronology, spanning ca. 600 yr, was established between 1950 and
1980 (Zamotorin 1959; Zakharieva 1976; Marsadolov 1988, 1987). It is a floating chronology that
was connected with the calendar time scale by a series of 14C dates produced from different parts of
this tree-ring scale (Markov 1987). In addition, Marsadolov attempted to correlate the tree-ring and
14C data from the Sayan-Altai monuments with one of the first calibration curves constructed by
Ralf et al. (1973). The zero position (starting point) of the floating tree-ring scale was determined to
be 360 ± 40 yr BC (Marsadolov 1987,1988). Later, the recommended calibration curves (Stuiver and
Pearson 1986) resulted in a more accurate date: 400 ± 40 yr BC (Marsadolov 1994, 1996). Confidence levels based on a statistical analysis were obtained by Zaitseva et al. (1996,1997). Here we
present new and more precise results, measured in 1996, for samples from the floating tree-ring
scale for the Arzhan and Tbekta-1 barrows. These data are used to construct the best chronology
possible thus far.
RESULTS AND DISCUSSION

Figure 2 shows the floating tree-ring chronology of the great barrows of Sayan-Altai. The tree-ring
samples for which 14C dates were obtained are indicated as black bars. The zero position of the floating tree-ring scale is placed here at 360 BC, being the youngest possibility (Marsadolov 1988, 1994,
1996; Zaitseva 1996). Table 1 presents the complete set of 14C dates measured for the barrows. In the
table, the tree-ring numbers correspond with those shown in Figure 2. Also listed are calibrated results
that we obtained with the Groningen calibration program (van der Plicht 1993). The 14C measurements made in the 1980s are now supplemented with measurements produced in 1996: the Tuekta-1
barrow was dated both in Groningen (conventional) and St. Petersburg (LSC). The samples dated in
Groningen were single tree rings; samples dated in St. Petersburg generally contained five tree rings.
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Fig. 2. Outline of the floating tree-ring scale for the great barrows of the Sayan-Altai. A = master floating chronology;
B = trees 14C dated in this study; D = number of log from tree-ring scale (Table 1);
= the span of 14C-dated samples.
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Dates for the Great Barrows of Sayan-Altai Using the Mathematical
Statistical Method
TABLE 1.14C

14C age

Lab no.
Arzhan
Le-2449

(BP)

Dendro sample no.,
total tree rings

2740 ± 40

80 tree rings

2790 ± 40

D-38, 80 tree rings

Ring(s) dated,
counting from
center of log

intervals
(cal BC)

934-810

Le-2444

942-898
874-852

Le-2452

2790 ± 40

D-36,126 tree rings
942-898
874-852

Le-1698

2770 ± 40

D-36,126 tree rings

Le-5184*

2670 ± 25

D-36,126 tree rings

Le-5195a*

2700 ±20

50 tree rings

Le-5195b*

2750 ± 30

50 tree rings

Le5195v*

2680 ± 40

50 tree rings

930-840
844-798
852-808

888-844
844-802

Tuekta-1

Le-2450

Le-2447

2490±40

2540 ± 40

tree rings
730-710
708-618
606-528

452-414

678-658

734-526

D-24,113 tree rings
634-552

Le-5177*

Le-5178*

2510 ± 60

2490 ± 50

D-24,113 tree rings
728-714
704-530

456-414

734-612

458-412

D-24,113 tree rings
610-528

Le-5179*

Le-5180*

2420 ±50

2420 ± 35

D-24,113 tree rings
722-702
530-402

598-570
562-394

524-404

656-638

D-24,113 tree rings
548-396

Le-5181*

2440 ±35

D-24,113 tree rings
718-702

666-630

530-410

594-576
558-402

Chronology of the Key Sayan-Altai Monuments
TABLE 1.

(Continued)
14C

Lab no.
Le-5182*

(BP)

Dendro sample no.,
total tree rings

2460 ± 50

D-24,113 tree rings

age

Ring(s) dated,
counting from
of log

of
calibrated age, BC
Q

658-636
550-472
460-412

GrN-22497*
GrN-22504*

2454 ± 16

GrN-22511 *

2452 ± 15

Pazyryk-1
Le-1694

2463 ± 16

2440 ± 40

D-24,113 tree rings
D-24,113 tree rings
D-24,113 tree rings

a
608-406

443-418

86 tree rings

Le-1695

2390 ±40

D-2, 86 tree rings

Le-2456

2340±40

D-2, 86 tree rings

532-420

598-572
562-402

424-396

540-386

412-366
272-266

522-356
290-246

228-210

Pazyryk-2
Le-1692

Le-1693

Le-2446

Le-2453

Pazyryk-5
Le-2448

Le-2455

tree rings

2470 ± 40

2450±40

D-9,108 tree rings

2430 ± 40

D-6, 70 tree rings

2380 ± 40

606-412

538-412

600-406

714-704
530-406

666-628
594-576
558-398

420-392

534-382

418-380

720-706
530-366
274-266

286-252

316-204

D-6, 70 tree rings

2360±40

2290±40

668-630
594-576
558-508
442-418

tree rings

D-17,102 tree rings
222-214

Le-1700

2410 ± 40

D-19,120 tree rings
524-400

660-634
552-392

*14C dates were produced in 1996-1997.
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Fig. 3. The part of the Stuiver and Pearson (1986) calibration curve and location of the 14C dates according to model "C"

The results (Table 1), plotted in Figure 3 with the calibration curve (Stuiver and Pearson 1986),
clearly show the three groups of dates corresponding to Arzhan (ca. 2750 BP/850 BC), Tuekta (ca.
2450 BP / 750 BC) and Pazyryk (ca. 2400 BP / 450 BC). Here the position of the 14C dates is not connected with the floating tree-ring scale (model "C", see below). The set of data can be analyzed by
minimizing the quantity x2, defined as
L Nk
2

x=
k

i

-

2
(Yi C(Tj + bik))
2
2
i
Qy i +

Q

(1)

where L = number of groups of experimental points, Nk = number of points in the group, Y; =i4C
age of the sample "i" in group "k", C = calibration curve dependence, ti; = relative calendar age "i"
in group "k", &tk = variation parameter determining the position of the groups on the calendar axis
of the calibration curve, Qy = error 14C age and = error of calibration dependence.

o

For the minimizing procedure, we varied the several free parameters using these assumptions:
"A": The relative position of the age of the barrows is fixed on the floating tree-ring scale. The variable parameter is the zero position of the tree-ring scale.
"B": The age of the Arzhan barrow is determined by minimizing x2, independent of the floating treering scale. The relative ages of Tuekta-1 and Pazyryk-5 are fixed by the floating tree-ring scale. The
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(variable) parameters are the ages of the Arzhan and Pazyryk-5 barrows. We selected here Pazyryk5 from the total data set available for the Pazyryk group because it is the youngest barrow in this
group, the age corresponding to the beginning of the floating tree-ring scale.

"C": The calibrated ages of all barrows are determined independently of the floating tree-ring scale
by minimizing x2. This model has three independent variables: the construction dates of the Arzhan,
Tuekta-1, and Pazyryk-5 barrows. We assume that one cannot rule out the possibility of errors in the
floating tree-ring scale, which was constructed in 1960-1970 from different logs found in different
regions (Altai and Tuva). We assume that the only cause of deviation of the measurements from the
calibration curve is the measurement error (null hypothesis). The probability of this hypothesis is
determined by x2 and the number of degrees of freedom Nf (= difference the between number of
measured points and the number of variable parameters).
Go

P

=

(2)

fF(N1,x)dx

x
This probability was calculated for the three "models" A, B and C as defined above, with results
shown in Table 2.
T&& E 2. Base Characteristics of Theoretical Models and Investigated Barrows

of

Model

Age of
Arzhan

Tuekta-1

A

810

605

B

810

560

C

810

655

of
Pazyryk-5

P

Status

We also calculated the probability of the x2 deviations corresponding to 2 a (PmjJ. From our calculations as shown in Table 2, we conclude that model "A" cannot be accepted because P<Pm;n. For
model "B", P>Pmin, although not significantly. We consider this solution possible but improbable.
Model "C" appears to be acceptable, based on values of both x2 and P.

As for the models "B" and "C", the ages of the Arzhan and Pazyryk-5 barrows remain the same, 810
and 380 BC, respectively. These values are in agreement with earlier results (Zamotorin 1959;
Rudenko 1970; Zacharieva 1976; Marsadolov 1988, 1994, 1996; Zaitseva 1996). The result
obtained with model "C" is new: the age of the Tuekta-1 barrow, which is ca. 80-100 yr older than
previously believed. This is made possible by the increased number of 14C determinations and their
high precision (in particular the Groningen measurements) (Table 1). Earlier conclusions were
based on only 2 to 314C dates. The traditional chronology for this barrow, therefore, has to be
revised.
The chronology of the Arzhan barrow remains the same in our investigation. This barrow was constructed in the 9th century BC. This is in agreement with recent measurements made in St. Petersburg
and Moscow: 2610 ± 30 BP (GIN-8425), 2620 ±40 BP (GIN-8618) and 2600 ± 40 BP (GIN-8619)
(Chienova 1996). After calibration, the results are 9th to 8th centuries BC.
The age of the Pazyryk-5 barrow remains at 380 BC. The acceptable values from our analysis for the
age of the barrow's construction are shown in Figure 4 (Arzhan and Pazyryk-5) and Figure 5
(Thekta-1 and Pazyryk-5).
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The three lines correspond to confidence intervals of 80,90 and 95%. The most reliable dates of the
barrow's construction are indicated by dotted lines. Based on these values, the possible chronological intervals of the barrow's construction are shown in Table 3.
TABLE 3.

Chronological Intervals for Barrow Construction (95% probability)
Chronological limit (BC)

Barrow

Low

Probable

Upper

Arzhan

885

810

790

Tuekta-1
Pazyryk-5

665

655

590

410

380

335

CONCLUSION

Statistical analysis of a series of 14C dates for wood from a floating tree-ring scale yields chronologies for the construction of the famous Arzhan, Tuekta-1 and Pazyryk-5 barrows. Our results for the
Arzhan and Pazyryk-5 barrows are in agreement with archaeological information. For the Pazyryk5 barrow, the possible dates are 410-335 BC, but the most probable age is 380 BC. The Arzhan barrow dates from the end of the 9th to the beginning of the 8th century BC, as earlier established. New
"C dates obtained (Table 1) for the Tuekta-1 barrow, based on 14C measurements made in 19961997, are older than previously accepted. Therefore, the floating tree-ring chronology, or the placement of the wood samples from the three barrows investigated on the floating chronology, may need
to be re-examined. Alternatively, additional 14C dating may be needed to confirm the results derived
from model "C", in light of the disagreement with the tree-ring chronology.
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17th International Radiocarbon Conference
Preliminary Announcement
We have the pleasure to announce that the 17th International Radiocarbon Conference
is scheduled to take place June 18-23 in the year 2000 in Israel.

The Conference will be held at a beautiful location, in the rural setting of kibbutz
Ma'ale Hahamisha, which is just 15 km west of Jerusalem. The kibbutz offers an
attractive self-contained arrangement of excellent accommodations and conference
facilities, which will enable a high degree of interaction between the conference participants. The City of Jerusalem with its unique history and tourist attractions is nearby
and can easily be reached by bus or taxi.
The scientific program will include a wide variety of topics in the tradition of past
Radiocarbon Conferences, with a glance into a new millennium: e.g., Archaeology,
Environment past and present, Groundwater, Oceanography, Calibration and Measurement Techniques. More details will be given in the first circular, to be issued soon.
The social program of the conference will include an afternoon walking tour in the Old
City of Jerusalem and a one-day tour in the unique Dead Sea area.
Suggestions about conference topics, as well as proposals for workshops, etc., are very
much welcome and can be sent to the organizing committee by fax or e-mail.
The Organizing Committee:
Israel Carmi, Chairperson
Radiocarbon Laboratory
ESER Department and Kimmel Center for
Archaeological Sciences
The Weizmann Institute of Science
Phone +972 8 934 2554
Fax +972 8 934 4124
cicarmii@wis.weizmann.ac.il

Prof. Michael Paul
Hebrew University of Jerusalem
Fax +972 2 658 6347
paul@vms.huji.ac.il

Dr. Elisabetta Boaretto, Secretary

Dr. Yoseph Yechieli
Geological Survey of Israel

The Weizmann Institute of Science
Fax +972 8 934 4124
elisa@wis.weizmann.ac.il

Dror Segal
Israeli Antiquities Authority
Fax +972 8 934 4124

Fax +972 2 538 0688
yechi@mail.gsi.gov.il

Dr. Hendrik J. Bruins

Ben-Gurion University of Negev
Fax +972 7 659 6867
hjbruins@bgumail.bgu.ac.il
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1998 PRICE LIST
NEW! Proceedings of the 16th International Radiocarbon Conference
(Vol. 40, Nos.1 and 2, 1998)

$70.00

NEW! INTCAL98 (1998 Calibration issue; Vol. 40, No. 3, 1998,forthcoming)

40.00

Proceedings of the 15th International Radiocarbon Conference (Vol. 37, No. 2, 1995)

50.00

Liquid Scintillation Spectrometry 1994 (ISBN: 0-9638314-3-7;1996)
Liquid Scintillation Spectrometry 1992 (ISBN: 0-9638314-0-2;1993)
Special offer-LSC 92 and LSC 94 package-save $5.00

20.00

Late Quaternary Chronology and Paleoclimates of the Eastern Mediterranean

30.00

(ISBN:

10.00

25.00

0-9638314-1-0;1994)

Tree Rings, Environment and Humanity (ISBN 0-9638314-2-9;1996)
(Proceedings of the International Tree-Ring Conference, Tucson, Arizona, 1994)
SUBSCRIPTION RATES

VOLUME 41,

40.00

Nos. 1-3,1999

Institution
Individual
Lifetime Subscription-Institutional
Lifetime Subscription-Individual

120.00
65.00

2000.00
700.00

BACK ISSUES (except conference proceedings and special issues)
VoruMaS 1-9 each volume
VOLUMES
VOLUMES

Single issue 40.00
40.00

10-21 each volume
22-38 each volume

65.00
100.00
50.00

Radiocarbon Conference Proceedings
SPECIAL FULL-SET OFFER-Volumes 1-39 (1959-1997)
BIG SAVINGS. Includes 11 out-of-print issues. Take $50.00 off for each additional set.

800.00

POSTAGE AND HANDLING CHART

U.S.
Subscription

Foreign

--

$10.00

Book or Proceedings

$2.75

$5.00

Single back issue

$1.25

$2.00

$35.00

$75.00

Full set

Postage rates are for surface mail. Please contact us for airmail or express delivery rates.
Orders must be prepaid. We accept payments
by Visa and MasterCard, or by check or money
order payable in $US to Radiocarbon.

Postage will be added; see above chart. Subscription rates and book prices are subject to change.

NOTICE TO READERS AND CONTRIBUTORS
The purpose of ReD10CARBON is to publish technical and interpretive articles on all aspects of 14C and other cosmogenic isotopes. In addition, we present regional compilations of published and unpublished dates along with interpretive text. Besides
the triennial Proceedings of Radiocarbon Conferences, we publish special issues that focus on particular themes. Organizers
interested in such arrangements should contact the Managing Editor for information.

Our regular issues include NOTES AND COMMENTS, LETTERS TO THE EDITOR, RADIOCARBON UPDATES and
BOOK REVIEWS. Authors are invited to extend discussions or raise pertinent questions regarding the results of investigations that have appeared on our pages. These sections also include short technical notes to disseminate information concerning innovative sample preparation procedures. Laboratories may also seek assistance in technical aspects of radiocarbon
dating. We include a list of laboratories and a general index for each volume.

Manuscripts. When submitting a manuscript, include three printed copies, double-spaced, and a floppy diskette, singlespaced. We will accept, in order of preference, FrameMaker, WordPerfect, Microsoft Word, or any standard word-processing
software program on 31h" IBM disks, or high-density Macintosh diskettes. We also accept e-mail and ftp transmissions of
manuscripts. Papers should follow the recommendations in INSTRUCTIONS TO AUTHORS (1994, Vol. 36, No. 1). Offprints of these guidelines are available upon request. Our deadlines for submitting manuscripts are:

For

Date

Vol. 41, No. 1, 1999
Vol. 41, No. 2,1999
Vol. 41, No. 3, 1999

September 1, 1998
January 1, 1999
May 1, 1999

Half-life of 14C. In accordance with the decision of the Fifth Radiocarbon Dating Conference, Cambridge, England, 1962, all
dates published in this volume (as in previous volumes) are based on the Libby value, 5568 yr, for the half-life. This decision
was reaffirmed at the 11th International Radiocarbon Conference in Seattle, Washington, 1982. Because of various uncertainties, when 14C measurements are expressed as dates in years BP, the accuracy of the dates is limited, and refinements that take
some but not all uncertainties into account may be misleading. The mean of three recent determinations of the half-life, 5730
40 yr, (Nature, 1962, Vol. 195, No. 4845, p. 984), is regarded as the best value presently available. Published dates in years
BP can be converted to this basis by multiplying them by 1.03.
AD/BC Dates. In accordance with the decision of the Ninth International Radiocarbon Conference, Los Angeles and San
Diego, California, 1976, the designation of AD/BC, obtained by subtracting AD 1950 from conventional BP determinations is
discontinued in RADIOCARBON. Authors or submitters may include calendar estimates as a comment, and report these estimates
as cal AD/Bc, citing the specific calibration curve used to obtain the estimate. Calibrated dates should be reported as "cal BP"
or "cal AD/BC" according to the consensus of the Twelfth International Radiocarbon Conference, Trondheim, Norway, 1985.

Measuring 14C. In Volume 3, 1961, we endorsed the notation A, (Lamont VIII, 1961), for geochemical measurements of 14C
activity, corrected for isotopic fractionation in samples and in the NBS oxalic-acid standard. The value of 614C that entered
the calculation of A was defined by reference to Lamont VI, 1959, and was corrected for age. This fact has been lost sight of,
by editors as well as by authors, and recent papers have used 814C as the observed deviation from the standard. At the New
Zealand Radiocarbon Dating Conference it was recommended to use 814C only for age-corrected samples. Without an age
correction, the value should then be reported as percent of modern relative to 0.95 NBS oxalic acid (Proceedings of the 8th
Conference on Radiocarbon Dating, Wellington, New Zealand, 1972). The Ninth International Radiocarbon Conference, Los
Angeles and San Diego, California, 1976, recommended that the reference standard, 0.95 NBS oxalic acid activity, be normalized to 813C = -19%.
In several fields, however, age corrections are not possible. 614C and A, uncorrected for age, have been used extensively in
oceanography, and are an integral part of models and theories. Thus, for the present, we continue the editorial policy of using
A notations for samples not corrected for age.

RADIOCARBON is

indexed and/or abstracted by the following sources: Anthropological Index; Anthropolog-

ical Literature; Art and Archaeology Technical Abstracts; Bibliography and Index of Geology (GeoRef);
Biological Abstracts; British Archaeological Bibliography; Chemical Abstracts; Chemistry Citation Index;
Current Advances in Ecological and Environmental Sciences; Current Contents (ISI); Geographical
Abstracts; Geological Abstracts; Oceanographic Literature Review; Science Citation Index; Social Sciences Citation Index.

At the Rafter Radiocarbon Laboratory we have been
successfully meeting the test of time for more than 45 years
Atholl Rafter established the laboratory in 1952. Today, using Accelerator Mass
Spectrometry, we carry on the tradition of excellence that Athol Rafter began.

At Rafter we understand what our clients expect - accurate dating,

at competitive rates and superior turnaround times and service.
Recent work undertaken by our team of multi-disciplinary scientists includes:

improving methods for contaminant removal in textile dating
refining paleodietry studies
improving techniques for pollen dating
overcoming marine shell dating problems.
The Rafter Radiocarbon Laboratory has an international reputation for accurately
dating a wide range of organic materials, sediments, textiles, bone, ivory, paper,

wood, parchments, charcoal, shell, foraminifera and peat.
We also offer a wide range of archaeometric services that include stable isotope

measurements

03C, a15 N, a'80), amino acid profiles, PIXE/PIGME, X-ray

diffraction, petrology and palynology.

For accurate dating and analysis results that will stand the test of time,
talk with Dr Rodger Sparks at the Rafter Radiocarbon Laboratory
about your next project.

Rafter Radiocarbon Laboratory
Institute of

GEOLOGICAL

& NUCLEAR

SCIENCES
Limited

Institute of Geological & Nuclear Sciences Limited
PO Box 31312, Lower Hutt, New Zealand
Telephone: 64 4 570 4671

Facsimile: 64 4 570 4657

Email: r.sparks@gns.cri.nz

http://www.gns.cri.nz/nuclear/c14/rr labl.htm

