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FROM THE EDITOR
We at RADIOCARBON have launched a new online journal: RADIOCARBON DATE LISTS.
sion is available without charge on the Internet at <http://packrat.aml.arizona.edu/dateli
________
where you will also find information on subscription price and submission of date lists. Please have
a look at this initial effort, provide us feedback, and let us know if you can contribute.

This journal was established to fill the void left when RADIOCARBON began publishing only research
articles. RDL has an ISSN, and can be referenced as any other peer-reviewed publication.
We are
grateful for assistant editor David Sewell's work in creating a format for the new venture.
This effort will continue only if those of us who produce dates will submit them to this medium.
In
addition to the normal radiocarbon dates, this would be an ideal repository for continuation of
the
soils 14C data begun in the forthcoming special Soils Issue. As we could find no funding agency
(NSF, DOE, NASA) willing to support the soils database, we must do it collectively. That is, the
followup to the Soils Issue could be regular submission of soil radiocarbon data to this new journal.

An increasing proportion of radiocarbon dates produced are not published or otherwise made public,
despite the fact that most labs now maintain their own databases of dates. Ideally this situation
should be changed; perhaps further discussion of ways and means would be appropriate at the 16th
International Radiocarbon Conference in Groningen next year. (See the back of this issue for
a
nntice of that conference.)
Austin Long
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From the Editor

ERRATA
In Volume 37, Number 1, 1995, an accent was incorrectly added to Tomasz Goslar's name in two
articles. The correct citations are:
Tomasz Goslar, Maurice Arnold and Mieczyslaw F. Pazdur. "The Younger Dryas Cold Event
Was it Synchronous Over the North Atlantic Region?" (p. 63-70).

Irena Hajdas, Georges Bonani and Tomasz Goslar "Radiocarbon Dating the Holocene in the
Go§ciq Lake Floating Varve Chronology" (p. 71-74).
14C
In Volume 37, No. 2, 1995, the article "Reduction in Backgrounds of Microsamples for AMS
Dating" by D. L. Kirner, R. E. Taylor and J. R. Southon contains typographical errors involving the
confusion of mg and µg. The correct text follows:

Page 697, line 4 (abstract): "...14C background values catalytically reduced graphitic carbon
samples of 500 µg or less..."
Page 697, line 22: "We define microsample as any sample containing <500 µg of graphitic carbon."

Page 699, beginning with line 2 (four corrections): "Using anthracite coal as source material,
their data indicated a constant level of contamination of samples >500 µg, but showed a general
trend in which the measured 14C increased as a function of the decreasing sample weight below
500 µg. For samples >500 µg, the average total system background was ca. 0.5 pMC, which is
14C activity..."
equivalent to ca. 43 ka BP. Below 500 µg, the best fit of the
14C activity in
Page 699, beginning four lines from the bottom of the page: "...we examined the
graphic carbon samples ranging from 10 to 1000 µg."
Page 701, line 6: "...and ca. 12 Torr for a 10 µg sample..."
Page 702, line 6: "...the resulting graphitic carbon ranging from 10 to 1000 µg."
Page 702, line 8: "Our 1-mg Pliocene wood mean..."
The Editors regret the errors.
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IMPROVED RADIOCARBON AGE ESTIMATION USING THE BOOTSTRAP
AMIR D. ACZEL

Department of Mathematical Sciences, Bentley College, Waltham, Massachusetts 02154
USA
ABSTRACT. This paper proposes the use of the statistical bootstrap technique
as an aid in combining radiocarbon date estimates. The rationale for the use of the bootstrap is the theoretical result that,
even if individual date estimates are normally distributed, their combination by the usual formula results in a random quantity
that is not normal but rather a mixture of
distributions. The bootstrap is a non-parametric, computer-intensive technique.
This technique can better estimate the actual
distribution of the combined age, leading to more precise confidence intervals.
While the bootstrap cannot solve the multipleintercepts problem in calibration, it can nonetheless lead to better estimates.
The benefits of using the bootstrap are especially
noticeable when sample sizes are small (as is the case in other applications of this
technique).

INTRODUCTION

The current approach to the combination of radiocarbon age estimates is described
in Ward and Wilson (1978). The "Case P" situation discussed in that article involves separate
estimates of the age of
the same item. This provides the authors with the justification for suggesting that
(once achi-square
criterion is satisfied) estimates and their standard errors be combined into a single age
estimate.

The methodology assumes n age estimates and standard errors, A; ± E; (i =1, ...
, n), which are combined as follows:
Ap =

(1)

V(A) = (1/E2)-1

(2)

where Ap is the pooled age estimate and V(A) is its variance.
Even if all the separate A; are exactly normally distributed, the statistic A is
not. The reason for this
is that the standard errors, E;, are themselves random variables. The quantity
'
Ap in Equation (1) is
distributed as a mixture. Therefore, using a normal distribution in setting confidence
limits for the
14C age as suggested
by Ward and Wilson (1978) is inaccurate. The statistic in (1) does, however,
enjoyy desirable properties of estimators. It is derived as a combination of estimates
that is optimal in
some sense-it is the result of solving a particular integral equation. This makes the solution,
A,p an
M-estimate (see Serfling 1980: 243).

Arcones and Gine (1992) showed that the distribution of M-estimates may be estimated
well by the
bootstrap method (Efron 1979. They proved the convergence of the bootstrap distribution
of an Mestimate to the actual, unknown distribution of the statistic. The bootstrap
does not require the
assumption of normality, or any other parametric assumption, and can be estimated
with high accuracy using a computer. This provides an excellent alternative method for combining 14C
age estimates. I form the combination of age estimates from various sources as indicated by
Equations (1)
and (2). Then, instead of assuming a normal distribution for Ap, I bootstrap the statistic.
As I show
here, the results can be promising. I describe the bootstrap method below and apply it 14C
to
datin g
in two well-known cases, showingg that the bootstrap-derived confi dente intervals
are narrower than
the ones obtained by incorrectly assuming a normal distribution.
845
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THE BOOTSTRAP METHOD

have
The bootstrap (Efron 1979), makes use of the tremendous advances in computing power that
data,
limited
taken place in recent years. The idea is to resample a large number of times from our
which
plotted,
each time recomputing the value of the statistic of interest. Then a histogram may be
proceallows one to actually "see" a close estimate of the sampling distribution of the statistic. The
The
normality.
dure is non-parametric, and its validity does not rely on special assumptions such as
estithe
for
bootstrap-estimated distribution can then be used in constructing confidence intervals
bootstrap
mated parameter, or in other statistical inference. Since its inception, the popularity of the
artihas been increasing dramatically (Kempthorne et al. (1991) counted over 360 bootstrap-related
method's
the
on
cles in the statistical literature in the last few years). Reports of surprising results
accuracy and versatility have been published (Bickel and Freedman 1981; Singh 1981; Efron 1982;
Efron and Tibshirani 1986; Hall 1988). The bootstrap is a relatively new technique and questions
have been raised about its use. Many of these questions, however, have been answered in a positive
way as new theory becomes available confirming the method's usefulness. An excellent reference to
bootstrap applications and theory is the book by Efron and Tibshirani (1993). Issues of bootstrap
theory are addressed in the book by Hall (1992).
Given a set of n data points, x1, x2, ... , xn, one first forms the empirical distribution of these data.
some
The only assumption one needs is that the data are independently and randomly chosen from
population
this
common
population with an unknown distribution F(x). One attempts to estimate
distribution by the empirical distribution of the data, P(x). The empirical distribution is defined as
that probability distribution that assigns a probability of 1/n to each one of the n data points. It can
be shown that P(x) is the maximum likelihood estimate of the actual, unknown population distribution F x . In this sense, P(x) is the best estimate of F(x) and sampling from the distribution P(x)
should closely resemble sampling from F(x). Sampling from P(x) means resampling, with replacement, from our data set x1, x2, ... , xn.
The resampling is done many times, B. Typically, B is from 200 to 1000, even more. Each time I resample from the original sample of n observations, I select a random sample of size n with replace8,
ment. If n = 4 and our original observations are 8, 5, 13, 9, a bootstrap sample may consist of 13,
9, 9, or 8, 5, 5, 13, or a similar set of four numbers randomly chosen with replacement from the original data. A bootstrap sample is indicated by *. Given a statistic of interest, T, one computes the
value of the statistic from each of the B bootstrap samples. This leads to the bootstrap distribution
of the statistic, the distribution of T*.
The cumulative bootstrap distribution of a statistic, T, is:
G(t) = P (T*

s t) = #(bootstraps s t) / B.

(3)

The bootstrap distribution of T can be shown to be an excellent estimate of the actual sampling distribution of the statistic. The bootstrap distribution may be used in inference. If T is an estimator of
using the
a population parameter, 0, then a (1-2a)100% confidence interval for 0 can be obtained
for setprocedure
non-parametric
usual
percentile method (Efron 1982). This is done following the
distribution.
the
of
end
each
at
a
probability
ting confidence intervals by cutting off an accumulated
Using the cumulative bootstrap distribution defined in Equation (3), a (1-2a)100% confidence
interval for 0 is
[G-1(a), G-1(1-a)]

.

(4)

Improved 14C Age Estimation Using the Bootstrap
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The results of Arcones and Gine (1992) on V/n-consistency of the bootstrap for M-estimates
allows
for using the bootstrap in estimating the distribution of the combined 14C age statistic,
A.
In formingg
combined statistic, as given in Equation (1), one must use pairs of estimates: (A;, E;).
The n
pairs are resampled B =1000 times, each time computing the value of A from the
n new pairs. This
provides 1000 values of the combined statistic. I then produce a histogram of these
values obtaining
the bootstrap distribution of A*. Finally, I use Equation (4) to compute confidence intervals
for the
14C age.
The accuracy of bootstrap computations can be improved. Efron (1982) offers a step
in this direction
by introducing the idea of bias correction. Efron (1987) offered an even finer advance
in which he
discusses confidence intervals that account for "acceleration". Another area of extension
of the
bootstrap approach may be a Bayesian bootstrap, where age estimates are resampled
with probability inversely proportional to their standard deviations and computed with a
simple (rather than
weighted) average of these estimates.
DATING THE THERA ERUPTION
14C dating

the eruption of the Thera volcano in the Aegean has received much attention recently. At
the heart of the debate is the apparent disagreement of 14C results with the accepted
Late Minoan
chronology, which places the eruption about a century earlier than the 14C dates (Aitken
1988).
Michael and Betan court (1988:172) present a table of nine calibrated 14C dates.
The dates, in years
BC, are 1521, 1606, 1628, 1615, 1622, 1681, 1615, 1642 and 1642.
The standard errors reported in
the table are very uniform, at ca. 50 yr each.
I use these data in constructing the statistic Ap and carrying out a bootstrap
estimation of its sampling distribution. Note that the bootstrap replaces both the normal distribution and
the estimated
variance as given in Equation (2). Because in this case the standard errors are roughly equal,
we may
ignore them in bootstrapping the statistic in Equation (1). Using the standard errors
as weights or not
using them leads to the same results. The distribution of 1000 bootstrap replicates of
the statistic is
shown in Figure 1. The resulting 95% confidence interval for the actual date of the eruption
using
the percentile method is only slightly wider than the one-sigma (1-a) interval reported
in Michael
and Betancourt (1988); a 2-a interval (required for 95% under the normal assumption)
would be
much wider than the result obtained by the bootstrap. Note the skewness of the
bootstrap distribution, which provides another argument against using the normal (or any symmetric)
distribution in
this case.
DATING THE SHROUD OF TURIN

Damon et al. (1989) reported the results of 14C dating of the Shroud of Turin. Samples
of the Shroud,
along with three control samples, were analyzed by the laboratories of Arizona, Oxford
and Zurich.
I treat the Sample 1(Shroud) results reported by the three laboratories
equally. This gives the following 12 pairs of observations (mean age BP, standard error), from Table 1 of Damon et
al. (1989):
(591,30), (690,35), (606,41), (701,33), (795,65), (730,45), (745,55), (733,61), (722,56),
(635,57),
(639,45), (679,5 1). These data were transformed using the Pearson and Stuiver (1986)
curve, the
error in the calibration curve incorporated in the standard errors. Wherever multiple
intercepts
occurred in the calibration curve, the earliest date was chosen (thus giving the null
hypothesis of
authenticity the "benefit of the doubt"). I recognize, of course, that the bootstrap
cannot solve the
serious difficulties caused by multiple intercepts in the calibration curve.
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Fig. 1. Thera eruption date bootstrap distribution

The transformed data pairs were bootstrapped 2000 times (for improved precision) using the method
described above. Figure 2 shows the resulting bootstrap distribution histogram. Each column in the
histogram represents a single year. A 95% confidence interval for the date of the Shroud can be read
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from the histogram as AD 1283-AD 1295. The interval is much narrower than that reported by
Damon et al. (1989: Table 3) of AD 1262-1312,1353-1384. Although the right endpoint may
be
closer to the center due to ignoring multiple intercepts to the right, the much more important left
endpoint of the confidence interval is also tighter-by >20 yr. From the histogram, one can
also
observe a zero empirical (bootstrap) probability that the Shroud was created earlier than AD 1280.
CONCLUSION

The bootstrap offers many advantages as an alternative method for combining 14C dates. T\vo examples were given in this article; hopefully other researchers will try the method and provide further
evidence. For the calculations, a simple computer will suffice, even a hand-held programmable calculator may perform the required computations; thus, some quick estimates could be performed
in
the field. The code required by the bootstrap is minimal (<50 commands were necessary to perform
the analyses discussed here).
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COMPARING 14C HISTOGRAMS;' AN APPROACH BASED ON APPROXIMATE
RANDOMIZATION TECHNIQUES
TOM DYE

Historic Preservation Division, Department of Land and Natural Resources, 33 South King Street,
Honolulu, Hawaii 96813 USA
ABSTRACT. An approximate randomization technique for comparing 14C histograms is described and illustrated
with an
example from Hawaii. The technique determines intervals of significant difference in the histograms,
rather than providing
a single number summary.

INTRODUCTION

Techniques for constructing histograms from a suite of radiocarbon dates range greatly in sophistication and the ease with which they can be constructed. At the simple end are histograms of the frequencies of conventional 14C ages per suitably chosen interval of the 14C time scale. More sophisticated techniques take into account the standard deviations of the 14C ages, express the results on the
calendar time scale and employ some mechanism for minimizing the effects on the histogram of
fluctuations over time in the production of 14C, which manifest themselves as wiggles in the calibration curves (Stolk et al. 1994).
When the criteria for including 14C dates in a suite are chosen suitably, variations in the height of the
14C histogram constructed
from the suite can be interpreted as changes in the intensity of a cultural
trait. Rick (1987) provides a good explanation of the factors involved in selecting 14C dates to investigate population change and his discussion can be generalized to other situations. In principle, it is
possible to compile 14C date suites to investigate a wide variety of natural and cultural phenomena.
Examples include population change (Rick 1987; Dye and Komori 1992; McFadgen, Knox and
Cole 1994), the spread of agriculture (Allen 1992) and the evolution of settlement patterns and land
use (Streck 1992; Williams 1992; McFadgen, Knox and Cole 1994).
Most of these studies have interpreted patterns in individual 14C histograms as reflecting the direction and pace of cultural change, but there is a growing interest in comparing histograms to gain
insight into systemic relations between cultural traits over time (Williams 1992; Dye 1994). Indications of differences in the shapes of 14C histograms are easy to identify through visual comparison,
and this is often a useful first step in an exploratory data analysis. At some point in most analyses,
however, it is useful to move beyond indication to determine whether or not observed differences are
significant (Mosteller and Tukey 1977). Traditional techniques for comparing histograms, based on
the chi-square distribution or the Kolmogorov-Smirnov test, yield a single measure that indicates
whether two curves are significantly different, but they do not specify where significant differences
occur. It is this information that is potentially most important in interpretation.
I present here an approximate randomization method for determining if the observed differences

between two 14C histograms are significant, or if they are due to chance factors associated with sample size. After the approximate randomization technique and its application to the determination of
differences in 14C histograms is discussed, the technique is illustrated with a worked example from

Hawaii.

1"Histogram" is established in the literature as the term that describes a fairly wide variety of graphical displays that show the
distribution of a 14C date suite over time. A proposed revision of terms is under discussion (Stolk et aL 1994:1, note 1).
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RANDOMIZATION TECHNIQUES

Approximate randomization techniques take their name from the fact that their results approximate
those of the preferred exact randomization techniques (Noreen 1989). An exact randomization test
generates the distribution of the test statistic by calculating its value for all permutations of the data,
then compares the actual value of the test statistic with this distribution. An actual value of the test
statistic that falls near a tail of the distribution is unlikely to result from chance factors alone, and so
is significant. Unfortunately, exact randomization tests are only practical for small data sets and cannot approach problems the size of the example below. There are 75! permutations of the example
data, a number so large that calculating the test statistic this many times is a task well beyond the
capability of the most powerful computers of the present and foreseeable future. In cases such as
this, the distribution of the test statistic can be approximated by a large number of randomly chosen
permutations and the actual value of the test statistic compared with this approximate distribution.
In this way, approximate randomization techniques can yield useful results with a modest amount of
computing effort.

An appealing feature of randomization techniques is that any test statistic can be used, and the analysis is not limited to a test statistic whose distribution is known, or assumed to be known, beforehand. In practical terms, this means effort can be spent identifying the test statistic that makes the
most sense in a particular situation, rather than in complex derivations of statistical distributions. In
the case of comparing 14C histograms, the choice of a test statistic can be guided by the research
question under consideration and can vary from one instance to another. Because a test statistic is a
single-valued function of the data (Noreen 1989), the application of approximate randomization
techniques to the comparison of 14C histograms requires that the statistic be computed at several
points. The distance between the points at which the statistic is computed determines the precision
with which intervals of significant difference between histograms can be identified. In the example
14C histograms overlap; computbelow, the test statistic is computed at each calendar year that two
ing the test statistic at 10-yr, 50-yr or other intervals would produce identical results at the tested
points, but would reduce the precision with which intervals of significant difference are identified.
Although the test statistic is computed many times for each permutation of the data, in the example
below the test statistic is chosen so that its calculation at each year is independent of the statistic at
other years.
IMPLEMENTATION

The implementation here generally follows Noreen (1989), who provides a useful source code in
Basic, Pascal and Fortran. Figure 1 provides a schematic illustration of the technique. The basic data
are two conventional 14C date suites, z = (z1 ± Ql, z2 ± 02, ..., Zm ± Gm) and y = (y1 ± Ql, Y2 ± q2,
yn ± as), selected such that z and y both relate to phenomena of interest (Fig. 1B). For convenience,
their union is denoted as w = z U y. Calibrated histograms constructed from z and y take the general
form H = (xb xt+1, ..., x,1), where t is a date on the calendar time scale, and x is an expression of
intensity (Stolk et al. 1994). Calibration makes use of a calibration curve, µ(8), in which values
intermediate between the knots on the bidecadal atmospheric curve (Stuiver and Pearson 1993) or
the marine curve (Stuiver and Braziunas 1993) are interpolated with a cubic spline function, and
which might be smoothed (Tornqvist and Bierkens 1994). This results in calibrated histograms Hz =
f(zu(6)) and Hy = f(y, µ(8)) (Fig. 1C).
To compare the shapes of Hz and Hy independent of the suite sizes m and n, the histograms are normalized so that the sum of the; is equal to unity. The actual test statistic, v = (Hze Hi), is then com-
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puted for each common value of t,
of elements in r (Fig. 1D).
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Fig. 1. Schematic illustration of the approximate randomization technique for comparing two 14C
histograms. The
left panel shows the original data, the middle panel shows the first shuffle, and the right panel shows
the last shuffle.
A. Shuffle counter. B. Original (y, z) and simulated (,y, z) 14C date suites. The individual 14C dates are
shown in
abbreviated form; y1= y, ± O, etc. C. Calibrated histograms; Hy solid line,
=
Hz = dashed line. The x-axis shows
years 0, 1, and 2. D. The actual (v) and simulated (v*) test statistics for years 0, 1, and 2. E. Estimated
significance
of the actual test statistic. The 0 values in the left panel indicate no estimate of significance. In the right
panel the
actual statistic at year 0 is significant at a < 0.05.

The distribution of v at each r is approximated through repeated application of a procedure known
as shuffling (Noreen 1989). Shuffling yields two simulated samples, _ (z'1 ±
&1i z 2 ± Q,
z'm
s,
± 0m) and y = (y 1 ± Q 1, yi2 ± Q12,..., y n ± Q,,),
where z i is constructed by randomly selecting m
14C dates from
w = z U y, and y+ is assigned the remaining n 14C dates (Fig. 1B). Histograms, H"
=
f(z ,u(8)) and H'y = f(y*, ,u(8)) (Fig. 1C), are made from the shuffled samples, and a simulated test
statistic, v` = f(H`z1i HPy) is calculated for each t E r, yielding vi = (vii, Vr+1,..., V*r+) (Fig. 1D).
This shuffling procedure is repeated s times yielding V` = (v'1, v,..., v') where a sufficiently large
2
value of s is chosen to ensure that the V`, approximate the permutation distributions of the test statistics.

f

,

The significance of the actual test statistic, t, is assessed by calculating the proportion of V`, 2

k=1

v
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where

f V*kr Z Vkr
O if V*kr < Vkr
1

Jk =

1

(2)
.

This yields ti = ('Cr, Cr+1, ..., tr+p) (Fig. 1E). How well 'Cr approximates the exact significance can be
assessed with a confidence level, 4, the derivation and calculation of which is described by Noreen
(1989).
AN EXAMPLE FROM HAWAII

In the late 1980s, earth-moving during construction of a highway produced a 3-km-long, 100-mwide stratigraphic "trench" through the inland portion of the traditional land division of Kane`ohe
on the island of Oahu (Williams 1992). Revealed in this trench at depths from 10-150 cm below
surface were 107 traditional Hawaiian habitation and agricultural features that had been buried by
sediments eroded from the steep mountain slopes above, a depositional event tied to the introduction
of grazing herbivores in the late 18th century. A total of 7514C dates was processed from 12 habitation features and from 27 agricultural features of three types. The 30 dates from habitation sites were
collected from earth ovens, hearths or occupation layers within formal domestic features such as
stone platforms, terraces or pavements. The 45 agricultural dates include: 14 dates from charcoal
flecks picked out of pondfield soils; 13 dates from dispersed charcoal within non-irrigated garden
features or colluvial sediments; and 18 dates from isolated earth ovens interpreted by the excavator
as having been used by cultivators as they worked their fields.

One goal of Williams' analysis was to chart the history of traditional Hawaiian land use in inland
Kane`ohe leading up to the establishment of the Contact-era settlement pattern, in which permanent
habitations were dispersed among agricultural fields. The theoretical importance of permanent
inland settlement was pointed out by Hommon (1976,1986), who recognized it as a precondition for
the development of the traditional Hawaiian land and social division called the ahupua`a. The ahupua`a community differed from analogous groups elsewhere in Polynesia at the time of European
contact, and is assumed to have developed its unusual form in Hawaii. This involved: 1) the devel2)
opment of ephemeral kindreds out of the corporate descent groups characteristic of Polynesia;
3)
traditional
the
of
establishment of a marked social and economic self-sufficiency; and a rupture
kinship relationship between chiefs and commoners. Hommon theorized that the physical manifestation of these interrelated processes was the establishment of social networks along a primary
coastal/inland axis from a previous pattern of integrated coastal communities. Thus, the development of several important features of Contact-era Hawaiian society might be traced by the progress
of inland settlement.
Although the 14C dates collected by Williams do not constitute a formal random sample of traditional Hawaiian habitation and agricultural features in the inland portion of Kane`ohe, it is difficult
to identify any systematic bias in their collection. The path of the highway was determined by modern political and engineering considerations very far removed from the topographic features that
shaped the traditional Hawaiian landscape of the region. The archaeologist attempted to date a large
number of each type of feature, and was not biased in the choice of samples by considerations of
their likely antiquity. Thus, with respect to the research questions concerning the nature and timing
of inland settlement in Kane`ohe, the data are likely to be unbiased.
Visual comparison of the shapes of the 14C histograms for habitation and agricultural dates (Fig. 2)
shows that they are different over most of the x axis. The habitation histogram shows an early rise
ca. AD 800 caused by a single 14C date that is >40014C yr older than the next oldest date. This outlier
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might be due to the inbuilt age of the sample. Very little data exist on the maximum
ages of forest
species in Hawaii, and old wood is a potential problem for all archaeological samples
that are not
selected from species known to be short-lived, from twigs or small sticks, or from
the outer rings of
trees (McFadgen 1982). At ca. AD 1200, the histogram begins its rise to a peak in
the early 15th century, after which a very modest first-order increase occurs. The agriculture
14C-date suite also contains outliers, but these are too old to show on the histogram (Fig. 2). The agriculture
histogram
begins to rise ca. AD 1000, peaks sharply at ca. AD 1400, declines rapidly for a century,
then more
slowly over the next 300 yr. Williams' analysis of these histograms focused on
the indications that
burning associated with agriculture began earlier than the evidence for habitation, and
that the two
histograms showed opposite trends in the late prehistoric period, with agriculture
declining while
habitation increased. He concluded that increased use of upland Kane`ohe for agriculture
and cooking at isolated earth ovens began ca. AD 1000 and was followed 150-200 later
yr
by the establishment of habitation sites (Williams 1992). He also concluded that the evidence for the relative
decline
of agricultural and isolated cooking activities after ca. AD 1450 (the agriculture histogram actually
reaches its maximum value in AD 1418) was due to a decline in biomass after the virgin
forest was
cleared, and to the abandonment of garden ovens after habitations were established nearby
(Williams 1992); there is no evidence that the practice of agriculture declined.

Habitation sites

- -

Agricultural sites
Significance <0.1

800

1000

1200

1400

1600

1800

Calendar Year
Fig. 2.14C histograms for habitation and agricultural activities from inland Kane`ohe
ahupua`a, normalized so that the
area under each histogram is unity and calibrated using Stuiver and Pearson (1993). Periods
over which the curves are
significantly different (0.1, 4 > 0.95) are marked by the heavy horizontal line.

COMPARING THE SHAPES OF 14C HISTOGRAMS FOR HABITATION AND AGRICULTURE

The goal of the present analysis is to determine whether the indications of differences upon which
Williams based his conclusions are, in fact, significant, or whether they might be due to chance
factors associated with sample size. The first step is to choose an appropriate test statistic, one that
cap-
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tures the differences that Williams believed to be important. For the first interval (1000,1200), the
choice of a test statistic is fairly straightforward. The relative intensity of the agriculture histogram
would
is greater than the habitation histogram over the entire interval and the pertinent question
seem to be whether the differences between the histograms are great enough to be significant. Thus,
an appropriate test statistic is simply the difference between the intensities, H-H
An appropriate test statistic for the second interval (1418,1850) is more difficult to choose because
the salient characteristic singled out by Williams is the first-order decline of the agriculture histogram relative to the habitation histogram. One possible test statistic is the difference in the annual
rate of change, but the histograms show relatively large second-order fluctuations, and these would
likely mask the first-order trend. A better choice of test statistic stems from the observation that for
the relative decline to be significant, the histograms must show a significant difference either in the
than
early portion of the interval, when the relative intensity of the agriculture histogram is greater
the
of
intensity
relative
the
the habitation histogram, and/or in the late portion of the interval, when
no
is
there
then
interval,
the
habitation histogram is greater. If there are no significant differences in
habitation
the
to
relative
declined
basis for the claim that the intensity of the agriculture histogram
histogram. Thus, the difference between the intensities, H-H, can be used as a test statistic in this
situation as well.

The agriculture and habitation histograms were compared following the procedure outlined above,
with the number of shuffles, s = 999. The four intervals that are significantly different at the 0.1
level, with 4 >0.95, are marked by the bold horizontal line segments in Figure 2. They are (1001,
1225) and (1430,1434), where the agriculture intensity is greater than the habitation intensity, and
(1674,1748) and (1799,1850), where the habitation intensity is greater.
These significant intervals can be interpreted to support Williams' conclusions. The inference that
habitation lagged agricultural use of the region by 150-200 yr is supported by the first interval of
significant difference, which shows that the relatively early rise of the agriculture histogram is not
due to sampling error, but instead is a pattern in the archaeological record. Williams assumed that
this pattern was due to changes over time in the use of the region, but it is worthwhile to point out
that it could also be due to the effects of dating "old wood." If there were some systematic difference
in the woods used for burning in the fields and at home, then it is possible that activities occurring
at the same time could produce histograms similar to those in Figure 2. This might happen, for
instance, if firewood was selected by size, such that the largest logs with the oldest heartwood were
left in the fields where they were burned, whereas the smaller branches, more easily transported,
were taken home for firewood. This is a potential problem that can be resolved in the future through
more careful characterization and choice of dating materials.
The inference that agricultural and isolated cooking activities declined relative to habitation activities after AD 1450 appears to be supported by the last three intervals of significant difference. The
intensity of the agriculture histogram is significantly greater than that of the habitation histogram in
the brief interval (1430, 1434). The decline of the agriculture histogram brings its relative intensity
below that of the habitation histogram at 1484. This difference becomes significant over the interval
(1674, 1748), when the relative intensity of the habitation histogram is significantly greater than the
agriculture histogram for the first time. This is followed by a 51-yr period during which there is no
significant difference between the histograms. The histograms are again significantly different over
the last 41 yr (1809,1850). In general, these three significant intervals indicate that agricultural
clearing and the use of garden ovens did decline relative to the use of habitations, but each of the
intervals is relatively short, with none of them >75 yr. This is a cause for concern because it is well
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known that the intensity of 14C histograms can fluctuate due to wiggles in the calibration curve
(Stolk et a1.1994; Torngvist and Bierkens 1994). Do the intervals produced by the approximate randomization technique reflect wiggles in the calibration curve?

How SMOOTH SHOULD CURVES BE FOR COMPARING 14C HISTOGRAMS?
A. practical test of this question was devised using the smoothed calibration curves developed by

Torngvlst and Bierkens (1994). The example data were calibrated with five different smoothed
curves, including 10-, 20-, 40-, 80-, and 160-yr smooths, and then compared using the approximate
randomization technique, as above. In Figure 3, I compare the significant intervals yielded by these
tests with the four significant intervals yielded by the original test. The first and second intervals of
significant difference (1001,1225) and (1430, 1434) change very little with different calibration
curves. The beginning of the first interval varies by only 6 yr and the end by only 31 yr. The second
interval grows slightly with the smoother curves, reaching a maximum of 15 yr, and moves up to 30
yr later. These differences are so small that they are very unlikely to have an effect on interpretation.

smol60.dat
smo80,dat
smo40.dat
smo20.dat

smol0.dat
atm20.14c
800

1000

1200

1400

1600

1800

Calendar Year
Fig. 3. Comparison of significantly different (0.1, 4 >0.95) intervals of the histograms using calibration curves with
different degrees of smoothing. The curve atm20.14c is an unsmoothed curve (Stuiver and Pearson 1993). The other
curves
(smol0.dat, etc.) are distributed with the CALHIS program (Stolk et a1.1994).

The other intervals show more pronounced differences. The 51-yr gap between the 3rd and 4th significant intervals shrinks to 25 yr in the histograms produced with the 10-yr smoothed curve, then
disappears altogether, yielding a single interval that varies from (1677,1850) in the histograms produced with the 20-yr smoothed curve to (1760,1850) in the histograms produced with the 160-yr
smoothed curve. The relatively large differences in the beginning of the interval with the very
smooth curves appear to be due to boundary effects associated with the end of the calibration curve,
and should not pose a problem with suites of older dates. Although the differences in these intervals
are relatively large, they are unlikely to have an effect on interpretation. Even the histograms produced with the 80- and 160-yr smoothed curves, which differ most markedly from the histograms
produced with the unsmoothed curve, show the same basic pattern of significant intervals, and the
greatest differences are due to boundary effects, rather than to the effects of the smoothing per se.
The choice of a calibration curve appears to have fairly small effects on the comparison of 14C histograms. Intervals of significance or insignificance shorter than ca. 50 yr might be due to wiggles in
the calibration curve. The use of calibration curves with a 20-yr smooth or greater can remove these
shorter intervals. Clearly, intervals this short should not be overinterpreted. Oversmoothed curves
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can introduce boundary effects in histograms of relatively late date suites, but should not pose a
problem for the comparison of older date suites.
14C histograms can also lead to addiDetermination of intervals of significant difference between
tional avenues of interpretation. Figure 4 shows a finished plot of the example data produced using
a 40-yr smoothed calibration curve, which yields three intervals of significant difference. Several
interpretations of this figure are possible. One cultural interpretation might posit three periods in the
colonization of inland Kane`ohe ahupua`a defined by the two long intervals of significant difference
and the interval of insignificant difference between them. The first period, from the beginning of the
11th century through the early 13th century, appears to reflect the clearing of native forest for agriculture with little or no associated habitation. Presumably, the farmers lived at the coast and walked
to work in their fields, where they cooked occasional meals in isolated earth ovens. This was followed in the mid-13th through mid-17th centuries by a period during which habitations were established among gardens whose boundaries slowly became fixed and in which the clearing of new
lands eventually declined. The Contact-era settlement pattern, and by inference the self-sufficient
ahupua`a community, was in place by the late 17th century, after a 600-yr period of development.

-

800

Habitation sites

- Agricultural sites
Significance <

1000

0.1

1200

1400

1600

1800

Calendar Year
Fig. 4. Comparison of 14C histograms for habitation and agricultural activities from inland Kane`ohe ahupua`a. The
histograms were constructed following the procedure outlined by Torngvist and Bierkens (1994), using the 40-yr
smoothed calibration curve. Significant differences (0.1, 4 >0.95) are shown by the heavy horizontal line.

CONCLUSION

Approximate randomization techniques appear to be a useful tool capable of moving a comparative
analysis of 14C histograms from the level of indication to determination. Determining intervals of
significant difference with an appropriate test statistic provides an objective foundation for comparing 14C histograms and guards against overinterpretation of histograms constructed from small date
suites. Use of a calibration curve with a moderate amount of smoothing reduces the occurrence of
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short intervals of significance and insignificance, which should be interpreted with caution in
any
case.
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ABSTRACT. We discuss a vacuum-distillation method for obtaining representative 14C samples from dissolved inorganic
carbon in rock pore-waters. Distillation offers four advantages over current centrifugation and compression methods for
obtaining pore-water carbon: 1) carbon recovery is possible from rocks that will not yield water by centrifugation or compression; 2) the mass required for 14C analysis can typically be obtained in a single extraction, eliminating the need for storing
and combining multiple pore-water collections; 3) water and carbon are extracted and isolated simultaneously, reducing the
number of required steps and the potential for contamination; and 4) distillation requires less equipment at lower cost than
centrifugation or compression. In this study, isotopic fractionation resulting from incomplete recovery of carbon during distillation was too high for stable isotope applications, but was relatively minor for 14C applications. The lighter isotopes were
favored in the recovered phase, resulting in samples depleted in 14C by a maximum of 4%. Mass balance calculations indicate
that there may be a significant reservoir of carbon absorbed to mineral surfaces that is only partially removed by this method.
Incorporation of adsorbed carbon into the recovered sample did not measurably alter the 14C activity.

INTRODUCTION

Methods used to collect pore water from unsaturated rock include: leaching (Bottrell, Yardley and
Buckley 1988), centrifugation (Yang, Davis and Sayre 1990) and compression (Yang et a1.1988;
Mower, Higgins and Yang 1991; Peters et al. 1992). Leaching is the least preferred method for 14C
sampling because the leach water may dissolve carbonate minerals if present, and contamination
from the leach water itself is difficult to avoid. Centrifugation and compression have the advantage
of allowing pore water to be collected without exposure to contaminating air or water. Disadvantages are: 1) water yields are generally small, which requires combining multiple extractions to
obtain enough carbon for a 14C analysis; 2) a second step is required to remove the dissolved inorganic carbon (DIC) from the extracted water; 3) the cost of a centrifuge, or of a compression cell and
loading frame, can be quite high; and most importantly 4) current centrifugation and compression
methods are unable to extract water from some rock types with low water content (Yang, Davis and
Sayre 1990; Peters et at. 1992; Davidson 1995).
The distillation method reported here was developed to allow 14C sampling of inorganic carbon dissolved in pore waters in variably saturated tuff samples that would not yield water by compression.
The results were used in a broader study investigating the occurrence and significance of preferential flow of water through fractures in an unsaturated tuff at the Apache Leap Research Site (ALRS)
near Superior, Arizona. Pore water 14C proved to be a useful tool in identifying the importance of
fractures in delivering surface runoff to a perched aquifer 146 m below the surface (Bassett et al.
1994; Davidson 1995; Davidson et al. 1996; Davidson et al. in review).
METHODS

Pore-water carbon was extracted from variably saturated tuff core samples obtained from the Deep
Slant Borehole (DSB) at the ALRS. Drilling of the DSB was begun at a 45 ° angle to intersect a
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series of near-vertical fractures transecting the ALRS. Vertical depths are reported throughout this
paper rather than distance along the borehole unless otherwise noted. Atmospheric air was used as
the drilling fluid to minimize contamination of pore water in the core. An earlier drilling project in
Apache Leap hff injected SF6 into the drilling air as a tracer. Subsequent analyses of pore gases
collected by compression of preserved core samples found no SF6, indicating that penetration of
drilling air into the matrix pores of the core was insignificant (Peters et a1.1992; I. C. Yang, personal
communication 1993).
Size HQ (6.1 cm diameter) core was retrieved from the full 202 m length of the borehole. Upon
removal from the core barrel, the core was isolated from the atmosphere by wrapping 50 to 100 cm
intervals in Barex® (heavy plastic sheeting), partially sealing each interval in Protec Core® (heatsealable aluminum/plastic laminate), roughly purging the package of atmospheric gases using highpurity nitrogen, and sealing the package.

The effectiveness of the preservation system for preventing evaporative water loss was documented
by weighing preserved core samples over time. Shorter core intervals of 10 to 20 cm were sealed so
that packages could be placed on a laboratory mass balance. A total of 15 samples were weighed
every 30 to 60 days for a period of nearly 2 yr. Mass losses were less than the limit of detection,
which was equivalent to ca. 3% of the initial water weight (Davidson 1995).

Multiple packages representing the full length of the borehole were later opened and examined for
carbonate minerals. Identification methods for both fracture and matrix minerals included visual
examination, acid testing, X-ray diffraction on powdered samples, and scanning electron microprobe analyses on intact surfaces. No carbonate minerals were detected.
The distillation cell was a 100 cm long, 6.5 cm diameter, stainless-steel cylinder with an 0-ring
sealed face plate at one end for loading and removing core (Fig. 1). A 9 mm O.D. port was positioned at each end, one for introducing argon and the other for extracting sample gas. The entire
length of the cell was wrapped with heating tape and fiberglass insulation. Total cost for materials
and fabrication of the distillation cell and for adaptations to a high-vacuum line (primarily large volume 100-500-m1 capacity cold traps) was less than $1000 U.S.

Before placing core segments inside the cell, the face plate was removed, the cell was placed on end
with the opening at the top, and the cell was purged of atmospheric gases using ultra-high purity
argon introduced through the bottom port. The argon was reduced to a slight positive flow rate and
50-100 cm of rock core was dropped into the cell. The cell was immediately sealed, placed back in
a horizontal position, and connected to a high-vacuum line.
The cell was opened directly to a roughing pump bypassing the traps for the first 20-30 sec until the
pressure dropped to ca. 20 torr. Extracted gases were then directed through a series of water traps
immersed in dry ice and isopropyl alcohol, and CO2 traps immersed in liquid nitrogen. No heat was
applied during the first 15-60 min due to high initial water flux rates. The temperature of the cell
was then raised to 150-180°C for the remainder of the extraction. Distillation times for 19 samples
ranged from 4 to 15 h per sample. The progress of the distillation was monitored for three of the distillations by isolating the CO2 traps periodically, sublimating the CO2 into a known volume, measuring the pressure and temperature, and freezing the CO2 into a sample vessel. At the end of each distillation, the cell was filled with argon and allowed to cool. The core was removed, weighed and
transferred into new Protec Core® packages.
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Fig. 1. Schematic diagram of the distillation cell, high-vacuum line and cyrogenic traps used to collect carbon and
water from
the pores of unsaturated rock core samples

The mass and S13C of unrecovered carbon was also determined for several distillations. Following
distillation, six samples were crushed using equipment that had been washed with dilute HCl (0.001
N), rinsed with distilled deionized water and dried with pressurized air. Crushed samples were
divided into homogeneous splits of ca. 500 g each. Split samples were acidified using dilute HNO3
(0.1 N) under vacuum. Evolved CO2 was captured using the traps described above (Fig. 1). Replicate extractions were performed on up to five splits from each sample.
The compression method described by Peters et al. (1992) was used to obtain pore water from core
samples taken from the uppermost 21 m of the tuff. Several dozen attempts were made to extract
pore water from core below 21 m, but only two attempts produced water. In both successful attempts
below 21 m, the yield provided insufficient carbon for isotopic analysis. Core segments 8-12 cm
long were compressed in 36 MPa increments up to a maximum pressure of 552 MPa. Maximum
pressure was achieved in about 90 min and then held constant for an additional 20-30 min (Davidson 1995). Pore waters collected from several adjacent core samples were composited to obtain
enough carbon for each 14C and 613C analysis. DIC was collected from the extracted pore water by
acidifying under vacuum and trapping the evolved CO2 as described above.

Stable carbon isotopes were analyzed by the Isotope Geochemistry Lab at The University of Arizona; results are reported as per mil shifts relative to the PDB isotopic standard (Craig 1957) with
an analytical precision of ca. 0.2%o (2 o). 14C was analyzed by the NSF-Arizona Accelerator Mass
Spectrometer (AMS) facility at The University of Arizona; results are reported as percent modern
carbon (PMC) with an analytical precision of Ca. 1.0% (2 Q) (Donahue, Jull and Toolin 1990).
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RESULTS AND DISCUSSION

Representative 14C and S13C samples can be obtained from pore water by distillation provided that
2)
one of the following conditions is met: 1) recovery of carbon from the pore water is complete;
3)
fractionpartial recovery of carbon does not result in significant isotopic fractionation; isotopic
ation resulting from partial recovery is consistent, allowing accurate corrections to be applied; or 4)
if no initial carbonate mineral is present in the rock matrix or pores, the mass and isotopic composition of carbon in the precipitated solid phase can be measured along with the distilled phase to
reconstruct the original composition of the pore water.
The first three conditions assume that any carbonate mineral (typically calcite) initially present in
the rock does not contribute to the distilled carbon mass. If calcite is present in pores, the pore water
should be in chemical equilibrium with respect to calcite. During distillation, calcite should not dissolve because all the changes occurring over time favor precipitation. Evacuation of air from the cell
lowers the Pco2 resulting in degassing of CO2 from the pore water. This drives the pore-water pH
upward, which decreases the solubility of calcite. Elevating the temperature also results in lower
calcite solubility. Finally, precipitation is further encouraged by the concentration of solutes through
the selective removal of water during distillation. It is possible that calcite solubility may increase
late in a distillation when solute concentrations are very high. If this occurs, the first solids to dissolve should be those most recently precipitated from the pore water, thus delaying the possibility of
incorporating pre-existing mineral carbon into the distilled sample.
While this reasoning suggests that distillation will not draw carbon from a pre-existing solid phase,
it also implies that the first condition may not be met, i.e., recovery of DIC may be incomplete. If calcite is initially absent in pores, and pore water is undersaturated with respect to calcite, the distillation
process should eventually produce saturated conditions resulting in loss of DIC to the solid phase.

Recovery by distillation was determined by comparing the carbon mass extracted by distillation
with the mass left behind in the pores. The mass of residual carbon was determined for six of the distillations by crushing the exhausted core and acid leaching sub-samples as described in the methods
section. Replicate determinations using multiple sub-samples from the same distillation gave reproducible results. Distilled carbon recoveries for the six different distillations, however, were highly
variable. Recoveries ranged from as low as 15% to as high as 60% of the total available carbon
(Table 1). No correlation was observed between recovery and any physical characteristic of the distillation, such as distillation time or heating history. The cause of the variability is uncertain.
Figure 2 plots the carbon mass yield as a function of time for three different distillations. Figure 3
provides the heating history of each sample. Detailed records of water recovery with time were not
made, but anticipated water yields were achieved or exceeded for all samples, including two with
distillation times of only 4.7 and 5.0 h. Figure 4 plots the water content of DSB core as a function of
depth. Water content was determined gravimetrically by weighing core samples before and after
drying at 105°C for >10 d (Geddis 1994), and via distillation by measuring the distilled water yield
and the mass of the rock sample. Most of the distilled samples plot on the gravimetric analysis line,
with a few samples plotting at higher water contents.

Although water removal was essentially complete within the first 5 h, carbon removal continued at
a diminishing but significant rate until the termination of each distillation as much as 9 h later
(Fig. 2). A comparison between the mass of recovered carbon and water suggests that a reservoir of
carbon exists in the rock pores in addition to the DIC reservoir, perhaps as CO2 adsorbed to mineral
surfaces. DIC concentrations were calculated for 18 of the distillations by dividing the mass of
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recovered carbon by the mass of recovered water. One sample was not included because the distilled
water was lost before being measured. Calculated DIC concentrations for the remaining 18 samples
range from 17 to 124 mg liter-1 with a mean of 50 ± 30 mg liter-1(1 a) (Fig. 5C). Concentrations
measured directly from 5 pore-water samples obtained by compression were significantly
lower,
with a range of 12 to 20 mg liter'1 and a mean of 16.6 ± 3.6 (1 a). The mean distilled-DIC concentration is greater than the most concentrated compression sample by a factor of 2.5 (Table 2).

Tu u

1. Carbon recovery for six distillations using DSB core samples. Recovery
is
defined as the mass of carbon recovered by distillation divided by the total mass of carbon recovered by both distillation and acid leaching. Core samples were initially free of
carbonate minerals. Multiple entries represent replicate measurements using ca. 500
g
sub-samples from the same distilled core.
Sample
depth
C/rock
time
C/rock
recovery
recovery
(m)
(h)
(mg kg-1)
(mg kg-1)
(%)
(%)
9

5.0

1.02

2.58
2.88
2.50
1.84
15

13.8

1.97

20.5

13.3

3.37

69.3

14.8

0.64

1.50

12.2

155.4

13.5

28.4
26.2
29.0
35.7

2.16
61.6
3.46

15.5

3.41

33.4

4.52

30.2

1.71

1.95

This value becomes even larger if the unrecovered carbon fraction is added to the DIC
calculation.
Using the total carbon mass measured from the six distilled and leached samples, calculated
DIC
concentrations range from 60-180 mg liter with a mean of 121 ± 60 mg liter'1(1 a).
The mean of
these six samples is greater than the most concentrated compression sample by a factor of
6 (Table 2).
The additional mass of carbon appears high, but is consistent with the results of soil-CO2
studies by
Striegl (1988) and Striegl and Armstrong (1990). These investigations reported an apparent
adsorbed
carbon reservoir on glacial and eolian sediments from Illinois that exceeded the mass of carbon
dissolved in the sediment pore-water by 8 to 17 times. These authors speculated that iron oxides
may
play a significant role in CO2 adsorption. Although the adsorption mechanism is not known, iron
and
manganese oxides in the Apache Leap Tuff may also play a significant role in CO2 adsorption.

The possibility of an undetected leak in the extraction line was ruled out as a possible source
of the
additional carbon, because the mass and isotopic composition of the recovered samples are
not consistent with a leak. Incorporation of atmospheric carbon should result in a correlation between 14C,
613C and carbon/water
recovery results with extraction time. Longer distillations should produce
carbon with elevated 14C activities, heavier (less negative) 613C values, and higher
carbon/water
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Fig. 2. A. Cumulative mass of extracted carbon
per kilogram rock during distillation of three DSB
core samples. B. Cumulative mass-fraction of carbon collected during distillation of three DSB
identifies the approximate
core samples.
time by which water recovery was essentially
complete.

---

recovery ratios. Figure 5 plots each of these with respect to time to demonstrate that no correlations
exist. The sample with the highest 14C activity may be individually suspect because it also has an
anomalously high recovered carbon/water ratio, but the S13C is consistent with the other distillations
S13C value
(Fig. 5). Incorporation of a large mass of atmospheric carbon should have raised the
closer to an atmospheric value of ca. -8%o.
The carbon/water ratio could appear falsely high if water recovery during distillation was incomplete or if evaporative losses occurred during storage. Figure 4, however, documents that distilled
water yields were equal to or higher than anticipated based on gravimetrically determined water
content measurements on core from similar depths. Weight records of monitored core packages also
document that the preservation method was effective in preventing significant evaporative losses
during storage (Davidson 1995).
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.

Both incomplete carbon recovery and partial incorporation of adsorbed carbon into the recovered
phase can potentially result in isotopically fractionated samples. We investigated the degree of fractionation over time by measuring the g13C for each extraction stage shown in Figure 2. Figure 6 plots
changes in g13C over time. Gas/aqueous exchanges favor 12C in the gas phase, leaving behind an
S13C values plotted in
aqueous phase enriched in 13C (Friedman and O'Neil 1977). The low initial
Figure 6 reflect this phenomenon. Subsequent carbon transferred to the gas phase continues to be
isotopically lighter than the aqueous phase but, as the aqueous reservoir becomes increasingly
heavy, degassing carbon also trends heavier with time.

At some point following the increase in temperature, calcite saturation is reached and precipitation
13C in the aquebegins. The heavier isotope is favored in the solid phase resulting in a depletion of
813C
values after 2 to 3 h (Fig. 6A)
ous phase (Friedman and O'Neil 1977). The decrease in distilled
suggests that the rate of precipitation eventually exceeds the rate of degassing by a factor large
enough to cause a net depletion of 13C from the aqueous phase.
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TABLE 2. Calculated and measured DIC concentrations in pore water from
DSB core samples. Distilled DIC concentrations are calculated from the
mass of carbon and water recovered by distillation alone. Distilled and
leached DIC concentrations are calculated from the mass of carbon recovered by both distillation and acid leaching, and the mass of water recovered
by distillation. DIC concentrations in pore waters obtained by compression
were measured directly.
DIC concentrations determined from:

Sample
depth
(m)

Distillation
only
(mg liter-1)

7.8
8.5

25

9
11

and leaching
(mg liter'')

-17

12

---

15

30

15.6
20.5
21
39.9
42.2
47.1
69.3
72.3

-46
-42
99
52
24
25

liter-1)
14

60

20
20
64
76
12

171

86

54

101.8
102.5
114.6
129.4
133.8
142.7

97
55
30
124

150

57

177

152.8
155.4

-52

180

18

46
24

After the bulk of the water was distilled from the pores, carbon continued to be removed. If 13C is
favored in an adsorbed phase relative to the gas phase, the b13C of recovered carbon should begin to
increase as residual absorbed carbon becomes enriched in 13C, but this expected trend was not
observed. The continued decrease in the S13C of time series samples beyond the first 5 h suggests
that factors other than simple molecular kinetic energy determine isotopic preference in the
adsorbed phase (Fig. 6A).
High initial S13C variability between core samples was diminished as more carbon was collected.
The final values in Figure 6B are within a 6%o range compared to initial differences of nearly 20%o.
Table 3 compares the cumulative S13C of carbon collected by distillation with carbon extracted from
pore waters obtained by compressing the core. Comparisons were only possible in the top 21 m of
the formation because the compression method would not yield sufficient water from core deeper
than 21 m. The distilled samples have S13C values significantly lower than the compression samples.
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and
The results also appear too variable to allow a simple correction to be applied, so the secondS13C
The
applications.
isotopic
third conditions stated at the beginning are not met for stable carbon
Q)
of all distilled samples ranged from -19.2 to -35.7%o with a mean of -25.9 ± 4.6%o (1 (Fig. 5B).
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Fig. 6. A. S13C of carbon distilled from three DSB core
samples vs. time. B. Cumulative 613C of carbon distilled from three DSB core samples vs. time. The
fourth sample at 9 m was lost. The data point shown is
identifies
extrapolated from the other points.
identifies
the period of increasing temperature.
the approximate time by which water recovery was

---

(B)

Distillation Time (h)

essentially complete.

S13C by acid leaching and analyzing the residual
We attempted to reconstruct the original pore water
S13C
and mass of residual carbon was used to correct
The
carbon from three distilled core samples.
S13C
to
of the distilled carbon according
the

bPW'bDfD+SL(1-fD)

(1)

S13C of distilled
where 8PW is the reconstructed b13C of pore-water DIC, SD and SL are the measured
and leached carbon, respectively, and ID is the fraction of distilled and leached carbon recovered by
g13C results with the measured values from
distillation alone. Table 4 compares the reconstructed
pore waters obtained by compression (some data are repeated from Tables 1 and 3). The reconstructed S13C are similar to the measured values, but spatial heterogeneity in the isotopic composition of pore waters prevents firm conclusions from being drawn on the accuracy of this approach.
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TABLE 3. Pore-water b13C in DSB core samples

using distillation and compression methods.
Distillation results are for cumulative carbon
samples collected at the end of distillation.
Analytical precision = 0.2%o (2 a)
Distillation
Sample
Compression
813C (%o)
813C (%o)
depth (m)

-27.6

9

-13.7
-14.9

---

11

12
15

-21.7

20.5

-22

21

-18.5

--

The maximum error for uncorrected S13C measurements was with the order of 20%o, based on comparisons with the 813C of pore water collected by compression, and the 813C of formation CO2 samples. Formation CO2 was collected from seven 1-m intervals in the DSB at depths ranging from 4 to
130 m. The mean 813C was -21.7 ± 0.4%o (1 ai). No trend was observed with depth. If isotopic equilibrium is established between mean formation CO2 and pore water with a pH of 7 and a temperature
of 20°C, the 813C of pore water DIC should be ca. -18%o (Friedman and O'Neil 1977). The largest
difference observed between this value and the distilled 813C results is ca. 18%o (Fig. SB). The largest difference observed between the 813C of samples obtained by distillation and by compression
(Table 4) is ca. 22%o.
TABLE 4. Reconstructed pore-water 813C for DSB core samples are calculated

using Eq. (1)
and are compared with the measured values from pore water obtained by compression.
Analytical precision for 813C = ca. 0.2%o. Summing possible errors for the reconstructed
values gives a precision of ca. 1.0%o (2 Q).
Distilled
Sample
Leached
Reconstructed
Mean
Measured
fraction
fraction
depth
pore-water
distilled
pore-water
S13C (%o)
b13C (%)
613C (%o)
8130 (%o)
(m)
recovery (%)
9

-27.6

-15.2

12
15

---

---

-21.7

20.5

-22

-2.6
-5.3

--

--

11

21

30.0
--47.2
61.3
--

-18.9
---

-13.7
-14.9

-11.6
-15.5

---

--

-18.5

A 813C error of 20%o is large considering current analytical precisions of ±0.2%o (2 a) or less, and
the interpretational importance of isotopic shifts of 1 or 2%o (Davidson 1995). Isotopic fractionation
of 14C relative to 12C will be about twice as large as 13C/12C fractionation (Fritz and Mozeto 1980;
Mook 1980), but the error is less significant for 14C than for 813C applications because analytical
precision and interpretation of 14C measurements are much less precise. Typical analytical precision
using accelerator mass spectrometry (AMS) is ca. 1% (10%o) (2 Q), and shifts of 1 or 2% are negligible when interpreting results. A possible 14C error of 4% is not trivial, but is relatively minor for
most applications.
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14C activity will be
It is important to note that a possible 4% error does not mean that the measured
4 pMC lower than the true value. The error is a fraction of the true value, which means that the error
in terms of pMC will decrease with older samples. For example, if the true activity of a sample is 75
pMC, a 4% error will give a result of 72 pMC (an error of 3 pMC). Likewise, if the true activity is
50 pMC, a 4% error will give a result of 48 pMC (an error of 2 pMC).

Figure 7 shows the results of a direct comparison of the 14C activity of distilled samples with the
activity of pore-water samples obtained by compression, and with the activity of formation air
drawn from 1-m intervals in the DSB. The relative agreement between the different methods at
14C activities of
equivalent depths demonstrates that distillation can be used to obtain representative
<4%.
is
methods
pore-water DIC. At each depth, the difference between the various

-D-- Distillation
Compression
Formation Air
0

-20

85

80
14C

(pMC)

90

Fig. 7. 14C activity of formation CO2 drawn from 1-m
intervals in the DSB, and of pore-water DIC obtained by
distillation and by compression methods. Error bars represent the analytical precision (2 0).

In-situ exchange between adsorbed and dissolved carbon appears to be fairly rapid. If exchange is
very slow, distillation should produce samples with reduced 14C activities as a result of incorporating older adsorbed carbon into the sample. Similarity between the activity of compressed and distilled samples indicates that the absorbed carbon extracted during distillation is not significantly
older than the dissolved phase. Relatively rapid exchange is also indicated by the presence of postbomb activity in two samples even though most of the mass was derived from the adsorbed phase
(Fig. 5A).
CONCLUSION

About 15-60% of the inorganic carbon in the rock pores was recovered by distillation, with the
remainder precipitating in the pores as solid carbonate or left behind as unretrieved adsorbed carbon.
Incomplete recovery resulted in isotopic fractionation favoring the lighter isotopes in the recovered
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phase. Isotopic fractionation was too variable to allow corrections to be made for calculating the stable isotopic composition of the pore waters. Variability was especially high during the first 2 h of
each distillation, but diminished after ca. 5 h. Attempts to reconstruct the original isotopic composition of pore water by comparing the mass and isotopic composition of recovered gas and residual
carbon were inconclusive.
The impact of fractionation on 14C measurements is much less significant. The maximum fractionation in this study, based on calculations using observed stable isotope fractionation, was ca. 4%. We
found close agreement between the 14C activity of distilled samples and the activity of formation
CO2 and pore-water DIC obtained by other methods. The maximum difference between samples
from equivalent depths was <4%.
The carbon mass recovered from each sample was several times greater than that anticipated based
on measured DIC concentrations in pore waters obtained by compression. Comparisons of b13C and
14C measurements
with distillation time eliminated the possibility of a leak in the distillation system.
We speculate that the high yield is a result of recovering a sizable reservoir of adsorbed carbon. This
reservoir appears to be readily exchangeable with the dissolved phase since incorporation of
adsorbed carbon in distilled samples did not measurably alter the 14C activity relative to compression pore water samples or formation CO2 samples.
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RECENT RESERVOIR AGES FOR DANISH FJORDS AND MARINE WATERS
SUSANNE HEIER -NIEL SEN,1'2 JAN HEINEMEIER,1 H. L. NIELSENI and NIELS RUDI
ABSTRACT. AMS 14C dates were measured for 28 mollusk shells collected live in Danish waters over the period AD 1885
to 1945. Fourteen samples were from fjords and 14 were marine samples from the Danish Skagerrak-Kattegat coastal area and
from the Belts. Reservoir ages were calculated for all samples on the basis of the tree-ring calibration curve. For the marine
samples, which cover the period AD 1885-1916, we found a weighted-average reservoir age of 377 ± 16 yr. The marine AR
values (the difference between the measured 14C age and the age deduced from marine, mixed-layer model calculation of
Stuiver, Pearson and Braziunas (1986)) were found to be uniform within the experimental uncertainty with a weighted average of AR =13 ± 16 yr. Based on the observed scatter, the standard deviation is 21 yr. This result shows that it is justified to
use the marine calibration curve with standard parameters (OR = 0) when 14C-dating marine samples from the Danish area.
Our value is consistent with the result AR = -33 ± 27 yr previously found for the Norwegian and Swedish Skagerrak-Kattegat
coasts. In contrast, reservoir ages for Danish fjords were found to vary from 400 to >900 yr, far beyond experimental uncertainty. We ascribe this to varying content of dissolved, old soil carbonate (hard-water effect). Therefore, dating of samples
from such fjord environments is expected to be uncertain by several hundred years.

INTRODUCTION

The aim of the present paper is to provide more data on reservoir ages for Danish sea and fjord
waters. This information is needed to correct the measured conventional 14C dates obtained for
marine archaeological and geological samples from this region for the reservoir effect. The marine
reservoir age R(t) is defined as the difference between the measured 14C age of a marine sample collected in calendar year t and the atmospheric 14C age as taken from the tree-ring record for the same
year. As indicated by the notation, the reservoir age R(t) for a given location is expected to vary with
time, reflecting the difference between the wiggles on the tree-ring curve and the smoothed wiggles
in the slowly responding ocean curve.
Stuiver, Pearson and Braziunas (1986) calculated a smooth calibration curve for the mixed layer of
a model ocean. To accommodate local effects in the actual oceans, they introduced the quantity AR,
defined as the difference between the measured sample age and the global model curve. The quantity AR for a given region is expected to be constant in time to a first approximation, to the extent
that the regional reservoir, from which the sample is taken, parallels the global marine model.
Radiocarbon laboratories handle the correction for reservoir effect in different ways. A widely used
first-order approximation is to replace R(t) by a constant (regional) value, R*. This fixed reservoir
correction, R*, is subtracted from the measured 14C age before the atmospheric (tree-ring) calibration curve is used to obtain the calibrated age. However, a more accurate procedure is to subtract AR
from the measured age and use the marine calibration curve. This procedure was introduced by
Stuiver, Pearson and Braziunas (1986) following a suggestion by Olsson (1980).
Stuiver, Pearson and Braziunas (1986) and Stuiver and Braziunas (1993) compiled reservoir age
measurements from various regions and mapped the geographical variations of AR. In their model
for the mixed layer, OR = 0 corresponds to R(t) = 402 yr in the year AD 1830. The value 400 yr is
extensively used as a standard reservoir correction, R*, for the North Atlantic region (e.g., Bard
1988), although the model calculations show frequent excursions on the order of 50-100 yr from
this value in the past. Special considerations apply in regions that are not expected to parallel the
global model. For example, for a fjord-like environment, one would expect a highly variable reservoir age due to limited mixing with the world ocean, short time constant in exchange with the atmoLAMS 14C Dating Laboratory, Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark
2Department of Earth Sciences, University of Aarhus, DK-8000 Aarhus C, Denmark
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sphere and possibly hard-water effects. Results of such effects have been observed for estuarine
environments (Long Island Sound) where reservoir ages significantly higher than the regional
marine value are recorded (E. Little, quoted in Stuiver and Braziunas 1993; Dye 1994). Information
on reservoir effects in Danish fjord-like areas is important, as prehistoric settlements were often
established in this kind of sheltered coastal environment.

In this study, we present accelerator mass spectrometry (AMS) 14C dates for 28 mollusk shells collected live at known historic times over the period AD 1885-1945, avoiding post-1950 samples
influenced by nuclear tests. Fourteen samples were from Danish fjords, mainly the Limfjord, and 14
were marine samples from the Skagerrak-Kattegat area and from the Danish Belts.

Collection Sites
The mollusk shells, believed to have been collected live, were provided by two Danish museums.
The samples had been stored dry since the time of collection. Most samples (25) are from the
Museum of Zoology, University of Copenhagen and 3 are from the Museum of Natural History,
University of Aarhus. For each sample, information about species, collection date and site and water
depth was available (Fig. 1). We distinguish between marine and fjord-like environments. The term
fjord in Denmark covers inlets in lowland surroundings as opposed to, e.g., Norwegian highland
fiords. The samples representing marine environment were collected in the Skagerrak-Kattegat area
and in the Danish Belts. The samples from fjord-like environments were collected in four Danish
fjords, 11 from the Limfjord and one from each of Randers Fjord, Horsens Fjord and Roskilde Fjord.
The three latter fjords are long, narrow inlets with a mixture of riverine freshwater and sea water.
The Limfjord is a sound connecting the North Sea and the Kattegat across the peninsula of Jutland.
The main current direction in the Limfjord is from the west to the east; hence, there is a net input of
marine North Sea water (ca. 33%o salinity) and a net output of less saline (ca. 27%o) water to the Kattegat (Limfjordskomiteen 1976). In the past, the Limfjord has been intermittently closed off from
the North Sea, the last closed period ended in AD 1825. Part of the freshwater input to the fjords is
groundwater runoff which is expected to be low in 14C, as groundwater from the regions considered
in this paper contains dissolved, old soil carbonate (hard-water effect). Further, the water may have
acquired a considerable age during seepage to the streams.
METHODS

The shell samples were treated following the standard mollusk rinsing procedure (e.g., Andersen
1968). To eliminate any possible surface contamination, the outer 25% of the shell was removed by
etching in 1 M HCI. Any organic carbon incorporated in the shell carbonate was removed by treatment with a KMnO4 solution for 16-20 h at 80°C. The CO2 was liberated with -100% phosphoric
acid in an evacuated vial at 25°C. Part of the CO2 was used for S13C measurements; the rest was converted to graphite for AMS 14C measurements by reduction with H2, with cobalt as a catalyst. A
small reaction volume and a high initial pressure of the reacting gases was used (Vogel et al. 1984).

All 14C measurements were performed on the Aarhus EN tandem accelerator (Andersen et a1.1989)
and the S13C measurements were performed on the mass spectrometer at Science Institute, Reykjavik. The quoted uncertainties on the 14C dates are based on ion-counting statistics. A series of 14C/
13C measurements with statistical uncertainties of 0.25-0.75% (20-6014C
yr) submitted to the Third
International Radiocarbon Intercalibration (TIRI) indicate that this is the dominant source of error.
The dating results are given as conventional 14C ages in years BP (before 1950), based on the measured 14C/13C ratio corrected for the natural isotopic fractionation by normalizing the result to the
standard 813C value of -25%o PDB (Stuiver and Polach 1977; Andersen et a1.1989).
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RESULTS

The 14C dates and the b13C values are given in Table 1(fjord samples) and Table 2 (marine samples)
along with all information available for the dated samples. The measured ages for the marine samples are plotted in Figure 2 against year of collection and compared with the terrestrial and marine
calibration curves. No correction is necessary for the short biological life span (<5 yr) of the dated
specimens. For each sample, we have calculated the corresponding reservoir age R(t) as the difference between the measured 14C age and the (interpolated) terrestrial calibration curve (Stuiver and
Reimer 1993) based on 20-yr samples of tree rings. The results are displayed in Figure 3. Using the
mixed-layer marine model of Stuiver and Braziunas (1993), we also calculate the OR values, i.e., the
sample age deviations from the marine calibration curve. Both the R(t) and the DR values are listed
in Tables 1 and 2.
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for the 14 marine shell samples (Table 2) plotted vs. year of collection.
Fig. 2. Conventional
The solid curve shows the terrestrial calibration curve (Stuiver and Reimer 1993). The reservoir age
R(t) is the difference between the measured sample age and the terrestrial calibration curve. The
dashed curve shows the marine calibration curve for OR = 0 (Stuiver and Braziunas 1993).
14C ages

For the 14 marine samples, we calculate the weighted mean R(t) at 377 ± 16 yr. It is meaningful to
calculate this quantity because the samples belong to a time interval where the marine model calculations show very little variation in R(t), as seen in Figure 2. We calculate the weighted mean AR at
13 ± 16 yr. The scatter a (empirical standard deviation) of the unweighted mean of the data set of
OR is 21 yr, i. e., only 1.3 times the measuring uncertainty. Like Stuiver, Pearson and Braziunas
14C content of
(1986) we conclude that the additional uncertainty in AR introduced by non-uniform
this regional ocean reservoir is small. We treat the whole area as one marine region, although there
is a slight tendency for the OR values to decrease from Skagerrak through Kattegat. Samples from
deep waters in Skagerrak (sites no. 15 and 17) have OR values higher than the average, which could
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reflect the more pronounced influence of North Atlantic waters in this part of the region. Conversely, samples from the southern part of the Belts near the Baltic Sea (sites no. 27 and 28) have AR
values lower than the average, in accordance with the fact that low AR values have been found for
the Baltic (G. Possnert, personal communication 1995). However, the present data points are too
few to allow us to draw such hydrographical conclusions.
1200

T

i

T
Marine samples
Fiord samples

1000

*

634 BP

3]]B

I

200

12345678910

12 14

16 18 20 22 24 26 28

Site number
Fig. 3. Reservoir ages R(t) for all samples. Separate weighted mean values are indicated for fjord and
marine samples. Site numbers represent a progression in site location from the North Sea toward the
Baltic Sea.

In contrast to the marine samples, the R(t) values of the 14 fjord samples, of which 11 are from the
Limfjord, show a large natural variability with a standard deviation of 170 yr. This spread is about
three times the typical measuring uncertainty (see Fig. 3). The mean value is 634 yr, which is much
higher than for the marine reservoir ages. The corresponding AR values range from 82 to 554 yr with
a mean of 279 yr. As this variability also by far exceeds the expected time variation, we conclude
that the investigated fjord areas are not part of a uniform 14C reservoir. Thus, the AR concept loses
its meaning in this case. Only one AR value has been derived for each of the other three fjords
included in this study, but the fact that two out of three of these points deviate considerably from the
marine average indicates that the same conclusion applies. The high average value as well as the
large geographical variability of the reservoir ages and AR values for the Limfjord are most likely
caused by mixing of the marine-water input from the North Sea with varying amounts of groundwater containing old carbonate from the surrounding land. The following order-of-magnitude calculation supports this explanation: The average salinity of the Limfjord (30%o) compared to the North
Sea (33%o) points to a 10% dilution of the marine water with freshwater which we assume to be
groundwater. The typical groundwater hardness for the Limfjord region corresponds to a bicarbonate concentration about equal to that of North Sea water. Groundwater bicarbonate in temperate
zones stems, in most cases, from 14C-dead soil carbonate dissolved by an approximately equal molar

TABLE 1. AMS 14C

Dating Results for 14 Mollusk Shell Samples from Danish Fjords

Sample
Site

no.

no.

(AAR-)

Species
sp.

1

898

2
3
4

990
902
989
901
992

6
7
8

1073

9
10

899
900

11

12
13
14

987
994

14C age

'4C age

BP)

se)

site

Macoma balthica
Abra nitida
Cardium echinatum
sp.

Mytilus edulis

Abra alba
Nucula nitida
edulis
Mya arenaria
Ostrea edulis
sp.
Cerastoderma sp.

Abra alba

Limforden,
O8° 13'E
at Sandene
J
Limforden
0-4 m
56°37'N 08°12'E
l
Nissum Bredning, Limforden
56°37'N 08°14'E
J
Nissum Brednin8, Limforden
56°33'N 08°21'E
J
Limforden
08°39'E
J
Dover Odde, Limforden,
56°45'N 08°29'E
on poles
J
GlY
Limforden
08°49'E
J
Limforden
08°53'E
NYkobing
J
l
Limforden
5659 0907??
J
Nordmandshag e, Limforden
natural banks 56°58'N 10°17'E
J
Ford,
by HolbaekgArd 4 m
10°13'E
J
Roskilde Ford
by Roskilde
55°40N 12°03'E
J
Horsens Fjord at Vors010 m "black,
55°46'N 10°03'E
ThY
Kanal,
ThY boron Kanal,

1910
1909
1908
1925

106
575 ± 57
676 59
588 ± 56
63
886 ± 53
67
62

t

103 ±5
106 ± 5
103 ± 5
101 ± 5
5
139 ± 5
5

59
1886
1895
1913
1945

±50

5

734 ± 62
58
953 ± 56
559 ± 66

92±5

801

5

112 ± 5
196± 10

age R(t)
106
469 ± 57
573 ± 59
487 ± 56
63
747 ± 53
67
62
59
696 ± 50
642 ± 62
58
841 ± 56
363 ± 67

stinking mud"
TABLE 2.

AMS 14C Dating Results for 14 Mollusk Shell Samples from Danish Open Marine Waters

Sample
Site
no.

no.

(AAR-) Species

25

1076
1077
1072
1074
1075
1069
904
1071
1068
1070
905

26

993

27
28

988
991

15

16
17
18
19

20
21

22
23
24

Thyasira ferruginosa
Kellielta miliaris
Abra nitida
Thyasira flexuosa
Dosinia lincta
Timoclea ovata

Turrilella tere6ra
Nucula nitida
Thyasira /lexuosa
Cyprina islandica
Peclen opercularis
Abrn nitida
Abra olba
Abra albs

site

of HOjen, Skagercak 398-425 m
of VaderOerne, Skagerrak 475 m
of Skagens Fyrskib, Skagerrak 310 m
of Hirsholmene, Kattegat 15 m
of Hirsholmene, Kattegat 19 m
of Hirsholm, Skagerrak 244 m
off S$by
Rende Fyrskib, Kattegat 18 m

of Anholt Fyr, Kattegat 40 m
of Sj. Odde, GrOnne Revle Kattegat 19 m
off Helleb$k
resund 15-18 m

10°17'E
11°09'E
10°34'E
10°32'E
10°36'E
10°35'E
10°36'E
10°44'E
11 °35'E

#R t is calculated using the terrestrial calibration curve Stuiver and Reimer 1993
teR is calculated using the marine model calibration curve Stuiver and Braziunas 1993

'0C age

BP)

BP)

12°33'E

09°43B

age R(t)

81

5
5
5
5
5
5

60
62
58
70
64
74
58
60

±5

58

5
5
5
5

59
54
56
58

5

t5

11°13'E

10°53'E

Bredning, Lillebaelt

14C age

59
54

111

212
122
421

329
270

0.4

2.4
2.2
1.9

-3.9
490
82

-0.9
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quantity of young soil carbon dioxide resulting in an apparent groundwater 14C age of ca. 5700 BP
(50 pMC). Although little is known about the apparent 14C ages of Danish groundwater, preliminary
data from this laboratory shows that ages of this order of magnitude are realistic. The mixing of 10%
groundwater of the above age and carbon concentration with North Sea water, known to have an
apparent age of 400 yr, would thus result in water with an apparent age of 800 yr, compatible with
our findings for the Limfjord. Note that this calculation applies to present conditions in the Limfjord. In the past, when the fjord was closed to the North Sea, the reservoir ages could have been
much higher. It appears that the reservoir effect in the Limfjord depends on the local mixing ratio of
waters in a way that is difficult to model. It is not possible to explain the individual data points in
terms of hydrological variables since these are largely unknown. As a consequence, all we can say
about the reservoir age for a given site in the Limfjord is that it is most probably in the range 400 to
900 yr. Even worse, these numbers are expected to be different in the past when the Limfjord was
closed to the west. This uncertainty must be considered in the 14C dating of archaeological samples
of marine origin from Danish fjord sites.

For the Danish Skagerrak-Kattegat coastal area and the Belts, we have found OR values close to zero,
similar to the known DR values for the North Sea and the North Atlantic Ocean. However, one should
be careful not to take this as evidence that these connected marine regions form a uniform 14C reservoir, since their hydrographies differ greatly. The reservoir age of a marine reservoir that is in a
steady-state carbon-exchange equilibrium with the atmospheric reservoir increases with the marineto-atmospheric reservoir size ratio. Therefore, the reservoir age of a shallow sea like the KattegatBelt area, if viewed as a separate reservoir with a restricted water exchange with the world ocean, is
expected to be lower than that of the North Atlantic surface water, simply because of its smaller size.
On the other hand, such shallow seas could be influenced from an input of dissolved old carbon from
the surrounding land masses leading to a raised apparent age. We cannot rule out that the near-zero
DR value for the Danish marine waters is due to an accidental cancellation of such opposing effects,
thus making the resemblance with the OR of the Atlantic Ocean fortuitous. The way to resolve this
question would be to investigate the time constant of this reservoir, for example, by measuring its
response to the bomb pulse. Work along these lines has been initiated in this laboratory.
DISCUSSION

A re-evaluation of previous data obtained from shells from the Norwegian-Swedish Skagerrak-Kattegat coasts (Stuiver, Pearson and Braziunas 1986: Table 1) using CALIB 3.0 (Stuiver and Reimer
1993) results in a weighted mean OR value of -33 ± 27 yr. This is consistent with our result OR =
13 ± 16 yr for the Danish Skagerrak-Kattegat coastal area. One prebomb sample from southern Kattegat has been reported (K-331) (Krog and Tauber 1974). From this measurement, assuming 013C
= 0%o PDB, we calculate a reservoir age of R(t) = 238 ± 64 yr and AR = -130 ± 64 yr. The same
authors measured three prebomb samples from Danish fjords,1 from Horsens Fjord and 2 from the
Limfjord. The Horsens Fjord sample (K-332) has AR = -82 ± 64 yr. The two Limfjord samples (K333 and K-433) yield OR values of 83 ± 48 yr and -131 ± 40 yr, respectively. Harkness (1983)
investigated the reservoir effect in the coastal environment of the United Kingdom. A recalculation
of his results following the convention by Stuiver, Pearson and Braziunas (1986) gave as weighted
averages R(t) = 348 ± 8 yr and OR =1 ± 8 yr. These results are comparable to our results for the Danish marine waters.
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CONCLUSION

On the basis of our results, we can distinguish between two main types of coastal environment,
namely the Danish fjords and the open marine areas around Denmark. The reservoir age of the
marine areas, the Skagerrak-Kattegat and the Danish belts, resembles that of the North Atlantic and
the North Sea, i.e., OR = 0. In contrast, we have shown that the average reservoir age of Danish
fjords is higher than that of open marine waters. In addition, variability is high, indicating that the
investigated fjord areas are not part of a uniform 14C reservoir. We ascribe this variation to varying
concentration of dissolved, old soil carbonate from the surrounding land areas.
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RADIOCARBON IN TROPOSPHERIC CO2 AND ORGANIC MATERIALS FROM
SELECTED NORTHERN HEMISPHERE SITES
ELLENR. M. DRUFFEL and SHEILA GRIFFIN
University of California, Department of Earth System Science, Irvine, California 92697-3100 USA
ABSTRACT. Radiocarbon was measured in atmospheric CO2 from La Jolla, California and in living organic materials from
six sites in the northern hemisphere. Atmospheric CO2 &C values from La Jolla agreed with those previously published
records from China Lake, California (Berger et a1.1987) and Vermunt, Austria (Levin et a1.1985). &4C values of fruit and
grain samples that grew during 1980 agreed with the atmospheric CO2 &4C measurements. Most of the A14C results of fruit
and corn samples stored since the 1940s agreed with tree-ring &4C values for the same time period. In general, agreement was
found between the atmospheric CO2 or tree-ring &4C records available for the Northern Hemisphere and the &4C signatures
of rapidly exchanging organic matter pools examined in this study. Exceptions were the i 4C values of carbonate from egg
shells and that of organic carbon from egg insides, which demonstrate that bicarbonate and organic carbon within the egg follow different biochemical pathways.

INTRODUCTION

Time histories of e14C in tropospheric CO2 are available from several sources around the world
(Berger et a1.1987; Levin et al. 1985; Nydal and Lovseth 1983). These records accurately document
the levels of bomb 14C produced by thermonuclear weapons testing since the 1950s, in the troposphere. The data presented here provide a small addition to the large data base already available for
atmospheric C02, in a region (La Jolla, California) previously under-documented with respect to
14C measurements. Also provided are selected A14C measurements ofplant and other organic materials from La Jolla, Heidelberg, Germany, Martha's Vineyard, Massachusetts and Harris, Louisiana.

The original premise of this study was twofold: 1) to establish the degree to which steady state
existed in 14C activities of a variety of plant carbon pools and those in tropospheric C02; and 2) to
determine if there is any anomalous fractionation of carbon isotopes between CO2 and the organic
matter produced during photosynthesis by C3 and C4 plants. We find that the &4C of rapidly growing vegetation is similar (within 2 Q uncertainty) to that in the atmospheric CO2 pool from which it
had been extracted.
METHODS

Tropospheric CO2 samples reported here were collected at the Mount Soledad 14C Laboratory in La
Jolla, California (32°50'N, 117°20'W, 240 m above sea level) in June and August /September 1980.
They were collected using two methods, the tray method and the bubble method. For the tray collections, a basic solution of BaCl2 and concentrated ammonium hydroxide was placed in a shallow, plastic tray (50 cm x 50 cm) with a fan blowing air across its surface. In this way, airborne CO2 was collected for a period of 24 h to 5 d. For the bubble method, air was pumped through three bottles in
sequence containing BaC12 and concentrated ammonium hydroxide solution (with solution volumes
700, 400 and 250 ml). After CO2 collection, the basic solutions were placed in 1-liter glass bottles,
sealed, and left for 10 d to allow for BaCO3 to precipitate. The solution was decanted off, and the
BaCO3 precipitate was dried on a hot plate to remove residual ammonium hydroxide. The dried samples were acidified with 2 N HCl and the evolved CO2 was collected cryogenically (Linick 1980).
Two samples of fig fruit and one sample of fig leaves were harvested from a tree in Hans and Ruth
Suess' backyard in La Jolla in July 1980. Samples of corn (kernels) and wheat were collected from
fields on the outskirts of Heidelberg, Germany (49°25'N, 08°40'E) on 15 June 1980. Samples of
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corn kernels and husks were collected from Shoe Peg-Harris, Louisiana (32°N, 92°W), and Gray
Summit. They were harvested in 1947 and stored dry until we analyzed them in 1980. Two locally
harvested samples, one of raspberries and one of apples, were obtained from a resident of Martha's
Vineyard, Massachusetts (41°30'N, 70°40'W). The samples were canned in 1942 and were not
degraded by microbial activity. Two dozen eggs were obtained from Miller's Ranch in San Diego
(.10 km inland of the coast) on 29 November 1979. The shells were acidified separately with 4 N
HCl under vacuum and the carbon dioxide collected cryogenically. The egg insides (yolk and white
combined) and each of the above described organic matter samples were dried and combusted in a
flow of medical-grade oxygen, and the resultant CO2 gas was bubbled through chromic acid and
trapped cryogenically. One of the corn kernels samples from Gray Summit (LJ-5074) was extracted
with hot acetone in a soxhlet extractor for 2 h and then subjected to hot base (1 N NaOH) and acid
(1 N HC1), and the extracted kernels oxidized as above.

Carbon dioxide from each sample was converted to acetylene gas via a lithium carbide intermediate
and purified through charcoal at 0 °C. Each sample was counted for 2-5, 2-day periods in 2.2-liter
quartz and 0.4- and 1.0-liter steel gas proportional beta counters according to standard procedures
(Druffel and Linick 1978).

Radiocarbon results are reported as &4C in %o. Uncertainties given are one-sigma deviation based
on statistics of sample, standard and background activities. The S13C values were measured on the
reburned acetylene gas and used to correct the e14C results according to standard methods (Stuiver
and Polach 1977). All S13C measurements had uncertainties of ±0.15%o.
RESULTS

The &4C results of atmospheric CO2 and plant materials are reported in Table 1 and shown in Figure
1. Atmospheric CO2 e14C values for the samples collected in June 1980 using two different methods
are 252 and 253%o. The &4C value for the sample collected in August/September 1980 was significantly higher (276%o).
The D14C results from two La Jolla fig samples collected in July 1980 were 273 and 263%o. The fig
leaves sample had a L14C value of 272%o. The Heidelberg corn and wheat samples collected in June
1980 had &4C values of 257 and 260%o, respectively. Values for the egg shells and insides were significantly different from each other (256%o and 315%o, respectively).

14C measurements of raspberries and apples archived in 1942 had prebomb values of -27%o

and
-20%o, respectively, and are plotted with annual tree ring &4C values for 1935-1950 (Fig. 2). The
14C values of corn samples from Shoe Peg-Harris were -21%o (husk) and -13%o (kernels), and
those from Gray Summit were lower, -26%o and -27%o (kernels) and -27%o (husk) (Fig. 2).

The 813C values for atmospheric CO2 are -26.6%o and -25.4%o for samples collected using the tray
method, and -20.5%o for that using the bubble method. Significant fractionation is reflected in these
values, compared to atmospheric CO2 S13C values of -7.5%o in 1978 (Keeling, Mook and Tans 1979).
The S13C values for the fig, raspberries, apples and wheat samples range from -20 to -28%o, typical
of C-3 plants. The corn S13C values are higher (-11.4 to -12.1%o), reflective of C-4 plants. The 813C
values for the calcitic egg shells (1.2%o) are much higher than those for the organic insides (-16.6%o).

TABLE 1. A14C and S13C Values

Northern Hemisphere Sites

for Tropospheric CO2 (Tray and Bubble Methods of Collection) and a Variety of Plants from 6

Sample

La Jolla

Date

type

no.

collected

Air C02 (tray)
Air C02 (bubble)
Air C02 (tray)

5210
5209

5213

19-20 June1980
19-20 June1980
28 Aug-2 Sept 1980

Fig fruit
Fig fruit
Fig leaves

5193
5194
5195

Jul-80
Jul-80
Jul-80
15-Jun-80
15-Jun-80

t
Soledad, La Jolla, CA
Soledad, La Jolla, CA
Soledad, La Jolla, CA
yard, La Jolla, CA
yard, La Jolla, CA
yard, La Jolla, CA

Corn

5197

Wheat

5196

Raspberries
Apples

5517
5518

1942

Vineyard, MA

1942

Vineyard, MA

Egg Shells

Egg (inside)

4963
4976

29-Nov-79
3-Dec-79

Corn husk
Corn kernels
Corn kernels
Corn kernels(extr.)
Corn husk

5076
5077
5073
5074
5075

GER
GER

4
7
5
4
5
5

3
3

Ranch, San Diego, CA
Ranch, San Diego, CA

3
3

1947

Peg-Harris, Louisiana

4

1947

Peg-Harris, Louisiana

4

1947
1947
1947

Summit
Summit
Summit

4

4
4

-11.4
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014C in Air C02 and
Organic Samples
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Fig. 1. &4C measurements for tropospheric CO2 (tray and bubble method of collection) and fig (fruit
and leaves) samples from La Jolla, California, and for corn and wheat samples from Heidelberg, Germany. All samples were collected in the summer of 1980. Also plotted for comparison are the e14C
results for atmospheric CO2 collected from Vermunt, Austria (Levin et aL 1985) and China Lake, California (Berger et al. 1987).

DISCUSSION

Comparison between the atmospheric CO2 results reported here and those previously reported for
Vermunt, Austria (47°N, 1O°E) (Levin et a1.1985) and China Lake, California (35°32'N, 117°41'W)
(Berger et a1.1987) is shown in Figure 1. The atmospheric CO2 L14C result from La Jolla (276 ± 4%o)
in August/September 1980 agrees with the China Lake L14C (271 ± 4%o) result taken at the same
time. The two La Jolla atmospheric CO2 014C results from June 1980 (252 ± 11%o and 253 ± 11%o)
are 1-2 Q lower than the Vermunt, Austria atmospheric CO2 sample (270 ± 4%o) taken at the same
time, and 1-2 Q lower than the China Lake CO2 samples (264 ± 4%o, 273 ± 4%o) taken 15 d before and
7 d after ours, respectively. Hourly records of wind-direction in La Jolla during the 24-h June collections show an offshore, northwestward flow (Lott 1980) that may have included continental air that
had been exposed to fossil fuel sources from the inland San Diego area. Similarly, the August/September 1980 atmospheric CO2 sample was collected during a period of westward wind flow, also
bringing continental air to the La Jolla area. However, &4C values for atmospheric CO2 in La Jolla
during August/September are similar to the China Lake and Vermunt, Austria values; this indicates
that all three locations may have a small amount of fossil fuel carbon from anthropogenic sources.
The fig fruit and leaf samples and the Heidelberg corn and wheat samples had &4C values that agree
(within 10%o) with the atmospheric CO2 e14C values from this study (Fig. l) and the Vermunt and
China Lake atmospheric CO2 Q14C records during the summer of 1980. The annual decline of tropospheric &4C during 1976-1983 was 18%o yr-1 at China Lake (Berger et al. 1987). From the
agreement between z 4C values from the post-bomb plant materials and precursor atmospheric

l4C in Tropospheric CO2 and Organic Materials

887

C02, it appears that there is a maximum time lag of 0.5-1 yr in the transfer of CO2 from the troposphere to plants.

0
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Fig. 2. &4C measurements for corn (kernels and husks) from Shoe Peg-Harris, Louisiana and Gray Summit, and for canned raspberries and apples from Martha's Vineyard, Massachusetts. The corn samples
were collected in 1947 and the fruit samples in 1942. Also plotted for comparison are the &4C results
for tree rings from the northwestern U.S. (Stuiver and Quay 1981).

The egg results reveal a different story. The egg shells have a slightly lower &4C value (256 ± 3%o)
than atmospheric CO2 (264 ± 3%o) taken at the same time at China Lake 200 miles away; this is
probably due to a small amount of "dead" calcium carbonate that is included in the chickens' feed.
In contrast, the egg insides had a &4C (315 ± 3%o) that was much higher than atmospheric CO2
14C, likely owing to several years that could have elapsed between harvesting of the feed and the
ingestion by the chickens. These results reveal that bicarbonate and organic carbon within the egg
do not equilibrate, but follow completely different biochemical pathways.
In 1942, fossil fuels and other effects (Suess 1953) had caused atmospheric CO2 &4C to decrease
(the Suess effect) in the northern hemisphere to -20%o (Stuiver and Quay 1981). This is reflected in
the L14C values reported for the fruit from Martha's Vineyard, Massachusetts (Fig. 2). The prebomb
A14C value for apples (-20%o) that grew in 1942 was equal to tree ring &4C results for the early
1940s (Stuiver and Quay 1981), whereas the raspberries &4C value (-27 ± 3%o) was significantly
lower (>2 Q).

The corn husk and kernel samples showed A14C signatures that agreed with the tree ring results.
One exception was the &4C value of corn kernels (-13 ± 4%o) from Shoe-Peg-Harris that was
higher than the corn results from Gray Summit (-27%o, -26%o) or the husk from Shoe Peg-Harris
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(-21%o). The reason for this high value is not known, though this example demonstrates the variability of z 14C that may be typical within certain plant types. Nonetheless, there appears to be no
evidence of anomalous fractionation between atmospheric CO2 and the organic matter fixed by C3
and C4 plants, given the limited results presented here.
CONCLUSION

The atmospheric CO2 14C measurements from June and August/September 1980 agreed within the
reported uncertainty with those published from China Lake, California (Berger et a1.1987). This
offers a calibration of &4C values for this coastal California site during the summer of 1980. Postbomb fruit and grain &4C measurements showed general agreement with atmospheric CO2 &4C
values available from California and central Europe. The shells and insides of eggs had &4C values
that were significantly different from the atmospheric CO2 &4C values, owing to separate sources
of stored carbon whose &4C signatures are different. Agreement between &4C values in fruit and
corn and those from tree rings, both from the 1940s, was demonstrated. These data are a small addition to the large body of 14C data already available documenting the 20th century distribution of 14C
in the rapidly exchanging carbon pools on Earth.
L
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ON COSMIC-RAY EXPOSURE AGES OF TERRESTRIAL ROCKS: A SUGGESTION
DEVENDRA LAL

Scripps Institution of Oceanography, Geosciences Research Division, La Jolla, California
92093-0220 USA
ABSTRACT. An important recent development in the field of geomorphology has been the application of in-situ cosmic-rayproduced nuclides to obtain model erosion rates and surface exposure ages. These concepts emerged some four decades ago
in studies of cosmogenic nuclides in meteorites, but cannot generally be used analogously for terrestrial rocks. The
differences in the two cases are outlined. For the case of steady-state erosional histories, the terrestrial surface exposure ages
depend on the half-life of the radionuclide studied. A suggestion is made for presenting the surface exposure ages, which
allows a clear definition of the meaning of the estimated exposure ages. In the case of a discrete exposure history, the meaning
of "exposure age"-which should more appropriately be called "event age"-is however quite unambiguous.

DISCUSSION AND SUGGESTION

Nuclear methods have been used to determine a variety of "ages", e.g., the time elapsed since a volcanic rock cooled, and the duration of cosmic-ray exposure of a meteorite in space between the time
it was ejected from a planetary body and its capture by the Earth (Geiss et a1.1966; Marti and Graf
1992). Four simple examples of discrete events which can be fairly well modeled with just a few
degrees of freedom are listed in Table 1. In these cases, the model "ages" do not depend sensitively
on several parameters. The most unambiguous definition is in the case of a volcanic eruption, where
the clock is reset to zero (i.e., when the rock cools down). The cooling event refers to the closure of
a mineral in the whole rock, and the "date" is valid for the whole rock or a part of it. Application of
radionuclides to problems of mixing and transport is an example of a complex model, where the
result can be very sensitive to both the model and the parameters. Cosmic-ray exposure ages of
meteorites and terrestrial objects are cases of intermediate complexity, as qualified below.
In recent years, with the development of accelerator mass spectrometry (AMS), it has become possible to measure several cosmogenic radionuclides, of half lives 102-106 yr, in terrestrial rocks for
determining model rock exposure ages analogous to the case of exposure ages of meteorites (Nishiizumi et al. 1986, 1993; Phillips et a1.1986; Lal 1988,1991; Brown et al. 1991; Brook et a1.1993).
Recent improvements in the measurements of noble gases have also made it possible to measure
cosmogenic 3He and 21Ne in surficial rocks (see the review by Cerling and Craig 1994). As a result
of these developments, a number of papers have appeared giving cosmic-ray surface exposure ages
of rocks (Kurz et a1.1990; Nishiizumi et a1.1993; Cerling and Craig 1994; Gosse et a1.1995; Bierman et at. 1995).

A central problem in determining the exposure age of a sample is that the geometry of the "sample"
continually changes during its exposure to cosmic rays, due to mass wastage by erosion or fragmentation. So, in the strictest sense, it is not meaningful to assign an "exposure age" to a sample, because
the object continually assumes a different identity as the cosmic-ray irradiation proceeds. If, however, the cosmic-ray effect being studied is not too sensitive to the range of changes in the geometry
and shape of the object, the model exposure age should be similar in magnitude to the case in which
the object was immutable during exposure. The situation for in-situ cosmogenic nuclides in terrestrial rocks is quite different from that in meteorites, primarily due to two factors: differences in the
erosion rates, and in the hardness of the energy spectrum of protons and neutrons in the MeV-GeV
energy region, responsible for production of the nuclides (see Lal 1988).
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Model Dependence of Exposure Ages for Different Rock Histories
Remarks on time
Important
interval and time
constraints in
history
modeling
Isotopic marker(s)
Event history

TABLE 1.

Validity of the

Precisely defined for
a closed system; t=0
at emplacement.

Cooling of a volcanic rock

Radioactive decay
and accumulation of
daughter nuclides

II.

Ejection of a rock
from an asteroid or
a planetary surface

In-situ nuclide production and accumulation of stable and
radionuclides

III.

Episodic surface
exposure of a deepseated rock due,
e.g., to glacial erosion or a volcanic

In-situ nuclide production and accumulation of stable and
radionuclides

Post-event exposure erosion/
burial history

Accumulation of nuclides is sensitively
dependent on the
post-episodic erosion/
burial history. Eventages are severely
model dependent, except maybe in the case
of very recent events!

In-situ nuclide production and accumulation of stable and
radionuclides

Recognition of
important events
during the (continuous) erosional history of
the rock.

A special case of III.
Exposure ages maybe

I.

closed-system
model*
Post-ejection collisional history

eventt

IV.

Continuous longterm (steadystate!) weathering
and erosion of a
rock surfacet

Fairly well defined
for moderate collisional histories; effects of erosion in
spaces are generally
inappreciable.

severely model dependent (see text).

*Note: This is a requirement in all isotope models.
tFrequently information on the exposure history of a sample is insufficient to distinguish between Cases III and IV. Even
for a volcanic event, Case III often resembles Case IV.

In the case of meteorites, the maximum variation in the nuclide production rates in typical meteoritic
bodies of 20-50 cm radius exposed in space is < 2 x, and the micro-meteorite induced erosion rate is
<<1-5 cm in periods on the order of 10-20 myr. Thus, the example of cosmic-ray irradiation of
meteorites is one where one can meaningfully speak of the exposure age of the whole object even
though it may be undergoing mass wastage due to erosion, since small changes in meteorite size/
shape do not significantly affect the nuclide production rate, and hence the model age.

For completeness, it is mentioned that for obtaining meteorite exposure ages, one deploys nuclides
produced by the nucleonic component of cosmic radiation, which shows a transition in the first 100
g cm'2, whereby the average nuclide production rates inside an object of 30-50 cm do not change
much with depth (Bhattacharya et ad. 1980; Marti and Graf 1992; Reedy 1981). Without going into
detail, it may be noted that several methods are applicable for extraterrestrial samples that allow
fairly accurate determination of the nuclide production rate during the object's exposure (cf. Marti
and Graf 1992). If, however, one measured the track densities in meteoritic/lunar silicate crystals
due to multiply charged nuclei, one would obtain a result that is depth sensitive on scales of microns
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to millimeters, depending on the nature of the radiation (solar or galactic) responsible for the tracks
(Bhattacharya et a1.1973). In fact, several different exposure ages have been deduced for lunar samples, e.g., the sun-tan and sub-mm exposure ages (Lal 1972).

In the case of terrestrial rocks the sample studied sometimes bears little resemblance to its form and
substance during most of its cosmic-ray exposure history. Both erosion and the nuclear energy spectrum make "exposure age" models sensitive to the parameters used, as discussed below.
1 shows the isotopic markers, and constraints in their application, for determining model
exposure ages for a few commonly investigated cases of interest in planetary science. The simpler
Cases I and II in Table 1, namely the time of emplacement at surface of an igneous rock (I) and the
cosmic-ray exposure ages of meteorites (II), have already been considered above. The cases of
exposure ages of terrestrial rocks, for both discrete and continuous exposures (Cases III and IV),
will now be discussed.

Table

In the case of terrestrial surficial processes, several simple exposure models have been considered
recently (Lal 1991) for the nuclides produced by the nucleonic component, for which the absorption
mean free path, (1/1u), is on the order of 160 g cm-2, ca. 50-60 cm in typical rocks (Lal 1988). The
nucleonic component is primarily composed of neutrons, with most of the flux lying below 500 MeV.
The radiation is fairly soft in energy and also fairly directional (<11t geometry), which should be contrasted with the much harder spectrum and (3-4)7t geometry in the case of meteorites (cf. La11988).
For the case of terrestrial rocks, assuming a constant erosion rate, the simplest exposure history would
be irradiation of a rock surface for T years with zero initial nuclide concentration (Lal 1991)

N(T,)

_

Po

x+µpc[1_e-(LPE)T]

(1)

where N (T,X) is the resulting nuclide concentration at the surface after irradiation for T years, is
the disintegration constant of the nuclide (=1/i, where 'r is the mean life of the nuclide), ,u, as
defined earlier, is the inverse of the mean cosmic-ray nucleon absorption coefficient (cm2 g-1), p is
the rock density (g cm-3), E is the erosion rate (cm yr'1), and Po is the cosmogenic in-situ nuclide
production rate in the rock at the surface. Equation (1) holds for Case III in Table 1, for uniform erosion rate.
?%.

In steady state, the surface radionuclide concentration,
NSS

NSS,

(radionuclide) _

attains an equilibrium value
Po
+ µPE

(2)

in the exposed rock surface after irradiation for time, T »1/(X +,ups), with NSS being a function of
radionuclide half-life. Note that in the presence of a finite constant rate of erosion, a steady state can
be reached even for a stable cosmogenic nuclide
NSS

(stable nuclide) _

Po
X +

µPa

Equations (2) and (2') may be applicable in some cases for the Case IV in Table 1. The validity of
the model (with respect to the assumption of a continuous long-term exposure with rock eroding at
an uniform rate) would have to be ascertained using radionuclides of different half-lives and stable
nuclides.
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In recent literature, surface exposure ages defined as the effective (or apparent) exposure age, Tiff,
for a steady-state erosion model, have been obtained from accumulation of the in-situ produced
nuclide in the rock compared to its production rate at the surface (Lal 1991)
Teff

Nss
P0

-

(3)

(4)
Equation (4) also leads to an estimate of the rate of erosion,
centration

8=

1

Po

µP Nss

_

E,

µP LTeff

basing on the measured nuclide con-

-

J

.

(s)

The term within brackets in Equation (5) is a nuclide-invariant quantity, proportional to the erosion
rate only (Lal 1991). The validity of a steady state and uniform erosion rate can be checked by using
two or more cosmogenic nuclides.
In the case of a discrete exposure of a rock, the exposure age, T, is obtained from a measurement of
N(T,? ), using Equation (1), provided the nuclide mean-life is comparable to or longer than the exposure age. This involves a knowledge of r, which can be estimated in favorable cases using a pair of
nuclides (two radionuclides or a stable and a radioactive nuclide). In the absence of a knowledge of
c, a lower limit on the exposure time, T, is given by Teff, defined in Equation (3) as

T>Teff

=

p
N(T')

(6)

0

1_e-(X+l )T

, + µpE

(7)

which is a function of both X and a. If, on any physical or chemical grounds, it can be ascertained
that the total surface erosion was insignificant compared to the cosmic-ray absorption mean path (1/
,u), i.e., ET << 1/,up then the exposure duration, T, can be estimated using a stable nuclide or a radionuclide of half-life comparable to or greater than T
T

=T. ln

1

_
0

N (T, X)

(8)

Thus, in the case of a discrete exposure history, with or without an appreciable erosion rate, it may
be possible to determine the surface exposure age, T, which should more appropriately be called
event age.

Let us now examine the difficulties one encounters in obtaining meaningful or definable cosmic-ray
exposure ages, basing on Equations (3-7), the principal problem (or the culprit) being the unknown
parameter, E. If erosion is really negligible during the discrete/episodic surface exposure of a rock
(Case III in Table 1), then one can indeed obtain the event-age basing on Equation (8). In this case
the rock indeed has an identity by virtue of its shape and size, which remain essentially unchanged
(length scales defined with respect to the cosmic-ray absorption mean free path distance) during its
exposure to cosmic rays. Note here that if indeed E _ 0, the rock may or may not be in steady state
for a stable nuclide or a very long half-life nuclide.
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If 6 0-and many of us in this game have often heard strong assertions in this context by experienced geologists (i.e., making a case for
= 0) to be grossly erroneous-then the question before us
is, how does one define the rock exposure age? Use of Equation (3) pretends to ignore the parameter
£; that of Equation (4) implicitly assumes knowledge of a relationship between and
µp, in other
words a prior knowledge of which does not seem justifiable.

,

Consider now the X,,upE relations for real cases, i.e., for the specific nuclides which are potentially
useful in surface exposure ages, with realistic c values, for both the steady state and fixed duration
exposures. For a recent discussion of the errors associated in the estimation of exposure/event ages,
reference is made to Gillespie and Bierman (1995) and Macchiaroli (1995). The radionuclides considered in the present analyses are the spallogenic nuclides1: 39Ar (half-life, T112 = 275 yr),14C (Tia
= 5730 yr), 36C1(T112 = 0.3 x 106 yr), 26
(T112 = 0.7 x 106 yr) and 10Be (T112 =1.5 x 106 yr). Figure
1 plots the expected accumulation of the selected nuclides in the rock at its surface, z = 0, as a function of time, for initial zero concentrations, for two assumed erosion rates, 10and 10-5 cm yr-1. The
surface production rate, P0, in each case is assumed to be 1 atom g yr-1.Other cases where the depth
dependence departs from the simple exponential will be considered separately. The curves in Figure
1 clearly demonstrate the sensitivity of the effective exposure age to erosion. Note that
Tiff = N, since
PO has been set =1. When a =10-3 cm yr-1, the normalized concentrations of 36C1, 26\1,10Be and a
stable nuclide are all nearly the same,
x 104. For the case c - 10'5 cm yr-1, a rather low rate of erosion, observed to date only in the polar regions (Nishiizumi et a1.1991, 1993), the buildup of longlived and stable nuclei is essentially linear for exposure durations of <105 yr, for 36C1, 26\1 and 10Be.
The effect of erosion becomes gradually more important as one moves to nuclides of higher t-values,
as can be seen clearly in Figure 1. With =10'5 cm yr'1, the steady-state value for 26A1 and longer
lived nuclides is reached only for surface exposure ages exceeding 106 yr; for 36C1 (t = 4.3 x 105 yr).
Figure 2 plots the expected log of nuclide concentrations at the surface, as a function of depth for different erosion rates, for the case of steady state with uniform erosion rate (again, PO has been set to 1
atom g-1 yr-1). The depth dependence of concentrations is an exponential, as theoretically expected
(Lal 1991), and is given by the five straight lines. Any point on these lines gives the nuclide concentration which the rock matrix would attain when a deep-seated rock (implying zero initial concentrations at large depths) moves up to that depth. The same figure also shows the time it takes for a layer
(marked by intersecting curves) to outcrop to the surface, for different erosion rates. This figure is
very instructive, since it graphically shows the time required for the nuclide concentrations at its
present surface to reach its present value from different depths, for different erosion rates.

5

Several interesting features of the buildup of nuclide concentration can be deduced from Figures 1
and 2, which I have briefly alluded to earlier (Lal 1991). I would like to point out here one very interesting feature of the buildup, which can be used to put constraints on erosional models used. This
point revolves around the central assumption of a continuous and uniform erosion. In natural situations, it is known that often large blocks can be removed due to floods/landslides, all related to rock
fracture along certain planes. The in-situ cosmogenic nuclides can be used to check on this. As discussed earlier, Figure 1 shows the expected exponential depth-dependence of N. If a surface layer is
removed, say of a thickness .-1 mean cosmic-ray-absorption distance, (1/,up) cm, then the nuclide
concentration in this layer, now at the surface, would be lower than expected, by a factor of "e".
Consequently, the apparent surface exposure age would be lower, corresponding to an apparent
'Note that in all the calculations presented here, it is assumed that the nuclide production rate decreases exponentially with
depth, z, with a mean absorption distance of 160 g cm-2 (Lal 1991). In the case of 36C1, its production by thermal neutrons
is often important. Its production rate shows a broad transition at ca. 40-100 g cm-2 (Dep et al. 1994).
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Fig. 1. Expected nuclide concentrations (atom g-1) in the surface of a rock of density 2.7 g cm-3, exposed for different periods of time, for five radionuclides and one stable nuclide. The surface production rate, Pa., is assumed
to be 1 atom g-1 y'1.

higher erosion rate. This effect is not independent of the nuclide half-life. The shorter the half-life,
the greater the shift would be in the apparent erosion rate. The longer-lived and stable nuclides
would be subjected to a much smaller shift. The reason for this is that Tef is smaller for a shorterlived nuclide, and any lowering of the surface value due to removal of a slab causes greater overes-
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timation of the rate of erosion for a shorter-lived nuclide (Eq. 5). One can therefore constrain exposure histories easily by studying two or more nuclides of different half-lives (La! 1991). In the case
of steady-state erosion, the invariant quantity for all in-situ nuclides is: Po/N X; however, for a discrete exposure of a previously shielded rock, it is not possible to define an invariant quantity, but a
check can nevertheless be made for the validity of the exposure model used by studying several insitu produced nuclides.
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Fig. 2. The figure shows graphically how nuclide concentrations grow in a rock for the case of steady-state cosmicray irradiation. The (parallel) solid lines give the nuclide concentrations attained at different depths as a given stratum
moves up due to erosion, for a =10'5-10-1 cm yr-1. The intersection between the straight lines and the dotted iso-time
curves for 102-107 yr give the time taken for a surface at that depth to outcrop to surface with that erosion rate; values
for other depths and erosion rates can be estimated by an interpolation.
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From the preceding it becomes clear that for both long-term/steady-state erosion or short-term
buildup in a shielded rock, the effective exposure age obtained, Teff, is not an unique quantity but is
a function of nuclide half-life and erosion rate. Thus, quoting Teff as the exposure age without further
qualification would be incorrect. One should therefore decide on an agreed mode of presentation of
results which even a non-specialist can use as a numeric value whose meaning is well understood,
even by a non-practitioner. I propose that one should totally separate the question of the nuclide halflife from the surface exposure age of a rock, meaning that any quantity quoted as the exposure age
should be free from the physical influence of X, the half-life of the spallogenic nuclide measured.
For the case of steady-state erosion, this is easily done by first deriving a from observations of cosmogenic nuclides, which is the principal quantity which the nuclear method provides for a continuously eroding rock. Having done this, one should then deduce the cosmic-ray surface exposure age
for a stable spallogenic nuclide, which is the value of Teff (Eq. 3) for a stable nuclide (i.e., for the
case, ? = 0). The desired quantity Teff (stable) is given by

Teff(stable)

=

Nss
1
stable =
= Tero
P0
µP£

(9)

if a stable nuclide was used, and this is the estimated surface exposure age, controlled by erosion
alone, Tero As a general note, the choice of a stable nuclide for defining exposure age is advantageous:1) first, it is less sensitive to any departures from continuous and uniform erosion (Lal 1991);
and 2) the accumulation of the nuclide is linear with exposure duration (Fig. 1), controlled by erosion only. Note that this simplification is possible since the value of the cosmic-ray absorption coefficient,,u, is the same for all spallogenic nuclides (Lal 1988, 1991).
In light of the above, then, since the cosmogenic nuclides can at best be expected to provide only the
erosion rates, one should study them to estimate the erosion rate. If this can be done adequately, then
(ideal condition: X --ppa) in cases where a steady-state erosional model is valid, one should quote
(1/upe) as the erosion-controlled surface exposure age, Tero = Teff (stable). This is the time in which
the rock erodes to a depth equal to the cosmic-ray absorption mean free path,160 g cm-2 (Eq. 9).

Table 2 shows the data for ten Antarctic rocks, selecting a few samples from each of the sites, ALH,
BW and TAC, studied by Nishiizumi et al. (1991) for 10Be and 26A1 concentrations. In Table 3, the
conventional apparent ages, Teff, and the erosion rates based on 10Be and 26\1 are given separately,
along with the Tero ages. The general pattern is as expected: Tero >Teff (l0Be) > Teff(26A1). And when
a is large, the differences between these age estimates decrease.

The case of an episodic event (Case III in Table 1) has already been discussed (Eqs. 6-8). In this
case, the quantity of interest is the exposure age, T, which can be determined directly using two (or
more) suitable nuclides. If this is feasible, then T should be cited as an "event age". But in the
absence of any knowledge of r, a lower limit to T should be given by the effective cosmic-ray exposure age, Teff (Eq. 6).
Finally, let us consider cases of cosmogenic in-situ nuclides that do not obey the exponential depth
dependence in production. Specific cases are 36C1 production by slow neutron capture in the upper
rock strata at depths <450 g cm'2 (Dep et al. 1994), and nuclides that can be produced in muon
capture reactions, at underground depths exceeding a few hundred g cm-2 below sea level (Lal 1987,
1988). The production of 36C1 in limestone is an example of this (Stone et al. 1994) and arises from
the changeover in production mechanism, from the fast nucleonic component to muons, whereby
the mean absorption distance becomes depth-variant. Note that irrespective of the nuclide production mechanism, the cosmic-ray exposure age, Tero, could be estimated in a similar manner as dis-
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cussed above, i.e., first determine the erosion rate and then present the "erosion-controlled" surface
exposure age for the case of a stable spallogenic nuclide, for which the mean cosmic-ray absorption
distance is 160 g cm'2.
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PALYNOLOGICAL AND SEDIMENTOLOGICAL EVIDENCE FOR A RADIOCARBON
CHRONOLOGY OF ENVIRONMENTAL CHANGE AND POLYNESIAN
DEFORESTATION FROM LAKE TAUMATAWHANA, NORTHLAND, NEW ZEALAND1
M. B. ELLIOT,2,3 B. STRIEWSKI,2 J. R. FLENLEY2 and D. G. SUTTON4
ABSTRACT. We present pollen diagrams and sedimentological analyses from a lake site within an extensive dune
system on
the Aupouri Peninsula, Northland. Five thousand years ago, a regional Agathis australis-podocarp-broadleaf forest
dominated the vegetation, which manifested an increasing preponderance of conifer species. Climate was cooler and drier
than at
present. From ca. 3400 BP, warmth-loving species such as A. australis and drought-intolerant species, Dacrydium
cupressinum and Ascarina lucida, became common, implying a warm and moist climate. The pollen record also suggests
a windier
climate. The most significant event in the record, however, occurred after ca. 900 BP (800 cal BP) when anthropogenic
deforestation commenced. A dramatic decline in forest taxa followed, accompanied by the establishment of a Pteridium-esculentum-dominated community. Fire almost certainly caused this, evidenced by a dramatic increase of charcoal. Sedimentological
evidence for this site indicates a relatively stable environment before humans arrived and an increasingly unstable environment with frequent erosional events after human contact.

INTRODUCTION

Although much is now known of the late Holocene vegetation history and archaeology of early settlement of southern regions in New Zealand, little is known of the archaeology of the early settlement of the north (Bulmer 1988). The vegetational history remains sketchy, although several pollen
diagrams cover this period (Kershaw and Strickland 1988; Dodson, Enright and McLean 1988;
Enright, McLean and Dodson 1988; Newnham 1992). The debate over when first settlement of New
Zealand occurred continues to be marked by controversy and remains poorly defined. None of the
published palynological investigations from Northland addresses this contentious issue, although
discussion in the archaeological literature has been vigorous (Sutton 1987, 1988; Enright and
Osborne 1988; Anderson and McGovern-Wilson 1990; McGlone, Anderson and Holdaway 1994).
The most preferred position in this argument has been that first human settlement occurred at or
around 1000 BP (Davidson 1984); more recently the date has been brought forward to 700 BP
(Anderson 1991; McFadgen, Knox and Cole 1994). The evidence for this derives from dated
archaeological sites. However, the effect of Polynesian settlement on the vegetation of New Zealand
has been profound and palynological analyses from more southern regions of New Zealand have
provided evidence of this human impact (McGlone 1978; McGlone, Mark and Bell 1995; Mildenhall 1979; Bussell 1988; Newnham, Lowe and Green 1989). Elsewhere in the Pacific and Southeast
Asia, evidence from pollen records, charcoal influx and sedimentological analyses has been used to
define the onset and extent of human impact on the environment (e.g., Flenley 1988; Flenley et al.
1991; Newsome and Flenley 1988; Kirch, Flenley and Steadman 1991; Kirch et al. 1992). We
present here similarly derived evidence for one of the first chronologically secure records of human
impact on the environment in northern New Zealand.
DESCRIPTIVE BACKGROUND

Lake Taumatawhana is about halfway between Houhora and Te Kao on the west of the Far North
Road (Fig. 1). The lake occupies an area < 1 ha on a block of land administered by the Department

'This paper was presented as a poster at the 15th International 14C Conference, 15-19 August 1994, Glasgow, Scotland
2Department of Geography, Massey University, Private Bag 11-222, Palmerston North, New Zealand
3Present address: Department of Soil Science, Massey University, Private Bag 11-222, Palmerston North, New Zealand
4Centre for Archaeological Research, University of Auckland, Private Bag 92019, Auckland, New Zealand
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Fig. 1. Lake Taumatawhana, Onepu, Northland

of Conservation within which, adjacent to the lake, is a 9.8-ha parcel designated as a proposed historic reserve (Maingay 1991). A well-preserved double pa (Maori fort) site (Fig. 1) overlooks both
the lake on the southern side and an extensive area of early Maori gardens that lies to the north
(Maingay 1991). The lake is ca. 30 m asl and formed as part of coastal progradation processes that
followed the postglacial rise in sea level. Prevailing westerly winds formed dunes and created the
Aupouri Peninsula, a large tombolo linking the northern archipelago to mainland Northland.
Numerous small lakes and peat swamps formed in the trailing arms of parabolic dunes and also
between such dunes where drainage has been impeded. Lake Taumatawhana is one such lake in this
system, and at its eastern end, drains by seepage into a larger peat swamp lying within a large parabolic dune. 14C dating of basal sediments for both the lake and adjacent swamp yielded ages of 4883
±64 BP (NZA-3486) and 4792 ±70 BP (NZA-2808), respectively (Table 1).

Leptospermum scrub with numerous small Coprosma and Pomaderris shrubs, scattered Cordyline
australis and exotic wattles surround the lake. The margins of the lake, in many parts overhung with
Leptospermum, support a variety of restiads and sedges, as well as clumps of Phormium tenax,
Typha orientalis and numerous aquatic species including Myriophyllum that extend out into the
water body, forming a fringe floating mat. Typha orientalis dominates the adjacent swamp in the
wetter areas, and Leptospermum the outer, drier zones. Phormium tenax and Cordyline australis
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TABLE 1.14C Dating

Depth (m)

901

of Samples

NZA-no.

Lake Taumatawhana
0.29-0.34 3920
0.29-0.34 3823
0.96-1.00 3882
1.10-1.16 3819
1.56-1.61 3820
1.86-1.91 3821
3.06-3.11
3822
4.05-4.10 3486
Taumatawhana Swamp
2.35-2.40 2808

14C

(yr BP)

1434
1741

686
913
1928
2612
2976
4883

77
83
72
65
68
72
67

813C%o

range

BP

(2o)

dated
gyttja
gyttja
gyttja
gyttja
gyttja
gyttja
gyttja
gyttja

4792 ± 70

trees are also present. Gleichenia dicarpa and Blechnum minus are common and a number of
swamp-tolerant forbs persist. Pasture grasses, the commonest species of which are Anthoxanthum
odoratum and Pennisetum clandestinum, cover adjacent sand dunes. There are several plantations of
Pinus in the surrounding district, including the extensive Aupouri Forest in the west.

A sediment core 4.46 m long was recovered below 6.5 m of water from the deepest part of the lake,
using a modified piston mud sampler (Walker 1964) operated from a raft. This core consists of three
broad stratigraphic units (Fig. 2).
METHODS

Palynology
Samples were taken at 0.10-m intervals to a depth of 3.95 m. Only one sample was taken from the
upper 0.30 m as this part of the core was loose and possibly liable to mixing. Laboratory preparation
for pollen analysis of these samples followed standard alkali and acetolysis treatments (Faegri and
Iversen 1989). Lycopodium marker spore tablets were added at the onset of chemical treatment for
absolute pollen-frequency calculations (Stockmarr 1971). Charcoal counts were made by counting
all fragments across a traverse in the size range of pollen grains and spores until 10 Lycopodium
spores had also been counted. Pollen percentages are based on a pollen sum of all dryland plants
including ferns and fern allies. In almost all cases, counts exceeded 250 dryland types. Preservation
of pollen and spores was generally good. Plant nomenclature follows Allan (1961), Moore and
Edgar (1976), Connor and Edgar (1987) and Molloy (1995).

Sedimentology
The sediments were analyzed to a core depth of 3.00 m. All investigations required the same basic
sample preparation. First, X-ray photographs were taken to identify any laminar structures present
(Baker and Friedman 1969). The variation in laminar structures resulted in the choice of different
sample lengths; between 0 and 1.00 m the sample length ranged from 0.04 to 0.135 m; between 1.00
and 2.00 m sample lengths varied from 0.09 to 0.15 m. The entire section from 2.00 to 3.00 m was
sampled at 0.10-m intervals. Dry samples were pestled and sieved at 2.0 mm to separate coarse
(>2.0 mm) and fine (< 2.0 mm) sediment (Loveland and Whalley 1991).

Sediment texture was analyzed through the grain-size distribution. Samples were oxidized in 30%
hydrogen peroxide (H2O2) (Day 1965 in Gee and Bauder 1986; Kunze and Dixon 1986). We used a
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Fig. 2. Stratigraphy of core, and age-depth graph for Lake Taumatawhana, Lithology from top to bottom:
black gyttja (organic mud); black gyttja with sand; and sand. The uppermost 0.30 m of the core consists of
4.11
loose black gyttja. Below this loose layer, black gyttja persists to a depth of 4.00 m. From 4.00 m to
on the
m the black gyttja contains a trace of sand. The horizontal bars represent the range of uncertainty
calibrated date chronologies (2v), and the vertical bars the length of the core sediment used.

particle size analyzer to analyze the silt and clay fractions ("Sedigraph": Micromeritics 1991; Risberg 1989; Berezin and Voronin 1981). The sand fraction (62.5 .tm-2.0 mm) was separated from the
bulk sample by wet sieving and determined separately. Grain-size-distribution classes chosen for
the sedigraph analysis correspond with the Wentworth scale (Heim 1991). A further subdivision of
the sand fraction (62.5 µm-2.0 mm) was not carried out as the sample weight for this fraction was
too small (average sample weight <1.00 g) for a sieve test on a nest of standard sieves with a frame
diameter of 200 mm. Instead, the entire sand fraction obtained by wet sieving was regarded as an
individual fraction.
Organic content was determined by loss-on-ignition (after Kretzschmar 1989). Correction factors
were applied to these data as organic substances and also some chemically bound water and void
compounds are known to evaporate (Hakansson and Jansson 1983). As the bulk of the clay minerals
occur in the clay fraction (<1.95.tm), Schlichting and Blume (1966) suggested subtracting 0.1%
weight per 1.0% weight of clay content from the result of the organic matter content obtained by
loss-on-ignition.
Bulk sediment chemistry was analyzed by Plasma Emission Spectrometry (ICP-AES) providing data
for 23 elements (Al, As, B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Si, Sn, Sr
and Zn). The analysis was performed on liquid digest. Sample digestion involved a 1:1 concentrated
hydrofluoric acid/concentrated nitric acid (HF/HNO3) solution treatment in combination with 30%
H2O2 oxidation to destroy the organics of the samples, and hydrochloric acid (2 M HCl) extraction.
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We investigated the sediment mineralogy for two different grain-size fractions-the mud fraction
(silt and clay fraction, material < 62.5 µm) and the sand fraction (material > 62.5 µm)-at 0.20-m
intervals to a depth of 2.80 m. Samples were treated with 30% H2O2 solution and wet-sieved at 62.5
µm to separate the two fractions. The mineralogy of the mud fraction was analyzed by X-ray diffraction (XRD). Mineralogical constituents of the sand fraction were investigated by petrographic
microscopy.
RESULTS

Dating
Seven samples from the lake and an additional sample from the adjacent swamp were radiocarbondated by accelerator mass spectrometry (AMS) (Table 1, Fig. 2) at the Rafter Radiocarbon Laboratory, Lower Hutt, New Zealand. The material dated was bulk sediment obtained from 0.05-0.06-mlength core segments. No dateable plant macrofossils were present. The basal samples from the lake
and swamp sediments yielded ages of 4883 ± 68 BP (NZA-3486) and 4792 ± 70 BP (NZA-2808),
respectively. The uppermost two dates (NZA-3920 and -3823) appear to have been contaminated by
older carbon following deforestation and pasture establishment by European farmers within the lake
catchment (e.g., Pennington et al. 1976). Non-contemporary forest litter and humic compounds
were probably incorporated into the lake sediments. The appearance of introduced species in the
pollen record supports this hypothesis. The b 13C values from the anomalous dates are dissimilar to
those immediately below, and similar to those from older material in the core, which further supports this interpretation.

Palynology
Figures 3 and 4 show the pollen diagrams displayed as relative frequency and pollen concentration
data, respectively. The charcoal data displayed on both of these figures is shown as absolute charcoal influx in grains/cm3. The pollen spectra are divided into five zones.
1. Zone Ta 4:

4.00-3.30 m depth; ca. 5000-3400 BP

The terrestrial pollen is dominated by arboreal pollen, the most abundant elements of which are
Agathis australis, Dacrycarpus dacrydioides, Dacrydium cupressinum, Libocedrus, Nestegis,
Phyllocladus, Podocarpus, Prumnopitys taxifolia, Ascarina lucida, Coprosma and Leptospermum/Kunzea. Ferns, herbs and aquatics record only low frequencies and charcoal influx is also
low. The steady increases in A. australis and A. lucida are notable.
2. Zone Ta 3:3.30-1.90 m depth; ca. 3400-2600 BP

Like the previous zone, this is characterized by an arboreal dominance with a similar composition
of species. At the onset of this zone is a very sharp and short-lived decline in A. australis, followed by a steady increase before again declining at the top. The curves for D. cupressinum, Libocedrus, P taxifolia and A. lucida show similar, though less pronounced, trends. Herbs, ferns and
aquatics are again only weakly represented, although the ferns assume slightly more importance

than previously.

3. Zone Ta 2:1.90-1.12 m depth; ca. 2600-900 BP

As with Zones Ta 3 and 4, a strong dominance is maintained by the arboreal taxa over the relative
paucity of herbs, ferns and aquatics. A. australis rises steadily upward from a starting point of low
abundance through the zone to achieve a significant peak at the top. A similar trend is observed in
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the D. cupressinum curve, but other podocarps do not demonstrate the same pattern although they
generally maintain a strong presence. A. lucida maintains high abundances throughout, and most
other forest taxa are well represented.
4. Zone Ta 1 b:1.12-0.30 m depth;

ca 900-250(?) BP

This subzone is characterized by several significant changes in the pollen spectra. Initially, a
short, sharp increase in ferns is observed, attributable chiefly to Pteridium esculentum. The arboreal pollen declines in tandem with the above change. This event is followed by an equally brief
reverse trend followed by a significant decline in forest taxa. All tree, small tree and shrub taxa
other than Coprosma and Coriaria exhibit dramatic decreases in abundance. Herbs, though still
relatively unimportant, increase in abundance, particularly Poaceae members. The P esculentum
curve dominates the pollen spectra; other herbaceous ferns represented by the curve for monolete
fern spores increase noticeably, and the frequencies for Cyperaceae and Restionaceae members
are also increased. The charcoal influx mirrors the P esculentum curve.
5. Zone Ta

la: 0.30 m depth to sediment surface; ca.

250(?) BP present

This subzone is characterized by low frequencies for almost all arboreal pollen types. Herbs are
clearly the dominant pollen group, in particular, Poaceae members and Taraxacum type. Exotic
European pollen types appear for the first time, notably Cupressus and Pinus; it is likely that the
increases in herb pollen, i.e., Poaceae and Taraxacum, are also attributable to introduced European species, but conclusive differential identification is not possible.

Sedimentology
Texture

The grain-size distribution is characterized by two peaks in the sand fraction (Fig. 5). The first peak
(35%) occurs at 1.12 m. Prior to this, the sand content is consistently low, averaging 10%. The second peak occurs between 0.61 m and the sediment surface, with an initial value of 14% at 0.61 m,
which increases sharply to 27.2% at 0.54 m and achieves a maximum value of 87.2% between 0.13
m and the surface. Low values for clay fractions are coincident with these peaks in sand fractions.
Between 0.53 and 0.13 m, clay fraction values range from 29% to 4.3% compared with an average
value of 46% for the remainder of the core. Other grain-size fractions remain almost entirely unaffected throughout the core.

Organics
Typically, the organic matter content is ca. 50% (by dry weight) throughout the core (Fig. 5). However, a sharp decrease occurs from 0.61 m to the surface (0.00 m) where the organic content is only
6.5%. Lower-than-average values are also noted between 1.12 and 0.61 m (39.3%), and also at 3.00
and 2.00 m.

Mineralogy
The inorganic portion is characterized by only three minerals throughout the core: quartz, feldspar
and a mineral that is amorphous to X-ray radiation. In the XRD patterns, quartz is identified by its
1st- and 2nd-order peaks at 24° 20 (= 0.43 nm) and 31° 20 (= 0.33 nm), respectively, and feldspar
is indicated by its 1st-order peak at 33° 20 (= 0.31 nm) (Fig. 6). The amorphous material, which is
most probably amorphous silica gel (J. Kirkman, personal communication 1995), is indicated by a
"hump" in the XRD pattern. The apex of this hump lies in the vicinity of 26° 20 (Fig. 6). Most of
the core appears to consist of this material, as its XRD pattern shows a distinct trend with depth. The
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Fig. 5. Grain-size classes and organic matter shown as percentages, Lake Taumatawhana

exception to this pattern occurs in the uppermost section of the core from 0.40 m to 0.00 m, where
there is almost no amorphous material. Here the dominant minerals are quartz and feldspar (peaks
at 24° 20, 31° 20 and 33° 20; see Fig. 6) coincident with extremely low values in the clay fraction
(clay content between 0.30 m and 0.00 m of 3.6-4.3%; see Fig. 5). Apart from these three minerals,
no other minerals were detected in the XRD patterns despite the relatively high clay content of the
core material (Fig. 5). The clay content of the sediment seems to be associated with the amorphous
material. From 0.80 to 0.40 m, the clay content decreases steadily from 36.3% to 12.9% with a con-
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hump in the
current decrease in the amount of amorphous material reflected in a steadily declining
XRD patthe
by
5)
mirrored
are
(Fig.
XRD patterns. Further minor fluctuations in the clay content
also
fraction
sand
the
of
counting,
point
terns for amorphous material. Microscopic investigation, by
wellto
angular
from
ranges
grains
revealed an apparent dominance of quartz. The shape of these
also noted.
rounded. Apart from quartz, a few iron oxides (probably hematite or magnetite) were
were
abundances
their
fraction,
There were also a few feldspars, but in contrast to the mud
extremely low; plagioclase feldspars were totally absent.
Chemistry

(after
The elemental assays (Fig. 7) are placed in two main groups, major and minor elements
K,
and
Na
Mg,
Al,
comprise
elements
Major
1966).
1965,
Hakansson and Jansson 1983; Mackereth
Mo,
Cu,
Cr,
Cd,
Co,
(As,
elements
metals
heavy
into
subdivided
Si. The minor elements are further
(Fe,
Ni, Pb, Sn, and Zn), carbonate elements (Ca and Mg), nutrient elements (P), mobile elements
Sr).
Mn and S) and others (B, Se and
"backThe five major elements show an almost identical distribution pattern of generally consistent
conin
ground" concentrations from the base upwards to a depth of 0.75 m. At this depth, increases
centrations are seen, dramatically so from 0.58 m (Mg excepted) to the surface.
0
Calcium exhibits several concentration peaks throughout the profile. Peaks are registered between
be
anacan
phosphorus
only
and 0.42 m, at 0.88 m, 1.79 m and 2.39 m. Of the nutrient elements,
from
lyzed by ICP-AES. The record for P is stable from the base of the core up to ca. 0.70 m depth,
mobile
the
Of
decline.
levels
Thereafter
which a rise in concentration is noted, peaking at 0.42 m.
elements, both Fe and Mn show peaks at 0.17 m and 0.42 m. Below this depth, these two elements
show reduced but fluctuating concentrations, although Fe has a major peak at 2.99 m. Sulphur
at
behaves somewhat differently. No clear trend is apparent, but peaks in concentration are noted
m,
0.75
and
0.58
between
seen
are
0.17 m, 0.42 m, 1.36 m, 2.26 m and 2.99 m. Substantial declines
at 1.93 m and 2.86 m.
DISCUSSION

Palynology
The pollen record for Lake Taumatawhana extends from ca. 5 ka to the present and provides evidence for significant paleoecological changes over time both locally and extralocally. These are
summarized in Table 2. Lake formation relates to dune activity and drainage impedance following
the attainment of sea level close to present level at ca. 6500 BP (Gibb 1986), and the lake has existed
for ca. 5500 yr. Immediately following lake formation and onset of organic deposition at ca. 5 ka, a
regional Agathis australis-podocarp-hardwood forest dominated the vegetation. This community
included all the tall podocarp trees, the most important of which were Dacrydium cupressinum,
Phyllocladus spp., Podocarpus totara type and Prumnopitys taxifolia. Libocedrus spp. and Nestegis
dominant from an initial low value.
spp. were also significant, and A. australis became increasingly
The development of a conifer-hardwood forest through the lower zone is a consequence of increasing stability of the dune environment following sea-level stabilization. Similar trends for A. austrafrom a
lis, D. cupressinum and Podocarpus spp. are reported by Kershaw and Strickland (1988)
coastal interdune bog in Northland. D. cupressinum was a common emergent of the regional forest,
and Podocarpus totara type was a commonly occurring tree. A. australis is regularly under-represented in pollen records (Newnham 1990; Newnham, Ogden and Mildenha111993) and thus, its
good representation in the present study is significant.
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Summary of Palynology and Inferred Regional Vegetation since ca. 5000 BP
Climate
Regional vegetation
Key pollen taxa
Pollen zone Yr BP

TABLE 2.

Ta 1a
Ta

lb

150(?)
250(?)

Exotics
Pteridium-charcoal

700

Pteridium-charcoal
Dacrydium

900

Ta 2

9

Fernbrake
9

Podocarp-hardwood
forest
moist

Dacrydium, Agathis,
Libocedrus, Ascarina

wood forest

Dacrydium, Agathis,
Libocedrus, Ascarina

wood forest

Podocarpus, Phyllocladus, Agathis, Coprosma

Kauri-podocarp-hardwood forest

2600

Ta 3

moist,
windy

3400

Ta 4

5000

drier

McGlone and Topping (1977) describe postglacial climate changes that have some features in common with Zones Ta 4 and Ta 3. After 5 ka BP, northern sites (of the North Island) indicate that
Podocarpus and Prumnopitys became more abundant, responding to a generally harsher climate.
This trend is reversed between 3500 and 1800 BP to a more Dacrydium-cupressinum-dominated
phase (McGlone and Topping 1977) A similar trend can be observed in the Taumatawhana record.
The reversion in importance of D. cupressinum and Podocarpus is accompanied by an increase in
abundance of A. luck/a. McGlone and Moar (1977) report that A. lucida was common in the postglacial period from 10 to 5 ka BP, after which a decline in abundance was noted. A period of recovery occurred between 3500 and 1800 BP, when A. lucida again became common (McGlone and
Moar 1977). This trend is similar to that observed for Taumatawhana and supports the evidence provided by the D. cupressinum and Podocarpus curves, although these taxa persist for somewhat
longer in the time scale. Other Northland pollen diagrams (Kershaw and Strickland 1988; Dodson,
Enright and McLean 1988; Enright, McLean and Dodson 1988; Newnham 1992; Newnham, Ogden
and Mildenhall 1993) provide a less distinct trend for A. lucida. It is likely that drought rather than
cold was the limiting factor in the Onepu district given its northern location and the susceptibility of
the sand dune communities to moisture deficit.

Drought is also implicated in the cyclic curve of A. australis, which requires a rainfall regime
between 1000 and 2500 mm per annum for optimum growth (Ecroyd 1982). Windthrow by hurricane(s) during droughtier and windier times could be more devastating on the sand dune country and
could account for the destruction of hundreds of kauri (Agathis australis) trees at a time (Ecroyd
1982). Under such circumstances, mass synchronous regeneration of A. australis under the cover of
Leptospermum/Kunzea scrub could lead to even-aged stands (Ecroyd 1982; see also Ogden 1985
and Ogden et a1.1992). Evidence for drier and windier conditions in far northern New Zealand during this period has been advanced by Enright, McLean and Dodson (1988), and Dodson, Enright and
McLean (1988).

The most significant change in the pollen record occurs at the boundary between Zones Ta 2 and Ta
1b. A decline of all arboreal taxa is observed, accompanied by sharp rises in the curves for Pteridium
esculentum, the aquatic species of the Cyperaceae and Restionaceae families, as well as Typha. The
charcoal influx follows the same trend as P. esculentum. Elevated values for Coriaria at this time
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are also significant. This shrub is considered to be an aggressive, early colonizer of fire-cleared
landscapes (Wardle 1991). Features of this nature have been recorded at many other sites in New
Zealand (Mildenhall 1979; McGlone 1978; McGlone, Mark and Bell 1995; Chester 1986; Elliot,
unpublished data). The association between Polynesian deforestation and these features in pollen
records is now well established (McGlone 1983, 1989). McGlone, Anderson and Holdaway (1994)
propose that such widespread deforestation began ca. 600 years ago with a small number of sites
dated between 700 and 800 BP. Few sites have been dated rigorously to provide an unambiguous
chronology. Analysis of 14C dates associated with moa hunting (Anderson 1989,1991; Anderson
and McGovern-Wilson 1990) suggests human presence after 800 BP. A few dates before 1 ka BP are
considered questionable by these authors. 14C dates (NZA-3819 and -3882) bracketing this event in
our study indicate that significant anthropogenic disturbance first occurred some time after ca. 900
BP (800 cal BP), and by ca. 700 BP (600 cal BP), major forest clearance had taken
place from which
the local/extralocal vegetation has never recovered.

The possibility of old soil carbon inwash exists after forest clearance (Pennington et a1.1976). This
is probably shown in the dating inversion exhibited by NZA-3920 and -3823 when compared with
NZA-3882 (Fig. 2). The dates provided by NZA-3819 and -3882, which indicate the period of first
human impact, are not considered to be contaminated in this way.

Sedimentology
The granulometric composition of the Lake Taumatawhana sediments shows two distinct changes in
the sand fraction (Fig. 5). The first peak occurs at 1.12 m and the second between 0.61 m and the
sediment surface. The coarse granulometric nature of these peaks indicates the high energy level of
the depositing medium (Reineck and Singh 1975). Thus, the constituent particles of these peaks
must have been deposited during periods of increased erosion.

Pollen data from Zone Ta 1b 1.12-0.30 m and Zone Ta 1a 0.30 m to surface (Figs. 3, 4) suggest that
these periods of increased erosion can be attributed to human influence in the form of deforestation.
This contention is also supported strongly by the trend of the organic matter content down the core
(Fig. 5). Organic-matter content declines sharply at 1.12 m, and also between 0.61 m and the sediment surface. This is thought to represent deforestation accompanied by an increased inwash
of
(coarse) inorganic matter. Dawson (1990) attributed similar features to periods of increased erosion
in lake sediments on Mangaia, Central Polynesia.
The relative abundance of the amorphous material throughout this core is considered a pedological
rather than a human-induced feature. The amorphous material forms in the silica-rich sandy parent
material of the dune system within which this site is located. Under complete saturation, silica dissolves, and, on reaching the solubility product, it precipitates as amorphous material (J. Kirkman,
personal communication 1995). The general tendency of a high content of amorphous material varies only at depth ranges that show markedly higher sand and lower clay contents (Fig. 5).
The chemical stratigraphy of the Taumatawhana core can best be explained if the inorganic fraction
of the sediment is regarded as a sequence of soils derived from the lake catchment. The composition
of the residues finally reaching the lake bed reflects erosional activity within the catchment or in the
lake itself (Mackereth 1966). The chemical composition of the sediments in general does not appear
to be subject to alterations due to in-lake processes, although some elements are more or less susceptible to postdepositional modification or predepositional leaching processes within the soils of
the catchment, especially phosphorus, sulphur, iron, manganese and calcium (Mackereth 1966).
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Elements showing a firm association with the soil and sediment mineral matter seem to reflect the
erosive processes within the catchment, eventually leading to the deposition of material into the
lake. Because of their abundance in mineral matter, the distribution of major elements (Al, K, Mg,
Na and Si) in the lake sediments seems to best reflect the erosional history of the catchment. Of
those elements in particular, sodium and potassium are clearly associated with the mineral fraction
of the sediment rather than with the organic material (Mackereth 1965, 1966). Both elements show
sharply rising concentration values from 0.58 m to the water-sediment interface. The strong relation
between the mineral content of the sediment and the Na-K concentration implies that these features
are directly proportional to the intensity of erosion to which the catchment was exposed when the
sediments were deposited. Thus, the high concentration of K and Na immediately below the surface
suggests a period of extremely high erosion within the catchment which continues into the present.
This contention is strongly supported by the chemical stratigraphy of aluminium, magnesium and
silicon, which also belong to the group of major elements. Apart from a few minor fluctuations in
element concentration within the range 2.99-0.58 m, their overall pattern is almost identical to Na
and K. Increased values for phosphorus in the upper 0.60 m of the core coinciding with the major
elements may also be related to more intensive erosion, although P is often implicated in biological
activity.

The chemical stratigraphy suggests that the erosional history at this site can be divided into two
main periods. A period of relatively stable conditions reflected by low rates of erosion existed
throughout much of the history of the lake. This is characterized by low elemental concentrations in
the sediments. With decreasing depth, the concentration of all major and many other elements starts
to increase markedly. While the stratigraphic position of this onset of increasing concentration values is not uniform, the trend is generally initiated between 0.75 and 0.58 m. Thus, 0.75 m marks the
boundary between a change from stable to unstable conditions characterized by intense erosional
activity.
CONCLUSION

Palynological analysis of sediments from the Lake Taumatawhana site indicates that this region of
northern New Zealand has been sensitive to environmental and climate changes throughout the late
Holocene. Pollen spectra indicate that while warmer and wetter conditions prevailed from ca. 3400
to at least 2000 BP, increased windiness was also a feature of the regional climate. However, the
most significant event of the late Holocene has been that of human impact commencing after ca. 900
BP (800 cal BP). The coincidence of forest decline, a sharp rise in the incidence of P. esculentum and
charcoal influx together with related changes in the sedimentological history, which are not evident
prior to deforestation, provide the strongest argument for major human-induced environmental
change. The date of ca. 900 BP (800 cal BP) is somewhat earlier than 700 BP suggested previously.
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ABSTRACT. I discuss a suite of 29 radiocarbon age determinations from four valleys on
the islands of Mo'orea and Raiatea
in the Society Archipelago. These dates provide the first sequence for the development
of prehistoric agricultural production
and human-induced environmental change in the Society Islands. Indirect evidence of
small-scale agriculture, and by association, human occupation, dates to at least the 7th-10th centuries AD. Agricultural sites
themselves date from the early 13th
century AD until the late prehistoric/early historic period, with most agricultural activity
clustering at the end of the temporal
sequence. Valleys with the greatest arable potential were cultivated earlier than less
preferred sites. Evidence for extensive
landscape transformation in the Opunohu Valley, likely associated with clearing for
agricultural purposes, begins soon after
the earliest evidence for cultivation and continues throughout prehistory. A larger sample
of 14C determinations from stratigraphic excavations in both archaeological sites and "off-site" contexts is required to address
many as yet unanswered questions about the prehistoric social and economic development of the Society Islands.

INTRODUCTION

The central role of agricultural production in maintaining complex Polynesian societies is
well documented in the ethnographic and archaeological literature of several island groups (Kirch
1994;
Kirch and Sahlins 1992; Sahlins 1958). Despite a long history of archaeological investigations
in the
Society Islands (Emory 1933; Emory and Sinoto 1964,1965; Garanger 1964,1980; Handy
1930),
virtually no research has focused on prehistoric agricultural production. Previous studies
concentrated on more spectacular sites, particularly marae (temple) sites (Eddowes 1991; Emory
1933,
1943; Emory and Sinoto 1965; Garanger 1964,1980; Gerard 1974; Green 1967;
Green and Green
1968; Verin 1962; Wallin 1993). Few agricultural sites have even been recorded
for the Society
Archipelago (Green and Descantes 1989; Edwards n.d.; Sinoto and Komori 1988), and
none have
been investigated thoroughly. There are no 14C determinations for these few sites, and their
age has
been based on an assumed temporal association with contiguous non-agricultural sites.

Although 4514C dates have been reported for the Society Islands (see Lepofsky 1994:
Fig. 6. 1), over
half of these dates were made decades ago by the Gakushuin Laboratory before
the advent of modern dating methods. These samples were taken on charcoal pretreated with acid but
not with base (K.
Kigoshi, personal communication, 1993), and none have stable isotope
(S13C) terminations.
Researchers have recommended either that these dates be used with caution as general
guides or discounted entirely (Anderson et a1.1994; Kirch 1986; Lepofsky 1994; Spriggs and Anderson
1993).
Because several analyses of the Society Islands prehistory rely heavily on these earlier
determinations (Descantes 1990; Eddowes 1991), it is critical these interpretations be tested
with modem-day
reliable 14C measurements.
I discuss here a suite of 2914C age determinations from the Society Archipelago collected
as part of
a larger research project on prehistoric agriculture and human-induced environmental
change in the
Society Islands (Lepofsky 1994). The two major goals of this larger study were to investigate
the
impact of prehistoric agricultural practices on the Society Island landscape, as well as a range
of prehistoric agricultural sites in varied environmental settings. Seventeen of the 14C age determinations
originate from agricultural sites on the Islands of Mo'orea and Raiatea;12 are from buried deposits
in the lower and upper Opunohu Valley on Mo'orea.

These dates provide the first sequence for the development of prehistoric agricultural production
and human-induced environmental change in the Society Islands. More than doubling the number
of
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reliable dates available for all archaeological sites in the Society Islands, these dates greatly expand
our knowledge of the chronology of human occupation in this island group as a whole.
METHODS

The Archaeological Context
My research focused on four valleys on the islands of Mo'orea and Raiatea chosen to represent a
range of environmental variation. Work was conducted in the Opunohu and Niuroa Valleys on
Mo'orea, and in the Fa'aroa and Matorea Valleys on the island of Raiatea (Fig. 1). In general, each
of the valleys are defined by steep-sided mountains from which numerous small streams originate.
The streams join into one or more central streams that run down the center of the valleys before discharging onto a fertile, alluvial plain at the valley mouth.

Beyond these basic similarities, the four valleys differ dramatically in their environmental settings,
and thus in their potential agricultural productivity. Opunohu and Fa'aroa, being among the largest
and most fertile valleys, have the greatest potential for agricultural production. In contrast, the Niuroa
and Matorea Valleys are more restricted spatially, and are less suited to agriculture (Lepofsky 1994).

The Agricultural Sites
I used a similar methodology to investigate the agricultural sites in each of the four valleys. With the
exception of Fa'aroa Valley, where the agricultural sites had already been surveyed (Edwards n.d.),
I conducted reconnaissance throughout the valleys to record and map agricultural sites and note
their relationship to other non-agricultural archaeological remains. Whereas the lower alluvial

plains were devoid of visible sites, the upper valleys were densely covered in archaeological
remains. Surface sites in the upper valley were constructed of stone walls, alignments and platforms,
as is typical of the archaeology of the Society Islands (Emory 1933). Agricultural sites, consisting
of terraced complexes adjacent to large streams, and barrage complexes situated in low-energy
streams, were a common component of the archaeological landscape in all valleys (Lepofsky 1994).
Several small test units were excavated in selected sites to expose the profiles needed to investigate
the site's temporal development. Units were removed in arbitrary 10- to 15-cm levels because of the
difficulty of visually distinguishing subtle differences between deposits under the poor lighting conditions of the forest. Further, rodent disturbance, although localized, was frequently encountered
and sometimes blurred depositional boundaries. Few artifacts were recovered. Charcoal specimens
were collected both during excavation and from stratigraphic profiles after the excavation was completed. All charcoal specimens were placed in heavy polyethylene bags after collection.
The stratigraphy of the agricultural sites proved to be relatively straightforward (Lepofsky 1994). A
charcoal-rich layer was found at the base of several units, and probably represents the remnants of
initial burning of slope vegetation prior to construction of the terrace complex. Above this layer are
usually 1, and rarely, 2 or more layers of agricultural soils. These are generally characterized by an
abundance of relatively fine sediments and charcoal flecking. I assume that the charcoal in the agricultural soils derives from the original vegetation clearing event and was incorporated into the
deposits during terrace construction and/or use (c.f. Allen 1992). Thus, the charcoal in the agricultural deposits and in the charcoal layers below the agricultural soils date to a time immediately preceding terraced agriculture in that location. In the few sites with multiple agricultural layers, the
charcoal found in the upper layers likely originated from the burning of successional vegetation
growing between planting events.
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Fig. 1. Map showing the location of the study area. Top is the Society Archipelago, showing locations of
the islands of
Mo'orea and Raiatea. Bottom shows the locations of the four study sites (after Oliver 1974).

The Opunohu Valley Buried Deposits
To study human-induced change to the environment, I also examined "off-site" stratigraphic profiles
in the Opunohu valley in areas with no visible archaeological remains. I examined 21 backhoe
trenches (ranging in depth from 1-4 m) in the lower Opunohu valley, and 7 stream profiles in both
the lower and upper valley. Charcoal particles, and anaerobically preserved plant remains in the
water-logged sediments, were collected from discrete depositional layers for dating and taxonomic
identification. As above, all samples were placed in heavy polyethylene bags.

The stratigraphy in the lower and upper valley has been described in detail elsewhere (Lepofsky
1994; Lepofsky, Kirch and Lertzman 1996). I summarize the stratigraphy here to place the 14C deter-
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minations in context. In general, the stratigraphy of the lower Opunohu Valley consists of four main
facies groups: 1) basal deposits; 2) reduced anaerobic deposits which are within and below the water
table; 3) alluvial and colluvial facies; and 4) recent organically rich loams of alluvial origin.
Basal deposits or reduced, anaerobic deposits were the lowermost layer in the units. Basal deposits,
reached in only five of the excavation units, are composed either of old colluvium originating from
nearby slopes, or a hard, compact clay. The reduced, anaerobic deposits generally consist of
extremely fine sediments, likely deposited at a time when the valley floor was marshy, and its hydrologic regime probably tidally controlled. Most of the reduced layers contain anaerobically preserved
coconut roots and limbs or roots of various tree species. One unit contained species of seed
endocarps and several early cultivated forms of coconuts (Cocos nucifera L.) preserved in their
entirety except for the endosperm (Lepofsky, Harries and Kellum 1992).

Alluvial and/or colluvial deposits overlie the reduced, anaerobic layers. The colluvial deposits
derived from mass wasting events on the surrounding slopes, and were spread onto the valley floor
in major flood events. A hearth feature, containing charcoal and fire-altered rocks overlays the colluvial layer of one unit.
The alluvial layers represent more localized fluvial events than the colluvial deposits. Charcoal fragments were found within some of alluvial layers, especially in the profiles along the northwest valley floor. I assume that these charcoal fragments originate from vegetation burning for agricultural
purposes. The species identification of the charcoal, and the fact that the charcoal is in a low-energy
depositional environment, suggests that the charcoal was deposited close to the original location of
vegetal burning.

The deposition of these colluvial and alluvial sediments onto the swampy terrain eventually transformed the valley floor into a drier alluvial flat. The increased sediment load in the valley floor originates from some kind of environmental disturbance upslope. The removal of ground-holding tree
roots and other vegetation would account for the exposure and subsequent erosion of the sediments
in the upper valley. As I propose elsewhere (Lepofsky 1994; Lepofsky, Kirch and Lertzman 1996),
agriculture was likely the reason for clearing the upper valley vegetation. On the valley floor, the
first evidence of human use of the newly created drier alluvial flat is the hearth feature and the charcoal fragments within the alluvial deposits.
The upper 0.5-1.5 m of each valley floor profile consists of organically rich loam deposits, some of
which contain charcoal flecking. The upper deposits suggest a recent continuation of the colluvialalluvial depositional sequence described above. The relative abundance of charcoal in some of these
deposits suggests the lower valley was cultivated. The stratigraphy of the upper valley stream profiles is similar to that described for the lower valley but with a greater influence of low-energy fluvial depositional processes. Charcoal-bearing clay layers occur throughout these stream profiles.
The charcoal is assumed to originate from vegetation clearing, likely for agricultural purposes. As
in the lower valley trenches, the species of charcoal, and its location in a low-energy depositional
environment, suggest that it was deposited close to the original burning site.
THE SOCIETY ISLANDS RADIOCARBON SEQUENCE
I chose 2914C samples from the numerous charcoal specimens and anaerobically preserved plant

remains collected during the excavation of the agricultural sites in the four valleys and the Opunohu
"off-site" trenches. All samples were selected to represent the greatest temporal variation and diversity of site types. Priority was given to samples collected from the walls of excavation units after
profiles were drawn and strata had been designated.
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Seventeen of the 14C age determinations derive from charcoal from the agricultural sites; 11 come
from the Opunohu Valley agricultural sites; 2 originate from sites in each of the other 3 valleys.
Most of the samples were from Opunohu because that valley was the focus of my larger research
project (Lepofsky 1994), and the location of previous archaeological investigations (Green et al.
1967; Green and Descantes 1989). Numerous 14C dates (several from the Gakushuin Laboratory)
resulted from these earlier archaeological investigations. Sampling of dates from the other valleys
was limited, but given financial constraints I chose to sample a single valley (i.e., Opunohu) intensively. The range of 14C age determinations produced from the Opunohu contexts validates this
approach. The remaining 12 samples come from charcoal and anaerobically preserved plant remains
from the buried "off-site" Opunohu deposits. Eight of the samples came from the lower valley
trenches; the final 4 samples are from stream profiles in the upper valley.
Most of the charcoal and anaerobically preserved plant remains from both the agricultural sites and
the Opunohu stratigraphic profiles were measured using accelerator mass spectrometry at the Center
for Accelerator Mass Spectrometry (CAMS) at the Lawrence Livermore National Laboratory, University of California. 1\vo samples of anaerobically preserved coconuts from the valley floor
trenches were dated using the conventional 14C method by Beta Analytic, Inc. (Beta). All samples
were pretreated for carbonates and humic acids using standard procedures, and the S13C112C ratios
were measured for all samples to establish 13C adjusted, "conventional 14C ages" following Stuiver
and Polach (1977). Calibration of all 14C ages and probability estimates were made using OXCAL
v2.15 (Stuiver and Kra 1986). Forty years were subtracted for the Southern Hemisphere.

The Agricultural Sites
Figure 2 shows the 14C determinations from the agricultural sites in the four valleys. Agricultural
sites in this study date throughout prehistory, beginning in the early 13th century AD and continuing
until the late prehistoric/early historic period. (Multiple intercepts in this portion of the radiocarbon
curve do not allow us to distinguish between pre- and post-European contact ages.) Most of the agricultural sites date to the end of the sequence. Based on the sample of ages here, the valleys with the
greatest arable potential-Opunohu and Fa'aroa-were used earliest for agricultural production,
while the less preferred sites were used later. The distribution of ages suggests an increasing number
of agricultural sites were used through prehistory. Based on 14C ages of non-agricultural sites from
the Archipelago as a whole (Lepofsky 1994: Fig. 6.1), the growth of agricultural sites corresponds
with population growth.
Unfortunately, the 14C determinations do not inform upon length of use of individual agricultural
sites. Based on the presence of only a single stratum in most of the agricultural sites, I conclude that
most sites were used for only a single-use event. If I am correct that the charcoal originates from the
initial clearing event, the 14C dates correspond to the beginning of each use-event. However, what
we cannot determine is how long after the initial clearing the site continued to be cultivated. In many
cropping systems, gardens are left fallow for various lengths of time in order to replenish the soil.
Subsequent use of these plots requires burning of successional vegetation. This would show up
archaeologically as multiple stratigraphic layers, each containing charcoal (e.g., OPU-267). However, gardens can also be continuously cultivated with the addition of organic fertilizers to prevent
soil depletion (Lepofsky 1994: Chapter 2). Thus, we have no way of distinguishing a garden plot
which was cultivated for a short period of time and then abandoned, from those used for a considerably longer period. Distinguishing between these two scenarios has important implications for our
understanding of the development of agricultural production in the Society Islands (Lepofsky 1994).
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The Opunohu Valley Buried Deposits
Figure 3 shows the 14C determinations from the Opunohu "off-site" deposits. With the exception of
three anomalous 14C ages, the determinations from the off-site samples follow an age-depth progression. Two of the anomalous samples (CAMS-6253 and -6254) are from deeply buried, anaerobically
preserved roots collected to date the deposition of the surrounding matrix. The samples derive from
more recent trees whose roots extended into the older deposits. The other anomalous sample
(CAMS-6250) comes from charcoal collected 40 cm below the surface of the valley floor. The modern age determination suggests that at least part of the upper surface of the valley floor relates to
modern activity. That the deposition of the valley floor surface is so recent in part accounts for the
absence of surface remains in this part of the Opunohu Valley.
The remaining nine age determinations represent a long sequence of agricultural activity in the
Opunohu Valley, the earliest evidence of which comes from the anaerobically preserved coconuts
deposited between the 7th-10th centuries AD. The nature of the sediments indicate marshy conditions at the time of deposition. No determinations from the upper valley date the transformation of
the valley floor from marsh to a drier alluvial flat. However, the process began some time after the
deposition of the coconuts in the lower valley. Thus, large-scale clearance of the upper slopes, likely
for agricultural purposes, probably began some time after the 7th century AD.
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Fig. 3. Calibrated 14C age determinations from Opunohu Valley "off-site" trenches. The ages are plotted as
minimum and maximum ranges at 1Q, and are arranged by depth below surface. CAMS-6253 is not represented in the figure; it dates a recent coconut root recovered at a depth of 3.2 m (see text).
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The ages of the hearth feature in the lower valley and the charcoal from the alluvial deposits in both
the upper and lower valleys indicate widespread human use of the valley from the 11th-13th centuries AD. With the exception of the hearth feature, the other ages likely date agricultural activity. The
final date (CAMS-6257) suggests that in the upper valley vegetal burning associated with agriculture continued through the late prehistoric period in the upper valley. This is also supported by several age determinations from agricultural sites in the upper Opunohu Valley. No 14C results date
agricultural activities in the lower valley past the late 14th century, but, based on the increase in
number of non-agricultural sites in Opunohu dating beyond this period (Green et al. 1967; Lepofsky
1994: Fig. 6.1), one can assume that agricultural production on the rich alluvial flat only became
more important with time.
DISCUSSION

The suite of 14C ages presented here has larger implications for human settlement of the Society
Islands. The age of the coconuts from the Opunohu Valley floor are among the earliest dates associated with human occupation in the Archipelago (Spriggs and Anderson 1993; Lepofsky et a1.1992).
Significantly, these samples were found at the top of the marshy layer. The bottom of these layers
was not reached in any excavation unit due to the high water table. However, the deposit continued
at least another 60 cm, suggesting that human colonization of the Opunohu Valley, and the entire
Archipelago, predates, by an undetermined period of time, the 7th century ages associated with the
coconuts and the top of the marshy layer.
The age sequence from the Opunohu Valley "off-site" trenches date a sequence of considerable
human modifications to the environment. Sometime after the 7th century extensive disturbance upslope led to the massive deposition of sediments onto the lower valley. The evidence for burning upslope suggests that the clearing of vegetation for agricultural purposes may have been the cause of
this disturbance. The 14C ages from both the agricultural sites and "off-site" contexts suggest that
agriculture was well established throughout the valley by the 12th century AD. The modern 14C age
from the charcoal from 40 cm below the current ground surface in the lower valley indicates that the
process of erosion and deposition associated with agricultural practices continues in the Opunohu
Valley today.

The ages from the agricultural sites demonstrate that human populations were well established in the
inland valleys of the Society Islands relatively early in prehistory. This is demonstrated by the 13th
century AD ages from Fa'aroa Valley and site OPU-159 in Opunohu Valley. Although extensive
inland settlements are well documented on Tahiti (Garanger 1964,1980; Malarde 1936; Verin 1962)
and Mo'orea (Green et al. 1967; Green and Descantes 1989), only the Opunohu sites have been
dated. The earliest 14C age from Green's work in Opunohu comes from site OPU-4, a sub surface
round-ended house dating to AD 1281-1404 (AMNH-204;1 lo not corrected for S13C; Stuiver and
Becker 1993). However, this site is ca. 0.75 km inland from Opunohu Bay, whereas the dated agricultural sites from Opunohu and Fa'aroa are ca. 2.5 km inland. All other dated sites from Green's
work in Opunohu date occur later in prehistory, and the results are of questionable reliability from
Gakushuin. Thus, the early ages on the agricultural sites firmly establish the relative antiquity of
inland settlement in the Opunohu Valley and elsewhere in the Society Archipelago.
The 14C determinations from this study have important implications for the way archaeologists
interpret the archaeological record of the Society Islands. The 14C samples from the agricultural
IAMNH=American Museum of Natural History, "Isotopes, Inc., Radiocarbon Code Number I (AMNH-204)"
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sites were collected from sites, which, based on surface remains, were assumed
to be part of a single
larger settlement complex. However, the widely varied 14C ages indicate that this
assumption is not
valid. This is particularly evident in Opunohu, from which the largest sample of
dates derive, but it
also seems to be the case in the Fa'aroa and Matorea Valleys. In Opunohu,
the wide range of ages
calls for a rethinking of previous interpretations of the settlement history of
that valley (e.g., Green
et a1.1967; Descantes 1990), and provides a cautionary note for the interpretation of
the archaeolog
ical landscape elsewhere in the Archipelago.

The 14C ages associated with human-induced changes to the landscape further indicate
the need for
caution when interpreting the surface archaeological record. As a result of massive
erosion and deposition, archaeological sites visible on the surface will necessarily date to the period after
these major
disturbances. The evidence from the Opunohu Valley presented here, and pollen evidence
from elsewhere on Mo'orea and Tahiti (Parkes and Flenley 1990) suggest that landscape disturbance
began as
early as the 7th century AD. Thus, we can expect surface sites to date to after
the 7th century-an
expectation borne out by the extant dated archaeological remains in the island group
(Lepofsky 1994:
Fig. 6.1). If archaeologists are interested in the earlier part of settlement history
in the Society
Islands, they must be prepared to look considerably deeper than the surface archaeological
y
record.
The chronometric evidence presented here documents a 1000-yr sequence of human
occupation of
the Society Islands, beginning with small-scale agriculture in the valleys, followed
by widespread
clearing for agriculture and significant human-induced changes to the landscape, and finally
extensive human settlement extending to the inland valleys. Although the results presented
here go a longg
way towards increasing
g our knowledge of the settlement hi story of the Society Islands, they also
demonstrate how little we know about the prehistory of that island group. To understand
more fully
history of human occupation in the SocietyY Islands Archipelago, we
w require a larger sample of 14C
determinations from stratigraphic excavations in both archaeological sites and "off-site"
contexts.
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ARCHAEOLOGICAL SAMPLES

The Opunohu Valley Agricultural Sites (OPU-) Series
CAMS-7076. Opunohu Valley

470
b13C =

t 70 BP
-25. o%o

Charcoal from site OPU-267, a small terraced agricultural complex in the upper Opunohu
Valley,
From Terrace W, EU 9, Layer 2, a possible agricultural layer, east wall, 10 cm below surface.1410 cal AD (0.87)1520 cal AD, 1590 cal AD (0.13)1620 cal AD at 10.
T upaururu.
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CAMS-7077. Opunohu Valley

t
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$13C = -25.O%o

Valley,
Charcoal from Site OPU-267, a small terraced agricultural complex in upper Opunohu
1300
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at
AD
cal
cal AD (0.27)1360 cal AD, 1380 cal AD (0.73)1490
190 90 BP
CAMS-7078. Opunohu Valley
613C = -25.7%o
Opunohu
Composite charcoal sample from Site OPU-27, a terraced agricultural complex in upper
1660
surface.
below
cm
2-22
Valley, Amehiti. From EU 16, Layer 2, a possible agricultural layer,
cal AD (0.87)1890 cal AD, 1910 cal AD (0.13) 1950 cal AD at 1 0.

t

CAMS-7079. Opunohu Valley

580 ± 70 BP
813C = -28.9%o

Composite charcoal sample from Site OPU-159, a terraced agricultural complex directly associated
3,
with marae (temple) in upper Opunohu Valley, Tupaururu. From Terrace 22, EU 1, Layer cultural
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CAMS-7080. Opunohu Valley
613c = -28.4%o
Charcoal from Site OPU-159, a terraced agricultural complex directly associated with marae (temple) in upper Opunohu Valley, Tupaururu. From Terrace 13, EU 2, Layer 2, a probable agricultural
layer, 13 cm below surface, west wall. Unretouched flake was found at the base of the layer. 1240
cal AD (0.66)1320 cal AD, 1340 cal AD (0.34) 1390 cal AD at 1 Q.

t

CAMS-7081. Opunohu Valley

t

230 70 BP
613C = -23.2%o

Charcoal from Site OPU-283, an extensive barrage site complex in upper Opunohu Valley, Tupaururu. From Terrace 12, EU 1, Layer 3, water logged agricultural layer, 20 cm below surface. 1640
cal AD (0.26)1700 cal AD, 1720 cal AD (0.53)1820 cal AD, 1840 cal AD (0.10)1880 cal AD, 1920
cal AD (0.12)1950 cal AD at 1 Q.
460 60 BP
CAMS-7085. Opunohu Valley
613C = -24.9%o
Charcoal from Site OPU-286, a small terraced agricultural site in upper Opunohu Valley, Tupaururu.
From Terrace 1, EU 3, Layer 2, a probable agricultural layer, west wall, 19 cm below surface. 1420
cal AD (0.89)1520 cal AD, 1600 cal AD (0.11)1620 cal AD at 1 Q.

t

CAMS-7086. Opunohu Valley

t

220 60 BP
613c = -25.O%o

Charcoal from Site OPU-286, a small terraced agricultural site in upper Opunohu Valley, Tupaururu.
From Terrace 1, EU 3, Layer 4, fill associated with terrace construction, west wall, 90 cm below surface.1650 cal AD (0.24)1700 cal AD, 1720 cal AD (0.56) 1820 cal AD, 1850 cal AD (0.07)1870 cal
AD, 1920 cal AD (0.13)1950 cal AD at 16.
160± 80 BP
CAMS-7082. Opunohu Valley
g13C = -24.7%o
Charcoal from Site OPU-285, an extensive multipurpose terraced site located on ridge of Mt. Rotui
and flat at mouth of Opunohu Valley. From Terrace 63, EU 2, Layer 3, earth oven feature in terrace
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on upper ridge, 14-16 cm below surface, north wall. 1680 cal AD (0.33) 1740 cal AD, 1800 cal AD
(0.67)1940 cal AD at 1 Q.

t

CAMS-7083. Opunohu Valley

220 80 BP
= -27.8%o
Charcoal from Site OPU-285, an extensive multi-purpose terraced site located on ridge of Mt. Rotui
and flat at mouth of Opunohu Valley. From Terrace 77, EU 4, Layer 2, a possible agricultural layer
in terrace on upper ridge, 10 cm below surface, west wall. 1650 cal AD (0.23)1700 cal AD, 1720
(0.65)1880 cal AD, 1910 cal AD (0.12)1950 cal AD at 1 Q.
S13C

CAMS-7084. Opunohu Valley

160
813C

t 60 BP

= -24.4%o

Charcoal from Site OPU-285, an extensive multi-purpose terraced site located on ridge of Mt. Rotui
and flat at mouth of Opunohu Valley. From EU 7. Layer 1, an occupation layer of house on lower flat.
1680 cal AD (0.34)1740 cal AD, 1800 (0.66)1940 cal AD at 1 a.
THE NIUROA VALLEY AGRICULTURAL SITE (NIU-1) SERIES

CAMS-7092. Niuroa Valley

t

130 60 BP
813C = -24.2%o

Charcoal from Site NIU-1, a terraced agricultural complex in upper Niuroa Valley. From Terrace 15,
EU 3, Layer 2, terrace fill, 14-36 cm below surface. 1690 cal AD (0.26)1730 cal AD, 1810 (0.74)
1930 cal AD at la.

CAMS-7093. Niuroa Valley

t

260 60 BP
813C = -25.0%o

Charcoal from Site NIU-1, a terraced agricultural complex in upper Niuroa Valley. From Terrace 15,
EU 3, Layer 4, charcoal concentration below possible agricultural soil, 55-64 cm below surface.
Possibly represents the original vegetal burn to clear for terrace construction. 1520 cal AD (0.08)
1560 cal AD, 1630 cal AD (0.34) 1690 cal AD, 1730 cal AD (0.50) 1810 cal AD, 1920 cal AD (0.08)
1950 cal AD at 1 ar.
THE MATOREA VALLEY AGRICULTURAL SITE (MAT-1) SERIES

CAMS-7088. Matorea Valley

260
813C

t 60 BP

= -25.3%o
Composite charcoal from Site MAT 1, an extensive terraced agricultural site complex in upper
Matorea Valley. From Terrace 57, EU 4, Layer 2, an agricultural layer, 15-50 cm below surface.
1520 cal AD (0.08)1560 cal AD, 1630 cal AD (0.34)1690 cal AD, 1730 cal AD (0.50)1810 cal AD,
1920 cal AD (0.08)1950 cal AD at 1 Q.

CAMS-7089. Matorea Valley

t

510 60 BP
813C = -26.2%o

Composite charcoal sample from Site MAT 1, an extensive terraced agricultural site complex in
upper Matorea Valley. From Terrace 21, EU 1, Layer 2, an agricultural layer, 22-30 cm below surface.1400 cal AD (1.00)1480 cal AD at 1 a.
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THE FA'AROA VALLEY AGRICULTURAL SITE (FAA-1) SERIES

CAMS-7090. Fa'aroa Valley

t

630 70 BP
813C = -25.6%o

Charcoal from Site FAA-1, part of extensive terraced agricultural complex, map zone A2 in upper
Fa'aroa Valley. From Terrace 41, EU 5, Layer 5, terrace fill underlying agricultural layer, west wall,
26 cm below surface. 1290 cal AD (1.00) 1410 cal AD at 10.

CAMS-7091. Fa' aroa Valley

t

790 60 BP
813C = -26.1%o

Charcoal from Site FAA-1, part of an extensive terraced agricultural complex, map zone A2 in upper
Fa'aroa Valley. From Terrace 41, EU 5, Layer 5, terrace fill underneath agricultural layer, west wall,
43 cm below surface. 1210 cal AD (1.00)1290 cal AD at 10.
THE OPUNOHU VALLEY "OFF-SITE" SERIES

CAMS-6250. Opunohu Valley

>modern
813C = -27.6%o

Charcoal from Opunohu valley floor. From Stream profile, EU 22, Layer 1, charcoal lens, northeast
bank, 40 cm below surface.

t

970 90 BP
s13c = -22.8%o
Charcoal from Opunohu valley floor. From Stream profile, EU 22, Layer 3b, possible agricultural
layer, northeast face, 1.1 m below surface. 1010 cal AD (1.00)1190 cal AD at 1 0.

CAMS-6251. Opunohu Valley

CAMS-6254. Opunohu Valley

t

160 60 BP
8130 = -27.8%o

Anaerobically preserved uncharred wood from Opunohu valley floor. From Stream profile, EU 22,
Layer 7, an waterlogged deposit, northeast bank, 1.8 m below surface. Collected below current water
table. 1680 cal AD (0.34)1740 cal AD, 1800 cal AD (0.66)1940 cal AD at 10.

CAMS-6252. Opunohu Valley

t

920 60 BP
813C = -27.9%o

Charcoal from Opunohu valley floor. From EU 5, Layer 3, a probable hearth feature, southwest wall,
1.10 m below surface. 1040 cal AD (1.00)1220 cal AD at 1 Q.

CAMS-6253. Opunohu Valley

150

t 70 BP

813C = -26.5%o

Anaerobically preserved coconut root from Opunohu valley floor. From EU 20, Layer 6b, northwest
wall, 3.4 m below surface. 1680 cal AD (0.31)1740 cal AD, 1800 cal AD (0.69)1930 cal AD at 10.

CAMS-6255. Opunohu Valley

720 ± 60 BP
813C = -26.4%Oo

Charcoal from Opunohu valley floor. From Stream profile, EU 23, Layer 2, a possible agricultural
layer, east bank, 1.0 m below surface. 1260 cal AD (0.59)1320 cal AD, 1350 cal AD (0.41)1390 cal

ADat10.
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t

BETA 41159.Opunohu Valley

1270 60 BP
813C = -28.5%o

Coconut husk from anaerobically preserved coconut from Opunohu valley floor. From Stream profile, EU 23, Layer 7, a waterlogged deposit associated with whole coconuts and other anaerobically
preserved plant remains, east bank, 2.2 m below surface. 710 cal AD (1.00) 880 cal AD at 1 a.

BETA 41160.Opunohu Valley

1360

t

60 BP
-25.4%o
=
Coconut husk from anaerobically preserved coconut from Opunohu valley floor. From Stream profile, EU 23, Layer 6b, a water logged deposit associated with whole coconuts and various other
anaerobically preserved plant remains, east bank, 2.4 m below surface. 650 cal AD (1.00) 770 cal AD
813C

at1a.

CAMS-6256. Opunohu Valley

t

710 60 BP
= -25.3%o

813C

Charcoal from Upper Opunohu valley, Thpaururu. From Stream profile, EU 25; Layer 3, a reduced
clay layer, east bank, ca. 90 cm below surface. 1270 cal AD (0.55)1320 cal AD, 1350 cal AD (0.45)
1390 cal AD at 1 a.

CAMS-6259. Opunohu Valley

600

t 60 BP

8130 = -30.2%o
Charcoal from Upper Opunohu valley, T upaururu. From Stream profile, EU 25, Layer 3, a waterlogged deposit with anaerobically preserved plant remains, east bank, ca. 1.0 m below surface. 1300
cal AD (0.55)1360 cal AD, 1380 cal AD (0.45)1430 cal AD at 1 a.

CAMS-6257. Opunohu Valley

350

t

60 BP
= -26.4%o
Charcoal from Upper Opunohu valley, Thpaururu. From Stream profile, EU 26, Layer 2, a gleyed
813C

clay layer, east bank, 40 cm below surface. 1520 cal AD (1.00) 1650 cal AD at

CAMS-6258. Opunohu Valley

1 Q.

560
813C

t 60 BP

= -25.8%o
Charcoal from Upper Opunohu valley, Tupaururu. From Stream profile, EU 26, Layer 5, a gleyed
clay layer, east bank, 85 cm below surface. 1310 cal AD (0.29)1350 cal AD, 1390 cal AD (0.71)1450
cal AD at 1 Q.
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LOCATING ARCHAEOLOGICAL HORIZONS WITH
CASE OF THE LOST CITY OF HELIKE

14C

SEDIMENT DATING: THE

YANNIS MANIATIS,1 YORGOS FACORELLIS,1 STEVEN SOTER, 2 DORA KATSONOPO ULO U3
and BERND KROMER4
ABSTRACT. In 373 BC a catastrophic earthquake and seismic sea wave destroyed Helike, a Greek city near Aigion on the
southern shore of the Gulf of Corinth. The ruins were buried by sediments of unknown depth, leaving no trace of the city. We
here discuss the radiocarbon dating of organic sediment samples recovered from seven boreholes drilled on the coastal plain
in the area where ancient sources located Helike. Most of the samples apparently acquired a substantial addition of older carbon from natural sources, and hence their apparent ages are older than the true ages of sedimentation. However, if we assume
that the addition is systematic, we can use the apparent ages to show that the sedimentation rate was initially rapid (about 1
cm yr') for the strata between 40 and 10 m below the surface, and then decreased by an order of magnitude about 6500 yr
ago. A related change in the sediment deposition at about the same time has been found in many other marine deltas throughout the world, probably due to the deceleration of the global sea-level rise. We conclude that in the boreholes sampled by the
present data, the horizon corresponding to ancient Helike is less than 8 m deep.

INTRODUCTION

Helike was founded in the Bronze Age on the southern shore of the Gulf of Corinth, about 7 km
southeast of Aigion in the northern Peloponnesos. It was the principal city in the Achaian area. In
373 BC a powerful earthquake and seismic sea wave destroyed Helike and submerged the land where
it was built. Reportedly no one survived. (For a review of historical sources and the archaeological
background, see Marinatos (1960)). Soter and Katsonopoulou (ms.) carried out an extensive sonar
survey of the area. They showed that the site is no longer under water and concluded that the ruins
were buried by prograding alluvial sediments. Accordingly, they shifted the search to the broad
coastal plain. In 1991-1995 they drilled 45 boreholes on land, most in the area between the Selinous
and Kerynites Rivers, and recovered ceramic fragments and carbonaceous sediment for dating. This
paper reports the first results of 14C dating on samples from seven of the cores analyzed mainly at
the National Center for Scientific Research "Demokritos".
Radiocarbon dating of sediments has been the subject of much discussion and controversy (GiletBlein, Marien and Even 1980; Fowler, Gillespie and Hedges 1986; Hedges 1992; Scharpenseel and
Becker-Heidmann 1992; Orlova and Panychev 1993). Sediments contain different organic fractions
which may or may not be related directly to the sedimentation event of interest (Kigoshi, Suzuki and
Shiraki 1980; Balesdent 1987; Chichagova and Cherkinsky 1993). The common organic fractions in
soils and sediments are the total undissolved carbon content, humic and fulvic acids, lipids, amino
acids and microfossil cellulose. Depending on the chemical treatment applied to the samples one or
more of these fractions may be isolated and dated. Despite the painstaking efforts of many researchers, there is no general conclusion as to which fraction or combination of fractions best reflects the
sedimentation date. Each case and even each sample presents a different problem because the
amounts of the various organic substances in a sediment may vary considerably among different layers or locations. The systematic use of the same particular organic component from all samples is
therefore not always feasible, as the extraction of an adequate quantity of that component may not
be possible. On the other hand, if a mixture of several organic fractions are dated together, their variable relative proportions can shift the date by a different amount each time.

'Laboratory of Archaeometry, Institute of Materials Science, NCSR "Demokritos", 153 10 Aghia Paraskevi, Attiki, Greece
2National Air and Space Museum, Smithsonian Institution, Washington, DC 20560 USA
3American School of Classical Studies, Souidias 54,106 76 Athens, Greece
4Institute of Environmental Physics, University of Heidelberg, Neuenheimer Feld 366, D-6912 Heidelberg, Germany
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In some cases, several independently datable types of materials or microfossils, such as wood fragments, plant remains, shells or snails, are contained in the same sample. These can be used as controlled samples and dated separately; they can provide a more reliable date of the sedimentation
event (Donner and Junger 1980; Andree et al. 1986; Srdoc et at. 1986).
METHOD

We drilled several boreholes in selected locations (ca. 38°13' N, 22°08' E), to depths of as much as
40 m to find evidence of the city. The numbers and locations of the boreholes from which samples
were selected and dated in this study are shown on the map of the area under investigation (Fig. 1).
Twenty of the samples containing organic matter were dated, using the CO2 technique in proportional counters of ca. 4-liter volume. To avoid contamination from the drilling machinery, we used

silicon-based rather than carbon-based grease. After drilling, the samples were transported to the
laboratory, and stored until further treatment in a freezer at low temperature (-27°C), to avoid contamination from growing soil microorganisms (Mook and Waterbolk 1985). To remove any carboncontaining contaminants from the bulk samples, we used the following procedure: Removal of the
first 5 mm around the core, oven drying at 105°C, mild grinding and removal by hand of all rootlets
and stones, where necessary, and heavy grinding to reduce the soil granulometry and make the
chemical treatment more effective.

CORINTHIAN GULF

Fig. 1. Map of the area of ancient Helike according to historical sources, showing boreholes from
which samples were dated in this study. The area is near latitude 38°13' N, 22°08' E.

To select the best chemical treatment for the samples, we considered the following: 1) according to

the literature, no particular organic fraction has been determined to yield the correct age of sedimen-

14C
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tation; 2) the ancient city horizon would have been either a vegetation horizon (freely growing or cultivated) outside the city or a clearly distinguishable compact soil horizon inside the city; 3) both horizons would have been exposed and settled, perhaps with minor modifications, for ca. i ka, from the
foundation of the city until its destruction. During this long period, many generations of plants would
have produced a layer of dead and rotting plant remains; 4) it would be more important to produce a
consistent sequence of relative dates with depth for each borehole than to attempt to obtain the true
age for every sample by separating all the different organic fractions and dating them individually.
Taking the above factors into consideration, we decided to use the routine chemical treatment generally applied for peat and charcoal. This would remove most of the mobile organic components and
leave the carbonized plant material (undissolved carbon). However, some samples were given different treatments for comparison, and also the macroscopic plant remains found in some sediments
were dated separately. The detailed chemical treatments follow.

Routine Sample Treatment (RST)
This consisted of soaking in 4% HCl solution in a water bath at 80°C for 3-5 days to remove soil
carbonates and soluble organic components, followed by extraction of the humic acids with 4%
NaOH solution. The sample was then re-acidified with 4% HCl in a water bath at 80°C for 30 min,
washed with deionized water to pH 6, dried in an oven at 105°C and finally ground to a fine powder.

Selected Sample Treatment (SST)
For three samples from borehole B6, a more prolonged and extensive treatment in both HCl and
NaOH was performed. Both the HCl- and NaOH-soluble fractions were also dated. The yellowish
hydrolyzate over the precipitated sediment in the HCl solution, apparently containing salt crystals,
was siphoned into a separate container, neutralized with NaOH and evaporated in a water bath,
while new HCl solution was added to the sediment. The sample was stirred every hour. The extraction ended when the hydrolyzate above the sediment became colorless (ca. 22 days). Then the salt
crystals with the hydrolyzed organic substances were oven-dried at 105°C. The same was done for
the sediment in the NaOH solution. The brown alkaline solution over the precipitated sediment, consisting mainly of humic acids, was siphoned and neutralized with HCI, while new NaOH solution
was added to the sediment. The extraction ended when the brown solution above the sediment
became very light in color (10-17 days). The chemical treatment of the remaining sediment continued as for the routine samples. In addition, three samples were split into two parts. One part was sent
to and dated at the Heidelberg laboratory using the conventional sediment preparation method,
which involves the treatment of samples only in 2N HCl at 80°C for 24 h (this procedure removes
the carbonates and leaves most of the other fractions intact). The other part was dated in Demokritos
using the procedure for routine samples described above.

Microfossil Treatment (MT)
The microfossils located in some sediments were small pieces of wood and seaweed leaves. These
were pretreated by the standard method (Mook and Streurman 1978), dated separately and used as
control samples. Some shells and snails were also found in some samples but in quantities too small
to be dated with the conventional technique. After the chemical pretreatment, the samples were
combusted and their organic material was converted to CO2 using the de Vries-type continuous combustion method (de Vries and Barendsen 1953; Munnich 1957). Due to the very low carbon content
of the sediments (Table 1), in most cases, we performed many multiple combustions, between 7 and
14 for each sample, to obtain sufficient CO2 gas for reliable results. This CO2 gas was purified using
a purification procedure described elsewhere (Kromer and Munnich 1992).
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RESULTS

Figure 2 shows a diagram of the lengths of the boreholes studied in relation to present mean sea
level. The area under investigation is a coastal plain with relatively low relief. The surface elevations of five of the boreholes used in this study are between 5 and 9 m above sea level (MSL); one
borehole (B3) was drilled very near sea level and one (B2) was near the foothills at 16 m above
MSL.
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Fig. 2. Relative depth with respect to the mean sea level of cores from the Eliki area from which samples have
been dated.
= wood and seaweed.
= the organic sediment,

0

Table 1 lists all the data for this study. 14C dates were converted to calendar dates using the CALIB
3.0 Program (Stuiver and Reimer 1993). g13C correction was applied selectively to three sediment
samples and shows that the deviations are not significant for the accuracy required in this case. The
large deviation of sample HD-16126 is probably due to seaweed remains in this sediment.

The ages of the samples (with the exception of the HCl and NaOH extracts) reflect, as discussed earlier, mostly the age of the remaining insoluble organic fraction. This is the most resistant and it is
presumed to give the oldest age (Kigoshi, Suzuki and Shiraki 1980; Gilet-Blein, Marien and Evin
1980). Samples DEM-193 and -333 are from the same depth of borehole B5 but the second was
given a more prolonged and intensive treatment with HCI. This treatment increases the apparent age
by 1800 yr. The same effect is observed with DEM-308 and -318 from borehole B18. However, in
this case, the increase is only 200 yr. This must be because the HCl solution dissolves some of the
younger organic components, and when the treatment is long and intense, the ages become older by
amounts that depend on the relative proportions of the soluble components in each sample. In both
cases, the absolute ages of the samples, irrespective of actual treatment, are considered too old to be
accepted as the true ages of sedimentation.
We also dated selected samples from three different depths of borehole B6, at 1.13, 3.83 and 6.73 m
from the surface. From each depth, three samples were dated: the organic residue; the HCl extract;
and the NaOH extract. The chemical treatment is described above (SST). Table 1 shows that at a
depth of 1.13 m, the residue (DEM-332) yields an age of 3940-3707 BC, the HCl extract (DEM-334)
an age of AD 1409-1954 and the NaOH extract (DEM-335) an age of 1252-402 BC. Similar compli-
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Bore- Depth from
hole Surface (m)

Summary of '4C Dating of Sediments in the Helike Area*

DEM-283
DEM-192
DEM-186
DEM-193

Lab no.

TABLE 1.

-25.00
-25.00
-25.00
-25.00
-25.00

(%o)

S13C

121

5016 ± 70

414±72

,

6249 ± 87
9221 ± 131
10,406 ± 583
6787 ± 111

-25.00

-25. 00

-25.00
-25.00
-25.00
-25.00

-25.00
8559 ± 328 -25.00

4747±

5398 ± 101 -25.00

7239 ± 97
7696 ± 41
8857 ± 54
8781 ± 148
8047 ± 50

Age Br
(+ la)

8828
3940

"T

_

- 6770

5890

- 5657

1537
- lb '
,

-

12,908 -10,994
7678 7474

10,354- 10,032

7155

-

- 9696
- 9530
- 8738
6050 5744
5599 -5314
9905 9210

9924
9934
8989

8121- 7921
8485 -8405

Cal age sr
(± lo)

BC

'1N N''y'w:'rii?}:iii:}} x{v:y';r`:w':::ti:'{fi:}i;::}i;:}iti{7

- 3707 BC

- $356 Bc

- 3794 BC
- 3367 sc
- 7093 BC
22;3
- JZG6BC
5277 - 5062 sc
8347 - 8042 sc
10,940 - 9041 BC
5734 - 5580 sc
4100
3652
7935

6171- 5971 sc
6536 - 6456 sc
7971- 7742 BC
8001- 7581 BC
7039 - 6788 sc

Cal age AD/BC
(± la)

54.350
0.389
2.098
0.264

0.623
1.564
2.068
38.026
0.974

% of Carbon
in sample

o
w
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cations occur with the samples of the other two depths. The results of all these differently treated
samples are plotted in Figure 3 according to depth. The lines fitted to each group of samples are
indicative only of the trends. Only the HCl extract gives a meaningful correlation with depth, starting from ca. AD 1650 (300 cal BP) at 1.13 m below surface and reaching ca. AD 250 (1700 cal BP) at
6.73 m. The absolute ages for these samples, although young, cannot be ruled out entirely as the true
ages of the sediments. The NaOH extracts show an inverse correlation with depth. However, at the
two lower depths, they approach the HCl extract ages. The behavior of these extracts may indicate
the infiltration of old humic acids, carried by water, from the surface downward. Greater amounts
are obviously concentrated nearer the surface, producing older ages. This signifies the danger of
leaving this component in a sediment sample for dating. Finally, the residual carbon left after the
intensive treatments with HCl and NaOH demonstrates the most peculiar but nevertheless most
informative behavior. The shallower and deeper samples yielded ages that are too old. The middle
sample, at a depth of 3.83 m, produces the youngest age, which approaches the ages of the two
extracts at this depth, but older by ca. 1600 and 1000 yr than the ages of the HCl and NaOH extracts,
respectively. Under the optical microscope, this sediment indicates a thick vegetation horizon. Since
this sample consists of the undissolved organic fraction, its age is likely to reflect the remaining
plant material in this sediment and is therefore the best candidate to show the true age of this layer
(hook and Waterbolk 1985). Its actual age is 522-398 BC, which could mean that this vegetation
horizon was created just before the catastrophic event of 373 BC that destroyed ancient Helike, and
may well be associated with the city horizon. This might be attributed to trapping of vegetation,
which would have an age at burial, by past seismic events (Srdoc et al. 1986). Further research in the
area may confirm this hypothesis.

--

Vegetation horizon
possibly corresponding
to the destruction of Hdike
Borehole B6
Undieeolved

Q
Q

crbon

Ha Extact
NaOH Extract

8

0

2000

4000

6000

8000 10000 12000 14000

Calibrated Age (years BP)
Fig. 3. The calibrated ages of different organic fractions separated with different chemical treatments
from borehole B6 are plotted vs. depth

The conventional sediment pretreatment (HC1 only), applied in Heidelberg for two samples divided
in half, gave only slightly different results, with the equivalent samples dated at Demokritos using
the routine sample treatment described above. Specifically, the samples HD-16202 from borehole
B2 at 22.49 m and HD-16353 from borehole B5 at 12.00 m dated in Heidelberg, both give ages
younger by ca. 400 yr from samples DEM-166 and -167, respectively (Table 1).
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This effect probably reflects the evidence presented above with the results of the extracts from borehole B6 (Fig. 3). We showed that, as the depth increases, the age of the NaOH extract approaches the
age of the HCl extract, becoming younger by ca. 400 yr, at ca. 7 m below surface. Therefore, if the
samples are treated with HCl only, as was the case in Heidelberg, the younger NaOH soluble component is not removed and the ages become younger. Hence, the systematic difference of 400 yr may
not be coincidental.
The sediment from borehole B4 at 16.20 m contained clearly visible pieces of wood and seaweed,
obviously constituting a vegetation horizon near the sea. For this experiment, the wood and seaweed
particles were separated mechanically and dated in Demokritos using the MT method. The rest of
the sediment was dated in Heidelberg, again applying the conventional sediment pretreatment. The
results shown in Table 1 give, within one standard deviation, the same ages for all three samples
(HD-16126, DEM-187, DEM-283). This is consistent with the observation that the sample was a
thick vegetation horizon, and would have had macroscopic and microscopic plant remains of the
same age. The use of the NaOH treatment, which dissolves only a small component, makes no difference for this sample.
Clearly visible seaweed particles found in a sandy horizon of borehole B3, at 14.75 m depth, were
removed and dated to 4100-3794 BC (DEM-188). No other organic content existed in this sample
for dating. However, a sample of sediment obtained from 1.5 m higher in the same borehole (DEM195) gave an age ca. 2 ka younger, using the routine sample treatment (Table 1). Since the sedimentation rate is unknown, it is difficult to judge if this difference is more than one would expect for 1.5
m difference in depth.
DISCUSSION

To understand the local sedimentation process, we plotted all the ages obtained from similarly pretreated RST sediment samples in Figure 4. Most of these ages are almost certainly older than the
actual ages. The two shallowest data points in Figure 4 (at 1.1 and 2.5 m) have apparent ages of about
6000 cal BP, but they are from the same depths at which we have found Roman ruins in this area. In
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Fig. 4. Calibrated ages in years
dated in this study
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addition, the age-depth trend for the RST samples is a few thousand years older than the trend
obtained by luminescence dating of ceramic fragments in boreholes in the same area (Liritzis et al.
ms.). Hence, the samples dated by RST must have acquired an unknown amount of older carbon.

Despite the fact that the RST samples in Figure 4 came from different boreholes and contain a natural enhancement of 12C from unknown sources, a general trend is apparent in the data. The sedimentation rate was evidently faster below 12 m and slower above, with a change of slope in
between. Although the ages obtained by the RST method are older than the true ones, we may still
use them to estimate the true age of the change of slope.
To do this, we first plot the RST results from borehole B4 in Figure 5. Between 39 and 12 m depth,
the apparent sedimentation rate is very fast, about 26 m in 2400 yr, or 1.1 cm yr'1. Above 12 m, the
rate is much slower, on the order of 2.5 m in 5400 yr, or 0.5 mm yr4. These results alone suggest
that if ancient Helike lies in this part of the plain, it is shallower than 12 m, since it would have been
difficult to sustain a city for many centuries where the sedimentation was as rapid as 1 m per century.

0

2000
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8000

10000 12000 14000

Calibrated Age (years BP)
Fig. 5. Calibrated ages in years BP for samples treated with (RST) and one sample treated in Heidelberg from borehole B4
vs. depth. The ages of microfossils (wood and seaweed) are also shown. Line (1) is the linear fit to the RST ages of the
three deepest samples, where the rate of sedimentation is high. Line (2) is the same line shifted 2800 yr to younger ages,
to intersect the 14C age of the wood and seaweed at 16 m depth. Line (3) intersects the shifted point for the shallow sample
and the origin, and represents a lower bound on the shallow sedimentation rate. Line (4) represents the upper bound on
the shallow sedimentation rate, assuming that the change of slope occurs at 12 m depth and that there was a hiatus in sedimentation near the surface.

The RST data show that the three deepest points (12-39 m) fall exactly on the straight line 1. This
suggests that if the addition of unknown older carbon is either constant or changes linearly with
depth, then the true sedimentation rate in this interval is also linear. The RST point at 2.5 m is much
younger than indicated by the linear trend at greater depths. In any case, the surface layers should be
younger than 2000 yr. We thus expect a large change of slope between 2.5 and 12 m depth.
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Borehole B4 contained a horizon very rich in organic materials-pieces of wood and seaweed-at
a depth of 16.2 m. We dated the sediment sample at Heidelberg and the wood and seaweed samples
in Demokritos as mentioned above. Table 1 shows the comparable ages obtained at both laboratories. The true age of this particular layer is therefore fixed by this triple dating at ca. 7200 cal BP.
Figure 5 shows that this age is about 2800 yr younger than the linear trend (line 1) of the RST ages
at the same depth.

There are other examples of organic sediments with apparent 14C ages older than the true sedimentation ages. For example, Warne and Stanley (1993) found that 14C ages of sediments from Nile
Delta boreholes ranged systematically from 500 to as much as 3500 yr older than ceramic fragments
in the same borehole dated by archaeology. An increment of 2800 yr in apparent age, as in the B4
data, corresponds to the addition of about 28% older carbon, which is close to the value reported for
lake sediments in the former Yugoslavia (Srdoc et al. 1986).

If we assume the same fractional addition of older carbon for all samples in B4, we can "correct" all
the RST dates by the same amount. The resulting dates fit the straight line 2, shifted to younger ages
by 2800 yr. This suggests that the actual time of the rapid sedimentation rate was from before 9000
BP up to about 6500 BP or a few hundred years later.
We can find bounds for the time when the sedimentation rate changed (assuming an abrupt change
between two linear rates), by first drawing the straight line 3 through the origin and the "corrected"
point at 2.5 m and extending it to line 2. The intersection of lines 2 and 3 suggests that the change
of slope occurred at 6200 cal BP and is now 6 m deep. However, the line representing the more recent
sedimentation may not intersect the origin. The presence of Byzantine and Roman remains within
2 m of the surface in some parts of the survey area suggests there may have been a hiatus in deposi-

tion during the last 1000-1800 yr. The limiting case would then be represented by the straight line
4, drawn through the "corrected" data points at 2.5 and 12 m. This corresponds to the lower limit for
the change of slope at about 6800 cal BP near a depth of 12 m.
Although the estimated depth of the change of sedimentation rate ranges from 6 to 12 m, the corresponding age falls within a relatively narrow range of 6500 ± 300 cal BP. An abrupt change of the
rate of delta sedimentation at about this date is actually expected. Stanley and Warne (1994) analyzed 14C dates from boreholes in marine deltas throughout the world and found that all of them
began rapid progradation between 9500 and 7400 cal yr BP (8500 and 6500 yr BP). They ascribe this
to the deceleration of global sea level rise at that time. When global sea level was rising rapidly, the
aggradation of terrestrial deposits maintained the same pace, while the horizontal extension of the
delta front (progradation) was minimal or negative. But a deceleration in the rate of sea level rise
caused a rapid progradation of the shore, with subhorizontal terrestrial deposits overriding the
steeply dipping marine deposits. Probably the marine delta of the Helike plain also experienced this
phenomenon. This suggests that the deeper samples in our boreholes are from the more steeply dipping marine strata, with a higher apparent rate of vertical sedimentation (Hardy, Dart and Waltham
1994). The environmental indicators for our borehole samples deeper than 5 m below the present sea
level are in fact predominantly of marine origin.
We applied a similar analysis to the data from borehole B 1, plotted in Figure 6. Again the RST dates
suggest a linear rate of sedimentation with a high value of about 1 cm yr-1. In this case the rapid sedimentation extends to within 8.5 m of the surface. We had no suitable samples for dating in this borehole within the upper region where the rate must be lower. We assume that the change of slope
occurred ca. 6500 cal BP. Since the surface must be relatively young, the high sedimentation rate up
to 8.5 m suggests that the horizon of ancient Helike is above that depth in the area of B1. A piece of
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Fig. 6. Calibrated ages in years BP for RST samples from borehole B1 and one wood sample found in the core vs. depth.
- - - - = an attempted correction of the dates.

wood at 31.9 m gave a date about 600 yr younger than the linear RST trend, equivalent to about 7%
addition of older carbon. This differs significantly from the results in B4, suggesting that the corrections based on microfossils in one layer and applied to all samples may not be reliable.
The data suggest that the horizon of ancient Helike is within 12 m and probably within 8 m of the
surface. This agrees with the results of dating by optical stimulated luminescence of non-diagnostic
ceramic fragments in boreholes in the same area (Liritzis et al. ms.).
CONCLUSION

There is a correlation between the data from different boreholes in an area of a few square kilometers in the Helike plain, with some obvious anomalies. This is found despite the high seismicity of
the area (Mouyaris, Papastamatiou and Vita-Finzi 1992) and the fact that it is located between two
rivers with changing beds and high-energy episodes of alluvial deposition and erosion.
We have shown that systematic sediment dating based on the total undissolved carbon content can
provide useful information for understanding the sedimentation history of a marine delta, even
though the ages obtained may be older than the true ones. In this case, we have used the data to suggest that the horizon of ancient Helike is shallower than 8 m in parts of the plain.
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SPATIAL AND TEMPORAL DEPENDENCE OF THE 13C AND '4C ISOTOPES OF
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Nantes cedex 03, France
ABSTRACT. More than 1000 authentic samples of ethanols were extracted by quantitative distillation from vintage wines
and brandies prepared from grapes harvested in well-defined regions and years. The 13C contents of these ethanols were determined by isotope ratio mass spectrometry (IRMS) and the 14C activity of most of these samples was determined by liquid
scintillation counting (ISC). We show that the 13C content of a C3 plant such as grape vine, which strongly depends on water
availability, spans nearly a 10% range worldwide. The efficiency of the 14C content of grape ethanols as a tracer of the CO2
turnover after the peak of the nuclear test in the 1960s is also discussed in terms of geographical effects. Finally, the necessity
of a multi-isotopic approach, including 13C and 14C isotopes, for detecting sophisticated adulterations is illustrated in the case
of wines and brandies.

INTRODUCTION

The 13C content of an agricultural product is an excellent criterion for characterizing the C3 (Calvin)
or C4 (Hatch-Slack) photosynthetic metabolism of the plant from which it is produced (O'Leary
1988) and it is frequently assumed that C3 or C4 molecules should have S13C values on the order of
-25%Oo or -11%Oo, respectively, with respect to PDB. However, it should be emphasized that in C3
metabolism, isotopic fractionation is controlled not only by the enzymic step of carboxylation of ribulose biphosphate but also by the diffusion rate of carbonic anhydride through the leaves. As a consequence, environmental factors that influence the physiology of the plant also contribute to modify
its overall 13C content. This behavior may be relatively important for plants such as grape vine,
which have very large foliar surfaces and evaporate a great quantity of water by transpiration. It has
indeed been shown that a large range of S13C values may be observed for ethanol from grapes harvested in typical soil and climatic conditions (Day et al. 1995). This point must be carefully considered for regulatory purposes where upper limits of S13C are stated as proofs of the genuineness of
wine origin. On the other hand, the 14C content of ethanol that is largely used for determining its status as agricultural or synthetic may be an indicator of the short-term dating of wines or spirits (Gueramand Tourliere 1975). Indeed, the natural 14C content of atmospheric carbonic anhydride and of
the corresponding living pool significantly increased in the 1960s after the aerial nuclear tests, regularly decreasing following its peak in 1964. Hence, comparing the 14C content of a wine or a spirit
with the values of a calibration curve gives an indication of the harvest year of the plant from which
the product has been produced. However, as Craig (1957) showed, 13C and 14C fractionation are
intricate phenomena; more recently, the international recommendations for reporting 14C data
(Stuiver and Polach 1977) required that 14C values be corrected on the basis of 13C/12C fractionation.
Our purpose here is to present and discuss the dependence of the 13C and 14C contents of wine ethanols on the region and year of production.
MATERIALS AND METHODS

Nature and Origin of the Samples Studied
More than 1000 authentic wine ethanols contained in the Eurodat® databank (Eurofins-Nantes)
were analyzed by IRMS and LSC. The grapes corresponding to the wines were collected during several years in the most important wine production areas. About 265 different region and vintage sit-
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uations were investigated. In France, for example, authentic wines and grapes collected or obtained
from specialized research centers (INRA) include 1970 to 1994 vintages from most of the French
production areas. To investigate the post-World War II period, we obtained brandies from private
firms or professional organizations. Wines and spirits from European countries and the Southern
Hemisphere were obtained with the help of the Office International de la Vigne et du Vin (OIV) and
from commercial sources.

Preparation of the Samples for Isotopic Determinations
Wines and spirits were distilled according to the procedure recommended by the OIV and European
Union regulation 2676/90. To avoid any isotopic fractionation, the yield of ethanol extraction was
>97% and 99% for wines and spirits, respectively; the alcoholic grade, determined according to the
Karl-Fischer procedure, was >91%w/w. This parameter is of crucial importance for the computation
of the 14C content expressed per gram of carbon; the precision of the Karl-Fischer determination is
better than 0.05%w/w in absolute value.

These conditions keep the thermodynamic isotopic fractionation under 0.1%oo (Moussa et a1.1990).
13C Determinations

The determinations of the (13C/12C) isotope ratios were carried out in duplicate using a Carlo Erba
microanalyzer on line with a Finnigan Delta E spectrometer. The results are reported on the S scale
with respect to the carbonate standard PDB (Craig 1957). The repeatability of the whole experiment
is equal to 0.1%o.
To avoid any isotopic fractionation that would be induced by improper encapsulation of ethanol in
the microanalyzer, a third combustion is carried out when the results of the duplicate measurements
differ by z0.2%o.
14C

Determinations

The 14C activity was determined by LSC using a Packard Tricarb® 2250 CL instrument, according
to the procedure described elsewhere (Thibault, Naulet and Martin 1994). Routinely, the 14C contents were obtained directly on ethanol itself using the quenching curve procedure: 50/50% precisely weighted mixtures of ethanol and Instagel® from Packard were carefully introduced into
clean 20-ml low-potassium borosilicate vials. The samples used for the determination of the
quenching curve are pure ethanol of fossil origin (background determination) and ethanol from beet
root (working standard). Their stable isotopic contents (82H, 813C) were determined beforehand in
order to check their origin. In order to detect the possible occurrence of systematic deviations, the
influence of various experimental factors was studied: water content, contribution of tritium and
impurities of the distillate (esters and higher alcohols) (Hanekom, de Villiers and Houtmann 1978).
To check that the correction procedures carried out with the quenching curve technique do not introduce systematic errors or long-term deviations, an aliquot of the working standard was periodically
transformed into benzene: ethanol was burned in a high-pressure combustion bomb to form CO2 that
was used for preparation of benzene via a transformation into acetylene (Tamers 1965). The resulting benzene was calibrated relative to an internationally accepted secondary standard: Australian

National University (ANU) sucrose (Polach 1989a). No significant difference at the 98% confidence
level was found between the values determined by the two procedures. The repeatability of the
determinations is better than 0.2 dpm gC'1 and the reproducibility is on the order of 0.3 dpm gC'1.

13C
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Expression of the Results

The 13C/12C isotope ratios R are reported in per mil deviations with respect to PDB
S;%o = ((R/RpDB)

-1)1000

,

(1)

where RPDB = 0.0112372.
The 14C activity, AS, is measured in counts per minute and converted to 1 g of carbon (dpm g C1).

should be normalized for any differential carbon isotopic fractionation estimated by the S13C
deviation of the sample with respect to the accepted value of -25%o (Stuiver and Polach 1977).
AS

ASN =

AS[(1000-25)/(1000+S13C)]2

(2)

In addition, the result must be corrected for the 14C decay that would have occurred between the time
of the collection of the plant (tk) and that of the measurement (tm):
A SNcor

-

ASNexp

tm

- tk

$267

(3)

For a 50-yr range such a correction does not exceed 0.1 dpm gC'1 and is negligible.
The results may conveniently be represented on the e per mil scale (Stuiver and Polach 1977)
ASN
A =

Aabs

-1

1000

(4)

where Aabs is the value of the NBSOX (Olsson 1970) indirectly determined from the experimental
value of ANU Sucrose (Polach 1989a) by the benzene procedure (Thibault, Naulet and Martin
1994).
RESULTS AND DISCUSSION

Spatial and Temporal Variations of 13C Isotope in Wine Ethanols
Since knowledge of g13C is required to normalize 14C measurements, it worth discussing beforehand
the influence of natural factors on S13C. The primary source of variation of g13C in ethanol is related
to the photosynthetic metabolism of the plant from which the glucides were obtained; typical values
are reprinted in Table 1. The mean values of g13C measured on ethanols prepared from C4, CAM, C3
and fossil materials spread over a 20%Oo range, with the C3 ethanols apparently occupying a very narrow 1%o domain (Remand et al. 1992). However, this small range is misleading, since the mean computed on a very large number of data levels the regional influence on the different plants. Examination of the next Table 1 entries, concerning the S13C values of ethanols prepared from grapes
harvested in countries having very different climates, shows that in fact the 613C data expand over a
3%o range. The regional averages were computed on a few dozen wines, except for Morocco-South
Africa (14), New Zealand (7), and France, for which 1200 wines were considered. The general mean
of -26.5%o given in Table 1 masks the great diversity of situations encountered when regional and
temporal factors are considered. First of all, examination of Figure 1A demonstrates that the distribution of 13C isotopic normals in France extends over a 3%o range, the same width as that observed
for the different countries studied in the world (Table 1). An isotopic normal (ISONO) may be
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defined in the same way as the climatic normals (CLING) of the World Meteorological Organization:
it is the weighted average of the S13C values observed in a given region for a number of years (30 yr
for CLING). For the present study, the isotopic normals for 44 French regions of production were
computed over 10-25 yr, depending on the importance of the region as far as viticulture is concerned.

of the Average 13C Content in Ethanols Prepared from Plants Having Different
Photosynthetic Metabolism and Physiology and in Ethanols from Grapes Harvested in Different
Environments
TABLE 1. Variation

Ethanols from plants having different photosynthetic metabolisms
Photosynthetic
metabolism
Plant
13Co

CAM

C4

Maize
Sorghum

Cane

-10.2

-12.2

Pineapple

Grape

Orange
Apple

Potato
Beet

-26.2

-26.7

-26.8

Barley

-14.7

Ethanols from grapes harvested in different countries
Country

Morocco

Spain

Australia

Italy

France

Germany
Switzerland

-26.4

-26.5

-26.8

West Coast
13%c,

-24.5

-24.8

-25.8

New
Zealand
-27.3

Now, consider the influence of vintage on a given region of production: the Bordeaux area has a 813C
ISONO value equal to -26.5%o, but when 15 vintages (1980 to 1994) corresponding to the main production areas (Medoc, Graves, Sauternes, St. Emilion, Entre-deux-Mers) are included in the graph
(Fig. 1B), a 2%o range is observed. Generally speaking, the ranges observed for a given region vs. different vintages and for a given vintage vs. different regions are not superimposed, and the 206 different spatiotemporal situations studied in France lead to 6.5%o range of 813C values (Fig. 1C)!

These results illustrate that the (13C/12C) isotope ratios of plants that have a given C3 photosynthetic
metabolism, like grape vines, but that are also significantly water-dependent, are influenced not only
by the enzymic carboxylation of ribulose but in addition by the stomatal conductance of the leaves
in relation to the water stress of the plant (Dingkuhn et al. 1991). From this point of view, a significant relationship at the 98% confidence level was computed between S13C and the amount of precipitation P in a very precisely defined vineyard studied for several years (Day et al. 1995)
Q(13C)%o =

where

0 represents the differences

-0.08 0(P) mm

,

(5)

in 13C or in rain between two given years of production.

As far as the normalization of 14C measurements is concerned (Eq. 2), the range of b13C values
observed for wine ethanols induces a small but significant effect (<0.5 dpm gC), which will be discussed later. Moreover, this natural variation of S13C in wines may have important consequences for
origin assessment and adulteration control. For example, in the European Union the enrichment of
wines by sucrose before fermentation is strictly regulated and can be isotopically controlled. Thus,
when a S13C value higher than -25%o is observed it is necessary either to consider carefully the
meteorological conditions of the year to which the suspected wine belongs, or to look at a detailed
data bank such as that prepared for the E.U. by the Joint Research Centre at Ispra, before diagnosing
an addition of C4 sugar. In the same way, different countries of North and South America tend to suspect brandies of adulteration by C4 ethanols or spirits such as distilled maize or tequila when their
b13C values are higher than -25%o or -26%o, whereas genuine Spanish brandies, for example, may
have S13C values as high as -23.5%o.
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Fig. 1B. b13C distribution in Bordeaux wines from different vintages (ISONO=
-26,5%o)

Temporal and Spatial Variation of 14C Isotope in Wine Ethanols
Radiocarbon is a very efficient tracer for environmental investigations and a number of studies relate
'4C variations to natural and anthropogenic contributions to the atmospheric CO2. From this point of
view, the 14C content of ethanol seems to be a good indicator and some curves representing variations
of alcohol activities with time have been published for Scotch whiskies (Baxter and Walton 1971)
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Fig. 1C. 613C distribution in French wines from different regions and vintages

and for wines from the Northern Hemisphere (Simon, Rauschenbach and Frey 1968; Stefani 1974;
Lopes Sousa, Pinto and Almendra 1975; Fischer et al. 1980; McWeeny and Bates 1980; Marques
Gomes, Perrera and De Almeida Saavedra 1981; Burchuladze et al. 1989; Schonhofer 1992).
Figure 2 shows the mean values of the 14C variation of grape ethanol as a function of the vintage
between 1950 and 1993. The corresponding full error estimates have also been represented.

If we except the measurement errors associated with the random nature of

14C

decay and with the
LSC methodology that are well documented (Polach 1989b), several other natural factors contribute
to the overall uncertainty.
In practice, the 13C correction that is required to normalize the 14C data induces a very small variation in the case of grape ethanol. Considering that the mean and standard deviation, a, of the 13C values of the worldwide population of grape ethanols are equal to -26.29% and 1.4%o respectively, the
(± 1Q) range of g13C will correspond to a ±0.05 variation of ASN. Likewise, the age correction does
not exceed ±0.05 for AS.

Interestingly, most of the uncertainty of the mean of the 14C data determined for the different years
investigated is probably due to environmental factors. First of all, if we compare the mean standard
deviation (MSD) of the 14C activity determined for each year in France with that of the literature
concerning European wines we obtain values respectively equal to 0.30 and 0.52. The larger dispersion observed for the 14C activities of grape ethanol from Germany, Georgia, Italy, France, Spain,
Portugal, etc., compared to the data concerning only one country, reflects the influence of regional
effects. These spatial effects may be split into significant temporal contributions. When examining
the curve of Figure 2, it appears that the two specific periods, 1957 to 1963 and 1970 to 1973, are
characterized by a relatively high dispersion of 14C activities (MSD = 0.76), whereas the years
investigated before 1957 and after 1974, including the period 1964 to 1969, have much less scattered 14C values (MSD = 0.39).
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The present results are a source of further information on the influence of the regional variations of
radioactive fallout after the peak periods of the nuclear tests in 1955 and 1961-1962. This phenomenon was previously discussed by Levin, Munnik and Weiss (1980) and Nydal and "vseth (1983).
Since the 14C contents of wine ethanols are related to the turnover of the atmospheric CO2, an exponential decrease of ASN as a function of time may be expected in the absence of a pseudo-stationary
state, i. e. after the 1964 maximum. The decrease in ASN was computed between 1964 and 1994 for
several series of geographically consistent data extracted from the whole set of European grape ethanols. Thus, the series considered were respectively constituted by the European (1), Georgian
Republic (2) and French (3) grape ethanols. In the last case, we considered wines from different
regions of production and from more specific areas such as Cognac (4) and Armagnac (5).

A simple exponential model
ASN = a + b exp

(-kt)

(6)

fits the experimental data reasonably well between 1964 and 1994 (mean standard deviation

s 0.2 dpm, except for Georgia (0.53)); however, the intercept, a, which should be identified with the
natural activity in 1945, varies significantly between the different series of data considered. Then the
intercept was forced to be equal to 13.6 dpm gC'1:
ASN

-13.6 = b exp (-kt)

.

(7)

The results given in Table 2 indicate a good consistency of the rate constants, k, calculated for the five
series of data. The value of k computed from the most consistent series, i.e., French grape ethanols,
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is equal to 0.065 yr-1 with a standard deviation on the order of 0.003 yr-1. From this rate constant, the
explicit mean life of CO2 in atmosphere is estimated at 15.4 yr (0.7). The activities, ASN, computed
from Equation (7) for 10, 20 and 30 yr after the peak of 1964 fit the experimental values very nicely.
The different series of activities corresponding to the Northern Hemisphere were merged in order to
obtain a calibration curve for the short-term datation of wines and spirits (Fig. 2).

Modelization of the 14C decrease in wines as a function of time (yr) during the period
1964-1994. Model y-A = b x exp(-kt); MSD=mean standard deviation; *data not available.
Model parameters
Predicted (existing) values of Asn

TABLE 2.

Region
1. Europe

2. Georgia

A

b

13.60

10.89

13.60
13.60

11.25

4. Cognac

13.60

10.65

13.60

(24.8)

(19.1)

(16.5)

*

(25.6)

(18.95)

(16.5)

*

(25.6)

(19.5)

(16.75)

(24.2)

(19.35)

(16.6)

*

24.01

19.26
(19.35)

16.67
(16.7)

15.27
*

10.74

3. France

5. Armagnac

k

10.41

0.061

0.134

*

Regional Variations of 14C in Grape Ethanols
Very few studies exist of 14C content of food products from the Southern Hemisphere. Two analyses
of radiocarbon activities of South African wines (Hanekom et al. 1978; Fischer 1980) concluded
that, for the period 1960-1970, there were noticeable differences between wines from the two hemispheres. In particular, a shift is observed in the maximum of 14C content, which appears later in the
Southern than in the Northern Hemisphere and with a smaller intensity. Therefore, a separate study

was conducted on wines from Southern Hemisphere. The measured 14C activities of ethanols from
Australia, New Zealand, Brazil, Argentina and South Africa are summarized in Figure 3. A rate constant of 0.062 yr'1 is calculated.

Although the rate constant is similar in both series, the overall activities are slightly lower in the Southern Hemisphere. This trend may be considered significant even if the differences between the individual 14C activities for a given year are on the same order of magnitude as the experimental uncertainty.

If we now consider French wines from several regions of production for 1984 and 1990 in the
14C

13C/

plane, interesting behaviors appear (Fig. 4). The wines from the 1990 vintage are clearly
enriched in the 13C isotope (+2%o) as compared to those of 1984. This observation may be rationalized in terms of water stress of the vine during the very dry 1990 vintage in several regions of production. For example, the mean precipitations (mm/month) and temperature (°C) during the growing period of grape vines were equal to 64.8 (56.2) and 16.5 (18.3) for the years 1984 and 1990,
respectively. On the other hand, the 14C activity of wine ethanol between the two considered vintages decreases by ca.1 dpm gC'1, but in both years, wines from the lower Rhone Valley (card) are
clearly enriched in 14C (ito 2 dpm gC-1) with respect to the mean of the years. This increase in 14C,
which leads to ages several years too young for the wines of this region, is probably related to the
existence of nuclear power stations in the area.
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Multi-Isotopic Strategies in the Detection ofAdulterations
To conclude, a multi-isotopic strategy for authenticating the botanical origin of ethanol will be considered. Generally speaking, wine ethanol has the highest commercial value and is frequently adul-

terated by other agricultural (beet, cane, maize) or even synthetic ethanols. In this respect, the hydrogen isotope ratio, (DIH)1 (isotopomer CH2DCH2OH), determined by NMR spectroscopy and the
(13C/12C) ratio determined by IRMS are two powerful probes for determining the addition of beet
and cane ethanol into wine ethanol (Martin and Martin 1988). The addition of synthetic ethanol in
any of the agricultural ethanols can be checked by measuring the 14C content of the suspected alcohol (Martin et al. 1981), at least if the year of production of the agricultural ethanol is known. In
practice, however, complex mixtures of exogenous ethanols may be found in commercial products.
For example, in high-priced fortified wines or brandies, it may happen that the alcoholic component
contains ethanols from C3 (grape and beet), C4 (cane) and fossil origins. Beet and cane ethanols arise
from the chaptalization process and fossil ethanol is used as a very cheap substitute for wine ethanol
or even to artificially mature a brandy produced in the 1980s. In such complicated quaternary mixtures at least three independent isotopic probes should be considered to resolve the ethanol composition. As an example, we shall consider a brandy or a spirit that is claimed nowadays to be 50 yr old
and is therefore very high priced. If this sample is characterized by a 14C content on the order of 14.6
dpm gC'1, it cannot be suspected as adulterated on this basis. However, a full isotopic analysis of
this brandy gives the following values;
S(DI) = -330.0%o

b13C

= -25.2%o

where 8(D1) is the deuterium isotope value at the methyl site (CH2 DCH2 OH) in per mil. These
parameters are directly related to the botanical origin of the sugar precursor of ethanol (Martin and
Martin 1988, 1995). From an appropriate data bank, it is possible to find the 8(DI) and 813C values
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of authentic grape ethanols corresponding to the region of production of the brandy; thus, the means
and standard deviations of the populations of reference ethanols are the following:

(D1)

(%o)
S13C (%o)

Grape

Beet

Cane

Synthesis

-346 (8)
-26.3 (0.8)

-405 (6)
-27.2 (0.6)

-281(6)
-12.2 (1.0)

-196 (10)
-31 (1.5)

Roughly speaking, the isotopic characteristics of the unknown brandy are not drastically inconsistent with those of a pure wine ethanol, but an enrichment of the must before fermentation by a mixture of beet and cane sucrose can be suspected. According to the additive properties of isotope ratios
and to the mixture rules, quite inconsistent compositions are computed for the brandy (mf = molar
fraction):

(mi)

and

Cane: 0.07

Grape: 1.13

Beet: -0.20

Considering now that we could be faced with a brandy manufactured from chaptalized wines from
a rather recent vintage, containing a small quantity of fossil ethanol for artificially maturing the
product, we in fact compute for a 1985 vintage (16.5 dpm gC'1) the following composition:

(mf)

Grape

Cane

Beet

Fossil

0.60

0.13

0.10

0.12

which can prove the severe adulteration of the brandy.
CONCLUSION

The combined use of the radioactive and stable carbon isotopes is a very powerful tool for investigating environmental effects on the elaboration of plant products. The dependence of the 13C and 14C
contents of grape ethanol on the region and year of production derived from the study of many authentic samples enables specific behaviors to be recognized. Thus, whereas the 13C isotopic normals of
grape ethanol are restricted to a 3%o range, the distribution of the S13C values for the 200 different spatial and temporal situations studied span a 6-7%o domain. This carbon fractionation, which reflects
the response of grape vine to climatic effects, must be taken into account when analyzing 14C radioactivity. The mean 14C activity of grape ethanols computed from the data collected in this work for the
large set of authentic samples and from literature values, exhibits a typical evolution as a function of
the year of production. As a result of the increase in atmospheric radioactivity due to nuclear tests in
the 1960s, 14C incorporated into grape sugars and consequently into ethanol exhibits a significant
peak in 1964 followed by a continuous decrease that can be satisfactorily modeled. The rate constant
of the exponential decay of 14C gives a realistic value of the mean lifetime of CO2 in the atmosphere.
Similar decreases in 14C activity are observed for both hemispheres; however, the Southern Hemisphere is characterized by slightly lower values. The present study also confirms the potential of a
multi-element isotopic analysis of ethanol to prove sophisticated adulterations of brandies.
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UNIVERSITY OF BELFAST RADIOCARBON LABORATORIES" BY KALIN ET AL.
(1995) AND THE REGIONAL EFFECT

PAUL E. DAMON
Laboratory of Isotope Geochemistry, Department of Geosciences, The University of Arizona
Tucson, Arizona 85721 USA
INTERCOMPARISON OF DATA FROM HIGH-PRECISION '4C LABORATORIES

Although a coauthor of the paper of Kahn et al. (1995), I was not available in time to review the final
copy. Consequently, I take this opportunity to make further comments and, hopefully, clarify some
of the content and conclusions.
From Table 2 of the paper by Kahn et al. (1995), the Arizona average (-15.35%o) is in close agreement with the average of Stuiver and Becker (1993) (-15.3096o), where the difference between the
two laboratories, Tucson (T) and Seattle (S), is T (1995) - S (1993) = 0.05 ± 0.15 (or )%o. On the
)%o. This implies that comparing Stuiver and
other hand, S (1986) - S (1993) = 2.50 ± 0.24
Becker (1986) with Stuiver and Becker (1993), the data in 1993 have been increased by 21 ± 2 (&)
yr. From their Table 1, the data from Pearson et al. (1986), Belfast, B (95) and Tucson T (95) are all
greater than the equivalent values from Pearson and Qua (1993). The average difference is 2.3 ± 0.5
(&)%o or 19 ± 4 (Q ) yr. The difference between the two averages is insignificant, implying that, to
intercalibrate for the Calibration 1993 issue of RADIOCARBON, both sets of data have been increased
by ca. 20 ± 4 (Q ) yr (Stuiver 1993).

(

In Table 1, I compare data from the 1986 and 1993 calibrations (Stuiver and Kra 1986; Stuiver, Long
and Kra 1993). The table compares Seattle (Stuiver and Becker 1993) with Belfast (Pearson and
Qua 1993; Pearson, Becker and Qua 1993), Groningen (de Jong, Becker and Mook 1986), Pretoria
(Vogel et a1.1993; Kromer et al. 1986) and Tucson (Linick et al. 1986). The data in Table 1 are
referred to as S (93), B (93), G (86), H (86), T (86) and P (93).
Table 1 shows that agreement is good between S (93) compared with G (86), P (93) and T (86) in
the BC period in intervals where comparisons are available, from 1930 BC to 6360 BC. Note again
that in the AD period S (93) seems to be 21 ± 2 yr older relative to S (86) (Table 2, Kahn et a1.1995).
This is not presented in the above comparison. Also, all of the tree-ring samples for G (86) and P
(93) and most of the samples from S (93) are from Southern Germany oak trees. The wood used by
T (86) is bristlecone pine from the White Mountains of California, implying no significant regional
effect between California and South Germany during measured intervals from 1930-6360 BC.

(

A significant difference -41 ± 8 (2 Q ) yr) appears between Seattle (93) and Heidelberg (86) as
well as Belfast (93) in the BC interval from 4075 to 6000 BC. According to Stuiver and Pearson
(1993: 3), "the reasons for the larger offsets are, as yet, not well understood". In comparing S (93)
with B (86), the difference would increase by another ca. 20 yr resulting from the 1993 corrections.
Pearson, Becker and Qua (1993) report six replicate measurements of samples in the age range 3130
to 3230 BC previously reported in the 1986 Calibration Issue and remeasured for the1993 Calibration Issue. The difference is 14 ± 8 (o) yr, with the remeasured data being older, as before, at 92%
confidence.
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Comparison of High-Precision Measurements
Age range
Comparison
(cal AD/BC)
(years ± v )

TABLE 1.

S(93)-G(86)

- P (93)
S (93) - T (86)
S (93) - T (95)
S (93) - B (93)
S

(93)

3210-3910

(93)- H (86)

B (95)

B (93)

- B (86)
- B (86)

-4±2

BC

±2

1930-3550 BC

+4

5680-5810 BC
6475-6360 BC

-3±7

17

1115

0±

1

4

AD 1840 to 5180 BC
5180-5500 BC

+2 ±

1

344

-54 ±5
-15 ±4

16

.an 1085 to

5500-6000
S

of
comparisons

tw

BC

4075-5265 BC

-41 ± 4

5805 to -5995 BC

3450-3470 BC
2490 BC
390 BC and 370 BC

-18 ±3
-5 ± 19

2

-16±

1

2

3450 BC and 3470
2490 BC

-28 ±

8

2

BC

1

1

2

B (93)

- T (95)

and

2

BC

2490 sc

340 Ec and 370

1

BC

-28 ±

11

2

*Data are from Stuiver and Pearson (1993) and Kahn et al. (1995)

CAUSES OF OFFSETS BETWEEN HIGH-PRECISION

14C

LABORATORIES

Stuiver and Pearson (1993:1) summarized various causes of such offsets of measurements:
The precision and accuracy of the 14C measuring process is limited, and dendrochronological errors (if any) may result
in 14C age differences when materials of different chronologies (and "identical" AD or BC ages) are used. And although
relatively fast transport in the troposphere causes atmospheric 14C02 to be fairly uniformly mixed near the earth surface, small regional differences remain. General circulation and carbon reservoir model calculations [Braziunas 1990]
... predict regional "age" differences of maximally 2014C years within the northern hemisphere.

Stuiver and Pearson (1993) treat the question of the precision and accuracy of 14C measurements in
great detail. Discrepancies in dendrochronological dating are not unprecedented. For example,
Becker and Kromer (1986: 961) explained the following case history:
In 1982 we noticed an offset of 70 years between the tree-ring time scale and the matching of its 14C variations to those
of the Bristlecone Pine (Becker,1983). In cooperation with the Belfast and Cologne Tree-Ring Laboratories, oak chronologies of northern Ireland, England, and northern and southern Germany have been cross-matched over the first and
second millennium BC. After a correction of the Hohenheim series at 500 BC by 71 years, the Hohenheim and the Belfast oak masters evidently cross-date continuously over their critical bridgings of the first millennium BC (Pilcher et
al[.], 1984).

REGIONAL EFFECTS

An interest in regional effects began in the latter part of the fourth decade of radiocarbon dating. Previously, it was considered that the rapid mixing of the atmosphere would minimize this effect. This
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was true before the advent of high-precision measurements in the third decade of 14C dating (Damon
1987). With the advent of high-precision dating and single-year dating, researchers have become
more aware of real regional differences that are by no means trivial nor constant in time. For example, by means of high-precision 14C analyses in this laboratory, we first noticed a significant difference between coeval individual tree rings from the Santa Catalina Mountains near Tucson and the
Olympic Peninsula (Damon, Cheng and Linick 1989; Stuiver and Quay 1981). Another comparison
of single-year data had shown no significant difference between dates for bristlecone pine from the
White Mountains of California and Douglas-fir from the Olympic Peninsula (Linick et a1.1986).
However, upon plotting the previous single-year &4C data [T (89) - S (81)], we observed that the
data fell on two lines with high correlation. The offset on one line was 1.5%o (12 yr) and the offset
on the other was 4.5%o (37 yr) with the average offset at 2.5%o (21 yr). The Olympic Peninsula tree
rings were relatively depleted in 14C. We concluded that "This difference of 2.5%o would not be difficult to rationalize as the result, eg, of a mixture of only 2.5% of 10% 14C-depleted CO2 derived
from the marine upwelling with undepleted CO2 in the prevailing air masses of the Olympic Peninsula" (Damon, Cheng and Linick 1989: 712). A depletion of 4.5%o would require mixing of 4.5% of
10% 14C-depleted upwelling CO2 mixed with undepleted CO2. Naturally, it occurred to us that the
increased upwelling of 14C-depleted CO2 might be related to El Nino events. Jirikowic and Kahn
(1995), who were then Ph.D. candidates, formulated a statistical correlation but I declined to
coauthor the paper because I could not find a visual correlation between specific El Nino events and
evidence for increased upwelling in the data.

Fan et al. (1983,1986) concluded from their 14C analyses of tree rings at 60°N, 130°W comprising
1-3 annual rings that the data "exhibit a 10%o fluctuation with an 11-year periodicity anti-correlated
with the solar activity cycle" (Fan et a1.1986: 300). However, from measurements on annual rings
of Douglas-fir from the Olympic Peninsula, Stuiver and Quay (1981: 353) concluded that the 11-yr
14C cycle was "not much beyond the uncertainty of the measurements (ca. 1.5%o)". We decided to
check the results of Fan et al. (1986) on annual tree rings from the same location just above the Arctic Circle (Damon et a1.1992). Our data agreed with that of Stuiver and Quay (1981) concerning the
magnitude of the 11-yr 14C cycle but with a depression of 2.6 ± 0.9%o relative to the Olympic Peninsula. We ascribed this to release of 14C-depleted CO2 during the late spring-summer thaw.

If we use the Olympic Peninsula as our frame of reference, tree rings at high elevation (2740 m)
from the inland Santa Catalina Mountains near Tucson are elevated in 14C by as much as 4.5%o relative to tree rings from the Olympic Peninsula. On the other hand, tree rings from near the Arctic
Circle in Mackenzie Valley are depressed by 2.6%o relative to the Olympic Peninsula. This implies
that CO2 in tree rings from near the Arctic Circle are depressed in 14C by as much as 7%o relative to
the inland Santa Catalina Mountains at an elevation of 2740 m. This would result in a maximum difference of 58 yr and is almost three times the maximum regional effect in the northern hemisphere
predicted by Braziunas (1990). This difference would not be constant in time but would vary within
at least the range of 4%o to 7%o (33 to 58 yr).1
CONCLUSION

their 1993 calibration, it appears that Stuiver and Pearson (1993) made changes that
increased the average age of their samples by ca. 20 yr. This brought the two laboratories into excellent agreement with each other in the overall range of AD 1840 to 5180 BC (+2 ± 1%). However, it
resulted in a 20-yr offset between B (93) and B (86) as well as for B (95) and T (95).
1. In arriving at

1The reader interested in the regional effect should also refer to McCormac et al. (1995).
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2. The high-precision laboratories at Belfast, Groningen, Pretoria, Seattle and Tucson are able to
attain an accuracy of ±1%o or better and a precision of ±3%o or better including an error multiplier
of 1.5 to account for non-Poisson errors.
3. The H (86) offset from S (93) is large, -41 ± 4 yr (4075-5265 BC and 5805-5995 BC). However,

the tree-ring chronology was then still floating and linked only by 14C wiggle-matching. Consequently, in Table 1 of Kromer et al. (1986: 955), the authors list dendrochronological year as "Age
(BC) (approx)". The large offset of B (93) data, -54 ± 5 yr, occurs during 5180 to 5500 BC. This offset occurs within the 2680-yr extension of the oak chronology since the B (86) data. The measurements were also done in the new Belfast laboratory with LKB Wallac (Quantulus) counters. There
is as yet no explanation for this large offset.

of the high-precision 14C measurement art, data should be mixed only in formulating calibration tables and graphs when the laboratories concerned have demonstrated their
ability to obtain precision of ±3%o (24 yr) or better and where offsets between data sets are <10 yr.
Of course, data of lesser precision and accuracy, if they are the only means of extending the calibration curve, should not be excluded. However, until the data are verified by two or more laboratories,
such extensions (e.g., Becker 1993) should be temporarily accepted, and with appropriate skepticism. This philosophical bias of ours led the late Professor Suess to state that "it was pointed out by
Damon et al. (1978) that `no single deVries-type fluctuation prior to the Medieval Warm Epoch has
been confirmed by two or more laboratories' and also that `wiggles (deVries type fluctuations; omitted in quoting) reported by Suess have not been confirmed.' This, and probably other factors, then
led to the U.S. National Science Foundation to deny repeated requests for further financial support"
(Suess and Linick 1990: 411). I am pleased to say that most, but not all, of Professor Suess's wiggles
have been confirmed subsequently. However, I stand by our philosophical principle. Undoubtedly,
deVries-effect-type fluctuations (wiggles) during and after the Medieval Solar Maximum had been
proven to exist. Those wiggles had been amply confirmed (see Table 4 of Damon 1987). Results
from one laboratory are interesting but an essential factor in science is confirmation!
4. At the present state
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FURTHER EVIDENCE OF CHANGING STABILITY OF THE ATMOSPHERE
SYLVIUS HARTWIG

Fachbereich Sicherheitstechnik der Bergischen Universitat, D-42119 Wuppertal, Germany
In a recent paper (Hartwig, ms.) I have shown that it is possible to understand and discuss the changing Austausch (i.e., exchange of air parcels between different atmospheric layers) between the
stratosphere and troposphere by means of long-term measurement of series of spallation products. It
is well known (Friend 1961; Muh et al. 1966; Hartwig et a1.1969) that there is a seasonal pattern in
the 7Be concentration of ground-level air with a maximum during May-June. This maximum is
caused by enhanced exchange processes between the atmospheric compartments of the stratosphere
and troposphere during this interval. Generally, those exchange processes are a consequence of stability and dynamics of the atmospheric compartments, which themselves result from, among other
factors, the distribution of the heat sources in those compartments, namely the ground and the ozone
layer.

Because of the growing importance of anthropogenic infrared-active gases in the atmosphere, it is
to be expected that the relative importance of those original, naturally occurring heat sources will be
of lesser significance, thus altering the Austausch. And indeed, it has been shown (Hartwig, ms.) by
considering the ratio of the annual maximum and minimum during a 28-yr period of 7Be groundlevel concentration at Braunschweig, Germany (10°33'E, 52°17'N) (Kolb 1992; Wershofen 1993),
that there is a steady decline in that ratio, thus indicating alteration of atmosphericAustausch within
the last three decades. This is commensurable with a growing concentration of infrared-active gases
and the subsequent change of heat-source pattern in the atmosphere. To recognize such decline,
however, it is necessary to utilize data sequences covering many years to detect the signal against the
noise level.
In addition to the previously mentioned paper (Hartwig, ms.), I have discussed the maximum/minimum 7Be ground-level concentration of another station at Skibotn, Sweden (20°25'E, 69°20'N)
(Kolb 1992), which has only a 15-yr duration, namely the time span between 1976 and 1990.
Although this time span is considerably shorter than that of the Braunschweig data, there still is a
distinct decline in the annual maximum/minimum ratio, showing a tendency toward decreasingAustausch between stratosphere and troposphere over those 15 yr. The two stations are situated in considerably different geographic locations, giving all the more significance to the agreement in tendency of atmospheric exchange pattern between stratosphere and troposphere. This agreement
supports the view that anthropogenic infrared gases mitigate the relative importance of natural
atmospheric heat sources and achieve a changing Austausch. Nevertheless, as expected, the signal
discussed here is not so evident as in the case of the Braunschweig data, because the time span of the
data series is shorter.
Figure 1 shows each year's ratio between the highest and lowest monthly concentration value. The
figure includes three data sets for each year, calculated from the mean of one, two or three months,
respectively. In addition, the compensating line is shown along with the corresponding equation. It
can be clearly seen that with lower stratospheric influence (multiple monthly average value) the
effect of changing Austausch is less distinct.

These data confirm the observation that the growing amount of anthropogenic infrared-active gases
in the atmosphere changes not only climatic parameters but also short-term parameters such as the
dynamic of the atmosphere and consequently exchange processes.
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Fig. 1. Max/min 7Be concentration ratio in ground-level air for averages of the highest to lowest monthly concentration value of each year, for one, two and three monthly means for the station Skibotn (20°25'E, 69°20'N).
Included in the figure is the linear compensating function (least square fit) and its value. With the help of the gradient of the function (x-factor) it can be seen clearly that the decline of the ratio over the years is less distinct with
multiple monthly averages because of the resulting smaller atmospheric influence.
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A NOTE ON CALIBRATION CURVES

J. VAN DER PLICHT
Centre for Isotope Research, University of Groningen, Nijenborgh 4, 9747AG Groningen
the Netherlands

and
F. G. McCORMAC
Palaeoecology Centre, the Queen's University of Belfast, Belfast BT71NN, Northern Ireland
Following the 12th International Radiocarbon Conference in Trondheim, a special calibration issue
was published (Stuiver and Kra 1986) carrying a bidecadal calibration curve from 1950 cal AD-2500
cal BC (Stuiver and Pearson 1986; Pearson and Stuiver 1986) that was recommended at the conference (Monk 1986).
Following the 14th International Radiocarbon Conference in Tucson, a second calibration issue was
published (Stuiver, Long and Kra 1993), motivated by the wealth of calibration data that had
become available in the interim, with dendrochronological data extending all the way into Preboreal
(Kromer and Becker 1993). In addition, small corrections were made to data published before,
including a shift of 1814C yr in the Stuiver/Pearson data set (Stuiver and Pearson 1993). No recommendations were made, however, concerning the preferred curve.
At the 15th International Radiocarbon Conference in Glasgow, the latter correction was questioned
(McCormac et a1.1995) causing a discussion among archaeologists (Bowman 1994). In the meantime, a high-precision wiggle-match study of medieval oak beams found in the Netherlands, which
were also dated by dendrochronology, concluded that a match can only be found using the original
1986 calibration curve (Van der Plicht, Jansma and Kars 1995).
In order to test the evidence that the recommended calibration curve is still the correct one, we
decided to remeasure some of the Irish oak wood used for construction of the bidecadal calibration
curve (Pearson et a1.1986,1993), covering the same time period as the oak beams from the Netherlands (van der Plicht, Jansma and Kars 1995). The results are reported here.
We choose to remeasure four bidecadal calibration data points, dendrochronologically dated at
1100-1120,1120-1140,1220-1240 and 1260-1280 cal AD. We sampled the 10 outer and inner rings
separately, and thus obtained 8 measurements. They were measured in the large (25 liter) Groningen
counter. The results are summarized in Table 1.

The 8 measurements are wiggle-matched to the calibration curves discussed (Stuiver and Pearson
1986; Stuiver and Pearson 1993). The wiggle-match fit results are also presented in the table.
We conclude that the recommended calibration curve (Stuiver and Pearson 1986) yields an excellent
fit to our remeasured data. The results for the revised calibration curve (Stuiver and Pearson 1993)
are off by about 15 calendar years, which is consistent with the 1814C yr correction, if we take into
account the uncertainties involved.

In conclusion, there are now three pieces of evidence indicating that the recommended 1986 calibra14C meation curve (Stuiver and Pearson 1986) is still the proper one: 1) possible local effects on
surements of tree rings (McCormac et al. 1995); 2) a high-precision wiggle-match case study of
medieval oak trees in the Netherlands (van der Plicht, Jansma and Kars 1995), and 3) a high-preci-
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sion wiggle-match measurement of Irish oaks used for the construction of the recommended calibration curve (this note).
We stress that the effects discussed here are very small (about 2%o) and are therefore in general not
detrimental in terms of the archaeological utility of radiocarbon dates. Nevertheless, in order to end
possible confusion, we propose that at the 16th International Radiocarbon Conference in Groningen
(1997) a new recommendation should be made concerning the proper calibration curve.
TABLE 1.

Remeasurement of Four Bidecadal Irish Wood Samples
Wigglematched
results
Dendro
age

Sample

GrN-

River Blackwater

21784
21403

10

721 ± 12
790 ± 11

Arran Quay

21785
21404

outer 10
inner 10

798 ± 12
823 ± 12

1

21786
21405

outer 10
inner 10

917 ± 11
13

±5
±5
1235 ±5
1225 ±5
1135 ±5
1125 ±5

Trim Castle 2

21787
21406

outer 10
inner 10

12
950 ± 9

1115±5
1105 ±5

Trim Castle

age

1986
curve

1993

14C

1275
1265
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THE "AMSTERDAM CASTLE": A CASE STUDY OF WIGGLE MATCHING AND
THE PROPER CALIBRATION CURVE
J. VAN DER PLICHT,1 E. JANSMA2 and H. KARS3
ABSTRACT. We have performed a high-precision 14C wiggle-matching study on two oak beams from the "Castle of Amsterdam". These beams are also dated by dendrochronology. Our two dating methods can only be made consistent using the recommended calibration curve (1986) instead of the revised one (1993).

INTRODUCTION

In the spring of 1994, archaeologists discovered a medieval brick foundation in the center of
Amsterdam. Termed "The Castle of the Lords of Amstel", it was a find of possible great historical
importance, especially if it could be dated to AD 1200. A castle at the river Amstel has been
described in historical documents but the castle itself has never been found. Large oak beams were
found protruding from the brickwork. They were first dated by dendrochronology. The results
implied that the foundation was several decades younger than expected. However, a few 14C dates
centered around 1200, using the latest published calibration curve (Stuiver and Pearson 1993). Thus
a seeming discrepancy was created between two independent dating methods (Jansma and Kars,
1995). We decided to perform a high-resolution 14C wiggle-matching study on two of the oak beams
that were also dated by dendrochronology, beams "sample 6" and "sample 9". Our resolution of the
discrepancy (van der Plicht 1995) was only possible using the 1986 bidecadal calibration curve
(Stuiver and Pearson 1986), instead of the 1993 one (Stuiver and Pearson 1993). We here report on
this case study.

Dendrochronology
The wood samples were compared to available master chronologies, including the Netherlands Historical Chronology 1(the southern Netherlands/Belgium/Germany; AD 427-1752; Jansma 1995);
the Central German Chronology (690 BC-AD 1975; Hollstein 1980); the Weserbergland Chronology
(Germany; AD 1004-1970; Delorme 1973); the Eastern Belgium Chronology (AD 672-1986; Hoffsummer 1989); and the Lower Saxony Growth Region 1 Chronology (Germany; AD 915-1991;
Leuschner, unpublished data). The chronologies used and the statistics that accompany the dendrochronological dates of samples 6 and 9 are shown in Table 1.
The tree rings in sample 6 date from 1157 to 1272. The number of missing sapwood rings was estimated as 4 ± 2, so that tree number 6 was felled between 1274 and 1278. The tree rings in sample 9
date from 1103 to 1215. In addition, 30 sapwood rings (including the last formed ring) were
counted. Tree number 9 therefore was felled in 1245.

Radiocarbon
The results of the radiocarbon measurements for trees number 6 and 9 are shown in Table 2. We
dated the sapwood samples (23 and 24 rings, respectively), and groups of 10 annual rings as indicated in the table. The rings are counted from the outside; here they are used only in a relative way.
The samples were analyzed for 14C with the highest possible precision in the large (25 liter) Groningen counter.
1Centre for Isotope Research (CIO), University of Groningen, Nijenborgh 4, 9747AG Groningen, The Netherlands
2Dutch Centre for Dendrochronology (RING), Kerkstraat 1, 3811CV Amersfoort, The Netherlands
3Dutch State Service for Archaeological Soil Research (ROB), Kerkstraat 1, 3811CV Amersfoort, The Netherlands

965

Tnst.E 1. The Match Between Samples 6 and 9 and Some Master Chronologies

Sample

n*

Date of
last measured ring

6

116

1272

PVt
sapwood

date

chronology

historical

2

1

Central Germany

68.3

68.3

Weserbergland

66.5

66.5

61.3

613

Central Germany

62.1

62.9

Weserbergland

69.6

67.9

Eastern Belgium
9

1215

113

t-value $

historical

l

Niedersachsen sub 1
62.9
64.7
§a = level of significance; # = series of total ring width;

t

*n = number of rings; PV = percentage parallel variation; $t = student's t-value;

detrended ring widths

Tree-Ring '4C Measurements for Samples 6 and 9
Sample
Lab code
age
no.
GrN(BP)
ring

TABLE 2.

6

9

21167
21175
21177
21178
21180
21182

757 ± 15
817 ± 10
839 12
839± 13
870± 12

21154
21156
21158
21160
21162
21164
21166

807± 11

t

862 ±9
844 ± 17
848 ± 10

853 ±17
906 ± 18

930± 17
952± 10

(sapwood)
33-43

533

63-73
83-93
103-113

(sapwood)
28-38
48-58
68-78
88-98
108-118
128-138

**

= series of standardized and
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The set of 14C dates for each tree can be "wiggle-matched" to the calibration curve by minimizing
the quantity
[BP1 (curve)

- BP1 (date) ]2

(1)

(Pearson 1986).
The solution of the wiggle-match procedure to the recommended bidecadal calibration curve
(Stuiver and Pearson, 1986) is shown in Figure 1(sample 6) and Figure 2 (sample 9). The figures
show the calibration curve (solid line), the 1Q error envelope of the curve (dotted line), the individual calibration data points and-drawn as rectangles-the set of data matched to the curve. The
sides of the rectangles represent the error bars: vertically, the errors (1Q) for the 14C dates and horizontally, the ring width of the samples. For sapwood, this is 23 rings for tree number 6 and 24 for
number 9; in all other cases, 10 annual rings were taken. Note that also the calibration data points are
bidecadal and are thus an average for 20 annual rings. The cutting date of the tree, deduced from this
procedure, is 1278 cal AD for sample 6 and 1250 cal AD for sample 9.

1000

C.I.O. Oroningen

C:\CALSOWIOOLEVIZKGB.DTA

BP

800

10?O

1120

li70
cal AD

1220

1270

1320

Fig. 1. Wiggle-matched result for wood sample 6

The Calibration Curve
The results of the case study reported here, obtained by two independent dating methods, dendrochronology and radiocarbon, are in excellent agreement.

For the radiocarbon part of the exercise, this agreement could only be obtained by high-resolution
wiggle matching to the 1986 calibration curve (Stuiver and Pearson 1986), which formally is still
recommended (hook 1986). This curve has been revised recently by applying a correction of 18
radiocarbon years (Stuiver and Pearson 1993). Using this corrected calibration curve, agreement
between the dendro- and 14C dates in the case study reported here is not possible: the cutting dates
of the trees considered are then 15-20 (calendar) years too young. This observation therefore sup-

J. van der Pticht, E. Jansma and H. Kars
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ports the contention of McCormac et al. (1995) that the revision of the calibration curve in hindsight
is not justified.
C.I.O. Oroningen

8P

800

1020

1170
cal AD

1220

1270

1320

Fig. 2. Wiggle-matched result for wood sample 9
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RADIOCARBON UPDATES
Third International Symposium on 14C and Archaeology

This conference will be held in Lyon, France from 6-10 April 1998. Please see the advertisement in
the back of this issue for complete details.
New Radiocarbon Laboratories
The tandem accelerator at the Physics Department of Lund University, Sweden, was upgraded to
perform AMS 14C dating in October 1995. The laboratory identifier the for Lund AMS is LuA; Lu
will be retained for conventional measurements. (See the laboratory list in this issue for addresses.)
Palynosurvey Company of Tokyo, Japan announces the opening of a new laboratory for conventional 14C dating; lab code is PAL (again, see the laboratory list for details).

Laboratory Conversion
Israel Carmi reports that in the spring of 1995, after 24 years of operation, the radiocarbon laboratory at the Weizmann Institute of Science (RT) stopped using gas proportional counters and converted to liquid scintillation counting of benzene. "The experience gained in preparation of acetylene for gas counters helped in the smooth conversion to the new system. The lab now operates 3
Quantulus LSC counters, which perform very well with samples in the range of 0.3 to 7.5 ml benzene."

Job Announcement. Post-Doctoral Research Position
Organic Geochemistry/Aminostratigraphy/Geochronology
Department of Geology, University of Delaware
Contact: John F. Wehmiller, Dept. of Geology, Univ. of Delaware, Newark, DE 19716 USA
Tel: 302-831-2926; Fax: 302-831-4158; E-mail jwehm@udel.edu

Appointee will be expected to join an active research program in amino acid geochemistry/geochronology. Ongoing research includes the application of amino acid racemization in mollusks to the
Quaternary geochronology and stratigraphy of the US Atlantic Coastal Plain. Closely related
research involves the study of diagenetic processes in mollusk specimens, including microscopic
studies of biomineral structures and carbonate alteration, isotopic studies of carbonate and organic
fractions (in collaboration with the University of Virginia), trace element studies and U-series geochronology. Experience with the operation and maintenance of gas- and liquid-chromatographic
systems is essential, as the appointee will be fully responsible for the day-to-day laboratory operations, including work with graduate and undergraduate students. Field work and travel to collaborating laboratories can be anticipated.
The term of the appointment is flexible and can be for several years. Interviews for the position will
occur during the Fall of 1996, especially at the Annual Meeting of the Geological Society of America. The position is funded by the College of Arts and Science, Univ. of Delaware, at an annual rate
of $25,000; external funding can be used to supplement this funding.

Interested individuals should send a letter outlining their interests and background to John Wehmiller at the address given above.
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Radiocarbon Updates

Publication Noted
Kilian, M. R., Van der Plicht, J. and Van Gee!, B. 1995 Dating raised bogs: New aspects of AMS 14C
wiggle matching, a reservoir effect and climatic change. Quaternary Science Reviews 14: 959-966.
The paper gives some examples of 14C wiggle-matched raised bog cores. This strategy allows dating with much higher
precision, the more so because we found evidence for reservoir effects in raised bogs (which was completely unexpected).
In our opinion old CH4 coming from deeper layers in the bog is oxidized by methane-consuming bacteria and the CO2 is
fixed by mycorrhizal fungi on Ericaceae. We also found evidence for the relationship between the sharply rising delta 14C
between ca. 850 and 760 cal BC and climate change as is reflected in the vegetation development of the raised bogs.

Internet Resources
Southwestern Archaeology WWW Site
The Southwestern Archaeology (SWA) web site, containing a wide variety of information related to
the archaeology and cultural history of the American Southwest, is located at

http://seamonkey.ed.asu.edu/swa/
The SWA current events server is located at

http://seamonkey.ed.asu.edu/swa/sasig.html
CALIB Calibration Program

The Quaternary Isotope Lab at the University of Washington has set up a WWW home page that
includes easy point and click access to the CALIB calibration program. The URL is:

http://weber.u.washington.edu/-qil/
WWW Site for University

of Texas Radiocarbon Lab

The University of Texas Radiocarbon Lab (Tx) now has a home page on the WWW:

http://www.utexas.edu/research/vprl
Offerings include information about the lab and its staff, a detailed account of preparation and
counting techniques, our current price list, and links to other sites that provide related information.
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'4C LABORATORIESI,2
ARGENTINA
AC

Dr. Hector Osvaldo Panarello

Pabell6n INGEIS
Ciudad Universitaria
1428 Buenos Aires, Argentina
Tel: 54-1-783-3021/23; Fax: 54-1-783-3024
E-mail: hector@ingeis.uba.edu.ar
LP

Prof. Anibal Juan Figini
Laboratorio de Tritio y Radiocarbono-LATYR
Facultad de Ciencias Naturales y Museo-UNLP
Paseo del Bosque S/N°
1900 La Plata, Argentina
Tel/Fax: 54-21-270648

AUSTRALIA
ANU

Dr. Rainer Griin

Quaternary Dating Research Centre
Australian National University
Research School of Pacific Studies
Canberra ACT 0200 Australia
Tel: 61-6-249-3122; Fax: 61-6-249-0315
E-mail: rainer.grun@anu.edu.au or mjh409@cscgpo.anu.edu.au

SUA

Dr. Mike Barbetti

The NWG Macintosh Centre for Quaternary Dating
Madsen Building F09
The University of Sydney
Sydney, NSW 2006 Australia
Tel: 61-2-692 3993; Fax: 61-2-552-1967
E-mail: mikeb@emu.su.oz.au

AUSTRIA
VRI

Dr. Edwin Pak and Dr. Walter Kutschera

Institut fur Radiumforschung and Kernphysik
Universitat Wien
Boltzmanngasse 3
A-1090 Vienna, Austria
Tel: 43-1-31367-3514; Fax: 43-1-31367-3502
E-mail: walterku@pap.univie.ac.at

Franz Schonhofer
Federal Institute for Food Control and Research
Kinderspitalgasse 15
A-1090 Vienna, Austria
Tel: 43-1-40491-520; Fax: 43-1-40491-540
IAEA

Dr. Kazimierz Rozanski

International Atomic Energy Agency (IAEA)
Isotope Hydrology Section
Wagramerstrasse 5
P.O. Box 100
A-1400 Vienna, Austria
Tel: 43-1-206021743; Fax: 43-1-20607
E-mail: Rozanski@ripol.iaea.or.at

1We have organized our list of laboratories in alphabetical order by country, state, etc. Please notify us of additions, deletions,

staff or address changes, telephone, telex or fax numbers and e-mail addresses.
2Country and city telephone codes are included wherever known (based on calls made from the USA).
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BELGIUM
ANTW Prof. R. Vanhoorne
Department of General Botany
State University Centre Antwerp
Groenenborgerlaan 171
B-2020 Antwerp, Belgium
IRPA M. Van Strydonck
Royal Institute for Cultural Heritage
Jubelpark 1
B-1000 Brussels, Belgium
Tel: 32-2-739 6711; Fax: 32-2-732 01 05
LAR Prof. Dr. Jean Govaerts
Lab. d'Application des Radioelements
Chimie B6, Sart Tilman
Liege, Belgium
Lv

Mr. Etienne Gilot

Universit6 Catholique de Louvain
Laboratoire de Carbone 14
Chemin du Cyclotron 2
B-1348 Louvain-la-Neuve, Belgium
Tel: 32-10-473126; Fax: 32-10-473115

BELORUS
Dr. N. D. Mikhajkov

Institute of Geological Sciences of the
Academy of Sciences of Belarus
Zhodinskaya Street 7
Minsk 220141 Belarus
Tel: 375-172.64-53-15; Fax: 375-172-63-63-98
E-mail: geology@eco2.iasnet.com

BRAZIL
FZ

Prof. M. F. Santiago
Departamento de Fisica - UFC
Campus do Pici - Cx. Postal 6030
60455-760 Fortaleza-CE, Brazil
Tel: 55-85-288-9913; Fax: 55-85-287-4138
E-mail: marlucia@fisica.ufc.br

CENA Dr. Luiz Carlos Ruiz Pessenda
Secao de Radionuclideos Naturais
Centro de Energia Nuclear na Agricultura
Universidade de Sao Paulo
Avenida Centenario 303
Caixa Postal 96- CEP 13400-970
Piracicaba, Sao Paulo, Brazil
Tel: 55-194 33-5122; Fax: 55-194.22-8339
E-mail: lcrpesse@pira.cena.usp.br

BULGARIA
Prof. Yanko Yanev
Department of Chemistry
Radiochemical Laboratory
University of Sofia
1, A Ivanov Av.
1126 Sofia, Bulgaria

CANADA
GSC

Dr. Roger N. McNeely

Radiocarbon Dating Laboratory
Geological Survey of Canada
601 Booth Street
Ottawa, Ontario K1A 0E8 Canada
Tel: 613-995-4241; Fax: 613.992-6653
E-mail: mcneely@gsc.emr.ca
BGS

Howard Melville
Department of Earth Sciences
Brock University
St. Catharines, Ontario L25 3A1 Canada
Tel: 905-688-5550 ext 3522; Fax: 905-682-9020
E-mail: hmelvill@spartan.ac.BrockU.ca

WA].'

Robert J. Drimmie
Department of Earth Sciences
Environmental Isotope Laboratory
University of Waterloo
Waterloo, Ontario N2L 3G1 Canada
Tel: 519-888-4567 ext 2580; Fax: 519-746-0183
E-mail: rdrimmie@sciborg.uwaterloo.ca

UQ

Serge Occhietti and Pierre Pichet
Radiocarbon Laboratory
GEOTOP
University of Quebec at Montreal
P.O. Box 8888, Succursale Centre Ville
Montreal, Quebec H3C 3P8 Canada
Tel: 514-987-4080; Fax: 514-987-3635
E-mail: occhietti.serge@ugam.ca

S

Dr. Gene Smithson

Saskatchewan Research Council
15 Innovation Boulevard
Saskatoon, Saskatchewan S7N 2X8 Canada
Tel: 306-933-5439; Fax: 306.933-7922

CHINA
CG

Drs. Yijian Chen and G. Peng
Radiocarbon Laboratory
Institute of Geology
State Seismological Bureau
P.O. Box 634
Beijing 100029 China
Tlx: 6347

Prof. Qiu Shihua
Radiocarbon Laboratory
Insitute of Archaeology, CASS
27 Wangfujing Dajie
Beijing, China 100710
Tel: 86-010-65135532
Fax: 86-010-65135532

Prof. Shouli Yang
China-Japan Friendship Hospital
Beijing, China 100013
Prof. Chen Tiemei
'4C Dating Laboratory
Department of Archaeology
Beijing University
Beijing, China 100871
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Laboratories
Prof. Li Xingguo
Institute of Vertebrate Paleontology and Paleoanthropology
Academia Sinica
Beijing, China
Dr. Guan San Yuan

Beijing Nuclear Instrument Factory
P.O. Box 8800
Beijing, China
Prof. Chen Yijian
Radiocarbon Laboratory
Institue of Geology
State Seismological Bureau
Beijing, China
Prof. Li Chongling
Changchun Institute of Geography
Academia Sinica
Changchun, China

HL

Yunzhang Yue
Second Institute of Oceanography
State Oceanic Adminstration
P.O. Box 1207
Hangzhou, Zheijiang 310012 China
Tel: 86.8076924-328; Fax: 86.571-8071539
Tlx: 35035 NBOHZ CN; Cable: 3152
Dai Kaimei
Department of Physics
Nanjing University
Nanjing 210008 China
Tel: 86-25-3324466-8746
Fax: 86-25-307965; Tlx: 34151 PRCNU CN
E-mail: postphys@nju.edu.cn
Wang Jian
Department of Geography
Nanjing Normal University
Nanjing 210024 China
Tel: 86-25-3303666 ext 3202; Fax: 86-25-3307448

Prof. Gao Zhonghe or Sr. Engineer Chen Xiaoming
Seismological Bureau of Jiangsu Province
3 Weigang
Nanjing 210014 China
Tel: 86-25-4432919-3028; Fax: 86-25-4432585; Tlx: 77777, Nanjing
Ms. Ruan Chengwen
Seismological Bureau of Xinjiang Aut. Reg.
42 South Beijing Road
Urumqi, Xinjiang, 830011 China
Tel: 86-0991-3838126; Fax: 86-0991-3835623; Tlx: 79152, KWTWZ CN
Dr. Shen Chengde

Institute of Geochemistry
Chinese Academy of Sciences
Wushan, Guangzhou 510640 China
Tel: 86-20-5519755 ext 2179; Fax: 86-20-5514130
XLLQ Zhou Weijian
National Laboratory of Loess and Quaternary Geology
XiYing Lu 22-2
Xi'an 710054, Shaanxi, China
Tel: 86-29-5524749; Fax: 86-29-5522566
E-mail: weijian@loess.llgg.ac.cn

Laboratories
Prof. Huang Qi
Radiocarbon Laboratory, Insitute of Salt Lakes
Academia Sinica
6 Xiying Road
710043 Xian, Shanxi Province
People's Republic of China
Tel: 86-29-5520397 (H)

Asst. Prof. Liang Quinsheng
Radiocarbon Laboratory, Institute of Salt Lakes
Academic Sinica
81008 Xining, Qinghai Province
People's Republic of China
Tel: 86-971-6146-411

CROATIA
Z

Drs. Bogomil Obelid and Nada Horvatindid
Rudjer Bokovid Institute
P.O.B. 1016, Bijenidka 54
10000 Zagreb, Croatia
Tel: 385-1-425 809; Fax: 385-1-425 497
E-mail: obelic@olimp.irb.hr and horvatin@olimp.irb.hr
and
Dr. Dulan Srdod
Brookhaven National Laboratory
P.O. Box 5000
Upton, New York 11973-5000 USA
E-mail: dusan@tuna.inst.bnl.gov

CZECH REPUBLIC
CU

Jan ilar
Department of Hydrogeology
Charles University
Albertov 6
CZ-12843 Praha 2 Czech Republic
Tel: 42-2-21952139 or 42-2-21951111
Fax: 42-2-296084 or 42-2-291425
E-mail: silar@prfdec.natur.cuni.cz

DENMARK
K

Dr. Kaare Lund Rasmussen
14C

Dating Laboratory
National Museum
Ny Vestergade 11
DK-1471 Copenhagen K, Denmark
Tel: 45-33-47-3176; Fax: 45-33-47-3310

ESTONIA
Tin

Dr. Raivo Rajamae

Radiocarbon Laboratory
Institute of Geology
7 Estonia Avenue
EE-0100 Tallinn, Estonia
Tel: 372 657950; Fax: 372 6312074
E-mail: rajamae@isogeo.gi.ee
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Dr. Jaan-Mati Punning

Institute of Ecology
Estonian Academy of Sciences
2, Kevade Street
EE-0001 Tallinn, Estonia
Tel: 3722-451-634; Fax: 3722-453-748
E-mail: mati@eco.edu.ee
Ta

Prof. Volli Kalm and Dr. Arvi Liiva
Radiocarbon Laboratory
Institute of Geology
University of Tartu
Vanemuise St. 46
EE-2400 Tartu, Estonia
Tel: 327 7 430 607; Fax: 327 7 430 643
E-mail: geol@math.ut.ee

FINLAND
Su

Tuovi Kankainen
Geological Survey of Finland
FIN-02150 Espoo, Finland
Tel: 358-0-46931; Fax: 358-0-462205
E-mail: tuovi.kankainen@gsf.E

Hel

Hogne Jungner

Dating Laboratory
P.O. Box 11, Snellmaninkatu 3
FIN-00014 Helsinki University, Finland
Tel: 358-0-1923 3436; Fax: 358-0-1912 3466
E-mail: hjungner@katk.helsinki.fi

FRANCE
Gif

Dr. Michel Fontugne

Centre des Faibles Radioactivites
Laboratoire mixte CNRS-CEA
F-91198 Gif sur Yvette, Cedex France
Tel: 33-1-69 82 35 25; Fax: 33-1-69 82 35 68
E-mail: fmr@eole.cfr.cnrs-gif.fr

and
Laboratoire Souterrain de Modane
Laboratoire mixte 1N21'3-CNRS/DSM-CEA
90, Rue Polset
F-73500 Modane, France
Ly

Mr. Jacques Evin and Mr. Philippe Fortin
CDRC - Centre de Datation par le RadioCarbone
University Claude Bernard Lyon I, Batiment 217
43, Boulevard du 11 Novembre 1918

F-69622 Villeurbanne Cedex France
Tel (Evin, lab): 33 72 44 8257; (Fortin): 33 72 43 13 15; Fax: 33 72 43 13 17
E-mail: jacques.evin@cismsun.univ-lyonl.fr or Philippe.fortin@cismsun.univ-lyonl.fr

GEORGIA
TB

Dr. A. A. Burchuladze

Radiocarbon Laboratory
Tbilisi University
Chavchavadze 3
Tbilisi 380008 Georgia
Tel: 7-8832-222105

Laboratories
GERMANY
Bin

Dr. Jochen Gorsdorf

Deutsches Archaologisches Institut
Eurasien-Abteilung
Postfach 330014
D-14191 Berlin, Germany
Tel: 49-30-203 77 275: Fax: 49-30-203 77 275
E-mail: goercl4@zedat.fu-berlin.deef
Fra

Prof. Dr. Reiner Protsch von Zieten
Radiocarbon Laboratory
J. W. Goethe-Universitat
Siesmayerstrasse 70
D-60323 Frankfurt am Main, Germany
Tel: 49-69-798-24764 or 24767; Fax: 49-69-798-24728

Fr

Dr. habit. Detlef Hebert
Institut fiir Angewandte Physik

Technische Universitat Bergakademie Freiberg
D-09596 Freiberg/Sa., Germany
Tel: 49-3731.39 2371 or 2594; Fax: 49-3731-39 4004
E-mail: c/o wstolz@physik.tu-freiberg.de
HAM

Dr. Peter Becker-Heidmann

Institut fur Bodenkunde
Universitat Hamburg

Allende-Platt 2
D-20146 Hamburg, Germany
Tel: 49-40 4123 2003; Fax: 49-40 4123 2024
E-mail: PBeckerH@Uni-Hamburg.de
Hv

Prof. Dr. M. A. Geyh
Niedersachsisches Landesamt fur Bodenforschung
Postfach 510153
D-30655 Hannover-Stillweg 2, Germany
Tel: 49-511643 2537; Fax: 49-511643 2304
E-mail: geyh@gate1.bgr.d400.de

Hd

Dr. Bernd Kromer

Heidelberger Akademie der Wissenschaften
c/o Institut fur Umweltphysik
Universitat Heidelberg
Im Neuenheimer Feld 366
D-69120 Heidelberg, Germany
Tel: 49-62215-46-357; Fax: 49-62215-46-405
E-mail: kr@uphysl.uphys.uni-heidelberg.de
KI

Prof. Dr. Pieter M. Grootes and Dr. Helmut Erlenkeuser
Leibniz Laboratory for Radionuclide Dating and Isotope Research
Christian Albrechts Universitat
Olshausenstrasse 40-60
D-24118 Kiel, Germany
Tel: 49-431-880-3894 (P.M.G.); 49-431-880-3896 (H.E.)
Fax: 49-431-880-3356
E-mail: pke26@rz.uni-kiel.d400.de (P.M.G.)

pke47@rz.uni-kiel.d400.de (H.E.)
KN

Dr. Bernhard Weninger

Labor fur 14C-Datierung
Institut fur Ur-und Fruhgeschichte
Universitat zu Koln
Weyertal 125
D-50923 Koln, Germany
Tel: 49-221-470-2880/2881; Fax: 49-221-470-4892
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LZ

Dr. Achim Hiller
Arbeitsgruppe Palaoklimatologie
Quartarzentrum der Universitat Leipzig
Permosserstrasse 15
D-04303 Leipzig, Germany
Tel.: 49-341-235-2524; Fax: 49-341.235-2576

GREECE
DEM

Dr. Yannis Maniatis

Laboratory of Archaeometry
Institute of Materials Science
National Centre for Scientific Research
"Demokritos"
15310 Aghia Paraskevi
Attiki, Greece
Tel: 30-1-6513111 ext 631 or 30-1-6524821; Fax: 30.1-6519430

HUNGARY
Deb

Dr. Ede Hertelendi

Institute of Nuclear Research of the Hungarian Academy of Sciences
H-4026Bem ter 18/c,
P.O. Box 51
H-4001 Debrecen, Hungary
Tel: 36 52 417266; Fax: 36 52 416181
E-mail: her@moon.atomki.hu

ICELAND
Dr. Pall Theodbrsson

Science Institute
University of Iceland
Dunhaga 3
IS-107 Reykjavik, Iceland
Tel: 354 525 4800; Fax: 354 552 8911
E-mail: pth@raunvis.hi.is

INDIA
CH

R. Bhushan, S. Krishnaswami and B. L. K. Somayajulu

Chemistry Laboratory
Physical Research Laboratory
Navrangpura
Ahmedabad 380 009 India
Tel: 91-079-462129; Fax: 91-79-6560502

E-mail: bhushan@prl.ernet.in; swami@prl.ernet.in;
soma@prl.ernet.in
PRL

Dr. Sheela Kusumgar

Radiocarbon Dating Research Unit
Oceanography and Climate Studies Area
Earth Sciences and Solar System Division
Physical Research Laboratory
Navrangpura
Ahmedabad 380 009 India
Tel: 91.079-462129; Fax: 91-079-6560502
Telegram: Research
E-mail: skusum@prl.ernet.in
JUBR Prof. S. D. Chatterjee, Dr. R. C. Sastri and Dr. Haradhan De
Biren Roy Research Laboratory for Archaeological Dating
Department of Physics
Jadavpur University
Calcutta 700 032 India
Tel: 91-33-473-4044; Fax: 91-33-473-4266; Tlx: 21-4160 (VC JU IN)

Laboratories
BS

Dr. G. Rajagopalan

Radiocarbon Laboratory
Birbal Sahni Institute Paleobotany
Post Box 106
Lucknow 226 007 India
Tel: 91-74291

INDONESIA
Mr. Wandowo

Section Hydrology
National Atomic Energy Agency
Pasar Jumat, P.O. Box 2
Kebayoran Lama
Djakarta, Indonesia
Dr. Wisjachudin Faisal
Radiocarbon Dating Laboratory
Yogyakarta Nuclear Research Center
National Atomic Energy Agency
Jl. Babarsari PO Box 1008
Yogyakarta 55101 Indonesia
Tel: 62 274 515435 or 515436
Fax: 62 274 561824

IRAN
TUNC Dr. A. Mahdavi
Tehran University Nuclear Centre
P.O. Box 2989
Tehran, Iran

ISRAEL
RT

Mr. Israel Carmi

Department of Environmental Sciences and Energy Research
Weizmann Institute of Science
76100 Rehovot, Israel
Tel: 972 8 342544; Fax: 972 8 344124
E-mail: cicarmii@weizmann.weizmann.ac.il

ITALY
ENEA Dr. Agostino Salomoni
ENEA Radiocarbon Laboratory
Via dei Colli, 16
I-40136 Bologna, Italy
Tel: 39-51-6098168; Fax: 39-51-6098187
R
Dr. Salvatore Improta
Dipartimento di Fisica
University "La Sapienza"
Piazzale Aldo Moro, 2
I-00185 Rome, Italy
Fax: 39-6-4957697
E-mail: Improta@romal
and
Dr. Giorgio Belluomini
Centro di Studio per it Quaternario a l'Evoluzione Ambientale - CNR
Dipartimento di Scienze della Terra
University "La Sapienza"
Piazzale Aldo Moro, 2
I-00185 Rome, Italy
Fax: 39-6-4957697
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Rome

Prof. Gilberto Calderoni
Department of Earth Sciences
University of Rome "La Sapienza"
Piazzale Aldo Moro, 5
I-00185 Rome, Italy
Tel: 39-6-499-14580; Fax: 39-6-499-14578
E-mail: gilberto@itcaspur.caspur.it

UD

Dr. Piero Anichini, Dr. Valerio Barbina, Dr. Stefano Colonnello
CRAD - Centro di Ricerca Applicata a Documentazione
Via Nazionale, 33

I-33040 Pradamono UD, Italy
Tel: 39-432-671061; Tel/Fax: 39-432-671176

JAPAN
Dr. Yoshimasa Takashima

Kyushu Environmental Evaluation Association
1-10-1, Matsukadai, Higashiku
Fukuoka 813, Japan
Tel: 81-92-662-0410; Fax: 81-92-662-0990 or 81-92-662-0411
KSU

Prof. Osamu Yamada
Faculty of Science
Kyoto Sangyo University
Kita-ku, Kyoto 603 Japan

or
Setsuko Shibata
Division of Radiocehmistry and Applied Biology
Research Center of Radioisotopes
Research Institute for Advanced Science and Technology
University of Osaka Perfecture
1-2, Gakuen-cho, Japan
Tel: 81-6-722-36-2221; Fax: 81-6-722-36-3876
GaK

Dr. Kunihiko Kigoshi

Radiocarbon Laboratory
Gakushuin University
Mejiro Toshima-ku,1-5-1, Faculty of Science
Tokyo 171, Japan
Tel: 81-3-986-0221 ext. 482; Fax: 81-3.5992.1029
E-mail: hori@se.shibaura-it.ac.jp
PAL

Dr. Shigemoto Tokunaga

Radiocarbon Laboratory
Palynosurvery Co.
Nissan Edobashi Bid.
1-10-5 Honcho, Nihonbashi
Chuoku, Tokyo, Japan
Tel (office): 81-3-3241-4566; (lab) 81-0274-42-8129
Fax: 81-3-3241-4597

TK

Prof. Yoshio Onuki
C-14 Dating Laboratory
University Museum (Shiryokan)
University of Tokyo
7-3-1 Hongo, Bunkyo-ku
Tokyo 113 Japan

NU

Dr. Kunio Omoto

Radiocarbon Dating Laboratory
Department of Geography
College of Humanities and Science
Nihon University
25-40, 3 Chome, Sakurajosui
Setagaya-ku, Tokyo 156 Japan
Tel: 81-35317-9273 or 81-33303-1691
Fax: 81-33303-9899

JGS

Dr. Hajime Kayanne

Marine Geology Department
Geological Survey of Japan
1-1-3, Higashi
Tsukuba 305 Japan
Tel: 81-298.54-3766; Tlx: 3652511 GSJ J
Fax: 81-298-54-3533

KOREA
Dr. Jung Sun Ahn
Advanced Atomic Energy Research Institute
150, Duk-Jin Dong, Seo-Ku
Daejeon, Chung Nam, Korea
KCP Dr. Hyung Tae Kang and Kyung Yim Nah
Department of Conservation Science
National Cultural Property Research Institute
1 Sejongno Chongno-gu
Seoul, Korea 110 050
Tel: 82.2-735-5281 ext. 262; Fax: 82-2-736-6076
KAERI Kyung Rin Yang
Reactor Chemistry Division
Korean Atomic Energy Research Institute
P.O. Box 7, Daeduk danji
Taejon, Korea 305-353
Tel: 82-042-820-2000; Fax: 82-042-820-2702
Tlx: KAERI K45553

LATVIA
Riga

Dr. V. S. Veksler and Dr. A. A. Kristin

Institute of Science - Application Research
Riga 50 Merkelya 11
Riga 226 050, Latvia
Tel: 7-0132-212-501; 213-636

LITHUANIA
Dr. T. Bitvinskas

Institute of Botany
Lithuanian Academy of Sciences
Laieves Str. 53
Kaunas 233 000 Lithuania
Dr. Jonas Maleika

Radioisotope Laboratory
Institute of Geology
Sevicenkos 13
Vilnius 2600 Lithuania
Tel: 370-2-236103
Fax: 370-2-236710
Dr. R. Krenyavichus

Institute of Physics and Mathematics
Lithuanian Academy of Sciences
K. Pozelos Str. 54
Vilnius 232 000 Lithuania
Tel: 7-0122-641836

MALAYSIA
Dr. Zaini
Tunismail Atomic Research Center
Puspari Prime Minister's Department
Bangi Selangor, Malaysia

-
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MONACO
IAEA- Prof. Pave! Povinec (see Slovakia)
MEL International Atomic Energy Agency
Marine Environmental Laboratory
19 Avenue des Castellans
MC-98000 Monaco
Tel: 377-92052222 Fax: 377-92057744
E-mail: povinec@unice.fr

NEW ZEALAND
Wk

Dr. A. G. Hogg and Dr. T. F. G. Higham

Radiocarbon Laboratory
University of Waikato
Private Bag
Hamilton, New Zealand
Tel: 64-7-838 4278; Fax: 64-7-838 4192
E-mail: ahogg@waikato.ac.nz, or c14@waikato.ac.nz, or thigham@waikato.ac.nz
WWW: http:/1www2.waikato.ac.nz/c14/

NZ

Dr. Rodger Sparks

Rafter Radiocarbon Laboratory
Nuclear Sciences Group
Institute of Geological and Nuclear Sciences, Ltd.
P.O. Box 31.312
Lower Hutt, New Zealand
Tel: 64-4-570 4671; Fax: 64-4.570 4657
E-mail: R.Sparks@gns.cri.nz

NORWAY
T

Steinar Gulliksen
Radiological Dating Laboratory
Norwegian University of Science and Technology
N-7034 Trondheim, Norway
Tel: 47-73-593310; Fax: 47.73.593383
E-mail: sgull@phys.unit.no

POLAND
Gd

Prof. Anna Pazdur and Dr. Tomasz Goslar
Radiocarbon Laboratory
Institute of Physics
Krzywoustego 2
PL-44-100 Gliwice, Poland
Tel/Fax: 48-32-372254; E-mail: pazdur@zeus.polsl.gliwice.edu.pl

KR

Tadeusz Kuc
Krakow Radiocarbon Laboratory
Environmental Physics Department
The Academy of Mining and Metallurgy
PL-30-059 Krakow, Poland
Tel: 48-12-333740 or 340010; Fax: 48-12-334998
Tlx: 0322203 AGH PL
E-mail: kuc@vskOl.ifj.edu.pl
Andrzej Kanwiszer and Pawel Trzeciak
Radiochemical Laboratory
Archaeological and Ethnographical Museum in L6dz
Pl. Wolnlci
PL-91-415 Lddz, Poland

LOD
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PORTUGAL
ICEN

A. M. Monge Soares
Laborat6rio de Is6topos Ambientais
Instituto Tecnol6gico a Nuclear
Estrada Nacional 10
P-2686 Sacavem Codex, Portugal
Tel: 351-1-9550021; Fax: 351-1-9441455
E-mail: amsoares@itnl.itn.pt

REPUBLIC OF CHINA
NTU

Dr. Tsung-Kwei Liu

Department of Geology
National Taiwan University
245 Choushan Road
Taipei, Taiwan, Republic of China
Tel/Fax: 886-2-3657380
E-mail: liutk@sun03.gl.ntu.edu.tw

RUSSIA
KRIL

Dr. E. Starikov

Radiocarbon Dating Laboratory
Krasnoyarsk Institute of Forest and Wood
Russian Academy of Sciences
Prospect Mira 53
Krasnoyarsk 660036 Russia
MAO

Dr. A. V. Lozhkin

Quaternary Geology and Geochronology Laboratory
Northeast Interdisciplinary Research Institute
Russian Academy of Sciences, Far East Branch
16 Portovaya
Magadan 685000 Russia
E-mail: strujkov@trumpe.neisri.magadan.su
GIN

Dr. L. D. Sulerzhitsky

Geological Institute
Russian Academy of Sciences
Pyzevsky 7
Moscow 109017 Russia
Tel: 7-095-230-8136
E-mail: suler@ginran.msk.su

IEMAE Prof. L. Dinesman
Institute of Ecology and Evolution
Russian Academy of Sciences
Leninsky Prospect 33
Moscow 117071 Russia
Fax: 7-095-954-5534
E-mail: sevin@sovamsu.sovusa.com
IGAN Dr. 0. A. Chichagova
Institute of Geography
Russian Academy of Sciences
Staromonetnyi 29
Moscow 109017 Russia
Tel: 7-095-230-8366; Fax: 7-095-230-2090
E-mail: geography@glas.apc.org

IOAN Dr. V. Kuptsov
Laboratory of Isotopic-Geochemical Research
Institute of Oceanography
Russian Academy of Sciences
Staromonetnyi 23
Moscow 109017 Russia
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IWP

Dr. Yu. A. Karpytchev

Isotope Laboratory
Institute of Water Problems
Russian Academy of Sciences
13/3 Sadovo-Tschernogryazskaya
Moscow 103064 Russia
Tel: 7-095-208-5471

MGU

Prof. P. A. Kaplin and Dr. 0. B. Parunin
Laboratory of Recent Sediments and Pleistocene Paleogeography
Moscow State University
Leninske Gory
Moscow 119899 Russia
Dr. M. Alekseev

Russian Section, INQUA
Pyshevsky 7
Moscow 109017 Russia
Tel: 7-095-230-8026; 7-095-230-8188
Dr. V. Polyakov

All-Union Hydrogeological Institute
Moscow District
Zelyonyi
Noginskyi Rayon 142452 Russia
SOAN Dr. L. Orlova
United Institute of Geology, Geophysics and Minerology (UIGGM SB RAS)
Universitetsky pr. 3
630090 Novosibirsk 90 Russia
Tel: 7.3832-352-654; 7-3832-357-363; Fax: 7-3832-352-692
E-mail: vitaly@uiggm.nsc.ru; T1x:133123 KORA SU
IVAN Drs. 0. A. Braitseva, S. N. Litasova
I. V. Melekestev and V. N. Ponomareva
Institute of Volcanology
Bul Piipa 9
Petropavlovsk-Kamchatsky 683006 Russia
Tel: 7-5-91-94
LE

Dr. Ganna Zaitseva

Institute of the History of Material Culture
Russian Academy of Sciences
Dvortsovaya Naberezhnaya,18
191186 St. Petersburg, Russia
Tel: 7.812-311-8156; Fax: 7-812-311-6271
E-mail: c/o dergach@crl.ioffe.rssi.ru

LU

Dr. Khikmatulla A. Arslanov

Geographical Rweesearch Institute
St. Petersburg State University
Sredniy Prospect 41
St. Petersburg 199004 Russia
Tel: 7-812-213-9023 ext 73; Fax: 7-812-218-1346
Prof. G. E. Kocharov
A. F. Ioffe Physico-Technical Institute
Russian Academy of Sciences
Polytechnicheskaya 26
St. Petersburg 194021 Russia
Tel: 7-812-247-9167; Fax: 7-812-247-7928
Prof. Dr. Barbara Yakheemovich or Dr. E. K. Latypova
Institute of Geology
Russian Academy of Science
October Revolution 10
Ufa 450025 Russia
Tel: 7.3472 220712; Fax: 7-3472 223569

Laboratories
Dr. A. Korotky

Institute of Geography
Russian Academy of Sciences
Radio 7
Vladivostok 690032 Russia
Dr. YaroslavV. Kuzmin

Pacific Institute of Geography
Far Eastern Branch of the
Russian Academy of Sciences
Radio St. 7, Vladivostok 690041 Russia
Fax: 42-32-312.159
E-mail: tigdvo@stv.iasnet.ru
PI

Dr. V. Kostyukevich

Permafrost Institute, Siberian Branch
Russian Academy of Sciences
Sergelyakh
Yakutsk 677010 Russia

SLOVAKIA
Ba

Prof. Pavel Povinec (see Monaco)
Department of Nuclear Physics
Comenius University
Mlynska dolina Fl
84215 Bratislava, Slovakia
Fax: 42-7-725882

SOUTH AFRICA
Pta

Dr. J. C. Vogel

Quaternary Research Dating Unit (QUADRU)
EMATEK-CSIR
P.O. Box 395
0001 Pretoria, South Africa
Tel: 27-12-841-3380; Fax: 2712-349-1170
E-mail: jvogel@csir.co.za
SPAIN

UBAR Prof. Gemma Rauret and Dr. Joan S. Mestres
Radiocarbon Laboratory
Departament de Quimica Analitica
Universitat de Barcelona
Avenida Diagonal, 647
E-08028 Barcelona, Spain
Tel: 34-3-402 1281; Fax: 34-3-40212 33
UGRA Prof. Purificacibn Sanchez and Dr. Elena Villafranca
Laboratorio de Datacibn por C-14
Centro de Instrumentaci6n Cientifica
Campus Fuentenueva, Ed. Mecenas
Universidad de Granada
E-18071 Granada, Spain
Tel: 34-58-244228; Fax: 34-58-243391

SWEDEN
Lu

Goran Skog
Radiocarbon Dating Laboratory
University of Lund
Tornavagen 13

S-223 63 Lund, Sweden
Tel: 46-46-2227885; Fax: 46-46-2224830
E-mail: Goran.Skog@c14lab.lu.se
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St

Prof. Stefan Claesson
Laboratory for Isotope Geology
Swedish Museum of Natural History
Box 50007
S-104 05 Stockholm, Sweden
Tel: 46-8-666 40 00; Fax: 46.8-666 40 31
E-mail: S. Claesson@nrm.su-kom.su.se

U

Dr. Ingrid U. Olsson

Department of Physics
Uppsala University
Box 530
S-75121 Uppsala, Sweden
Tel: 46 18 18 35 71; Fax: 46 18 18 35 24
E-mail: ingrid.olsson@fysik.uu.se

SWITZERLAND
B

Thomas Stocker
Department of Klima- and Umwseltphysik
Physikalisches Institut
Universitat Bern
Sidlerstrasse 5
CH-3012 Bern, Switzerland
Tel: 41 31 631 4464; Fax: 41 31 631 4405
E-mail: merkt@phil.unibe.ch

THAILAND
Director
Chemistry Department
Office of Atomic Energy for Peace
Vibhavadi Rangsit Road
Anabang, Bangkok, Thailand

THE NETHERLANDS
GrN

Dr. J. van der Plicht

Centre for Isotope Research
University of Groningen
Nijenborgh 4
NL-9747 AG Groningen, The Netherlands
Tel: 31-50-3634760; Fax: 31-50-3634738
E-mail: plicht@phys.rug.nl

TURKEY
METU Dr. Mustafa Ozbakan
Radiocarbon Dating Laboratory
Middle East Technical University
Department of Physics
06531 Ankara, Turkey
Tel: 90-312-210 32 76; Fax: 90-312-21012 81
E-mail: ozbakan@rorqual.cc.metu.edu.tr

UKRAINE
KIEV

Prof. E. Sobotovich and Dr. N. Kovalyukh
Institute of Environmental Radiogeochemistry
Ukrainian Academy of Sciences
Palladin 34
Kiev 252142 Ukraine
Tel[Fax: 7-044-444-0060 or 7-044-444-0105

Laboratories
UNITED KINGDOM
Birm

R. E. G. Williams

Department of Geological Sciences
P.O. Box 363
University of Birmingham
Birmingham B15 2TT England
Q

Dr. V. R. Switsur

BM

Janet Ambers
Department of Scientific Research
The British Museum
London WC1B 3DG England
Tel: 44.71-323 8332; Fax: 44-71-323 8276
E-mail: J.Ambers@mailbox.ulcc.ac.uk

HAR

Drs. M. Ivanovich and G. Longworth
Analytical Sciences Centre
AEA Technology
551 Harwell Laboratory
Oxfordshire OX11ORA England
Tel: 44-235 432884 Fax: 44-235 434917
Tlx: 83135 ATOMHA G

RCD

R. L. Otlet / A. J. Walker
RCD Radiocarbon Dating

Godwin Institute for Quaternary Research
Free School Lane
Cambridge CB2 3R5 England
Tel: 44-1223-334877; Fax: 44.1223-334871
E-mail: vrsl@cam.ac.uk

-

The Old Stables
East Lockinge, Wantage
Oxon 0X12 8QY England
Tel/Fax: 44-1235 833667
UB

Dr. Gerry McCormac

Radiocarbon Dating Laboratory
Palaeoecology Centre
School of Geosciences
The Queen's University
Belfast BT71NN Northern Ireland
Tel: 44-232-335141; Fax: 44-232-315779
E-mail: f.mccormac@qub.ac.uk
GU

Dr. G. T. Cook

SURRC Radiocarbon Dating Laboratory
Scottish Universities Research & Reactor Centre
Scottish Enterprise Technology Park
East Kilbride G75 OQF Scotland
Tel: 44-13552-23332 or 44.3552 70136; Fax: 44-13552-29898
SRR

Dr. D. D. Harkness

NERC Radiocarbon Laboratory
Scottish Enterprise Technology Park
East Kilbride G75 OQF Scotland
Tel: 44-13552-60037; Fax: 44-13552-29829
E-mail: D.Harkness@nss.nerc.uk
Dr. E. M. Scott

Department of Statistics
University Gardens
University of Glasgow
Glasgow, G12 80W, Scotland
Tel: 44 41 330 5125; Fax: 44 41 330 4814
E-mail: marian@stats.gla.ac.uk
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SWAN Quentin Dresser
Department of Geography
University of Wales, Swansea
Singleton Park, Swansea
West Glamorgan 5A2 8PP Wales
Tel: 44-1792-295148; Fax: 44-1792-205556
E-mail: P.Q.Dresser@swansea.ac.uk

UNITED STATES
A

Dr. Austin Long
Laboratory of Isotope Geochemistry
Geosciences Department
The University of Arizona
Tucson, Arizona 85721 USA
Tel: 520-621-8888; Fax: 520.621-2672
E-mail: along@geo.arizona.edu

UCI

Dr. Ellen Druffel and Ms. Sheila Griffin

Radiocarbon Laboratory
Department of Earth System Science
University of California, Irvine
PSRF 207
Irvine, California 92697-3100 USA
Tel (Druffel/office): 714-824-2116
Fax: 714-824-3256; E-mail edruffel@uci.edu
UCLA Prof. Rainer Berger
Institute of Geophysics and Planetary Physics
University of California
Los Angeles, California 90024 USA
Tel: 310-825-4169; Fax: 310-206-3051
UCR Prof. R. E. Taylor
Radiocarbon Laboratory
Department of Anthropology
Institute of Geophysics and Planetary Physics
University of California, Riverside
Riverside, California 92512 USA
Tel: 909-787-5521; Fax: 909-787-5409
E-mail: retaylor@ucracl.ucr.edu

DE

Dr. I. C. Yang
U. S. Geological Survey, WRD
Box 25046, Mail Stop 421

Denver Federal Center
Denver, Colorado 80225 USA
Tel: 303-236-5050 ext 266; Fax: 303-236-5047
E-mail: ayang@usgs.gov
Beta

Dr M. A. Tamers and Mr. D. G. Hood
Beta Analytic, Inc.
4985 SW 74 Court

Miami, Florida 33155 USA
Tel: 305-667-5167; Fax: 305-663-0964
E-mail: beta@radiocarbon.com
ML

Dr. H. G. Ostlund

Rosenstiel School of Marine and Atmospheric Science
University of Miami
Miami, Florida 33149 USA
Tel: 305-361-4100; Fax: 305-361-4112
Internet: ostlund@rcf.rsmas.miami.edu; Omnet: G.OSTLUND

Laboratories
UGA

John E. Noakes
Center for Applied Isotope Studies
The University of Georgia
120 Riverbend Road
Athens, Georgia 30602.4702 USA
Tel: 706-542-1395; Fax: 706-542-6106

ISGS

Chao-li Liu and Hong Wang
Isotope Geochemistry Section
Illinois State Geological Survey
615 E. Peabody Drive
Urbana, Illinois 61820 USA
Tel: 217-333-9083; Fax: 217-244.7004
E-mail: jliu@geoserv.isgs.uiuc.edu

NIST

Lloyd A. Currie and George A. Klouda
National Institute of Standards and Technology
Room B364, Building 222
Gaithersburg, Maryland 20899 USA
Tel (Curie): 301-975-3919; (Klouda): 301-975-3931
Fax: 301-216-1134
E-mail (Currie): L1oyd.Currie@nist.gov; (Klouda) George.Klouda@nist.gov

GX

Harold W. Krueger
Geochron Laboratories, a division of
Krueger Enterprises, Inc.
711 Concord Avenue
Cambridge, Massachusetts 02138 USA
Tel: 617.876-3691; Fax: 617-661-0148

DRI

Herbert Haas
Radiocarbon Laboratory
Water Resources Center
Desert Research Institute
P.O. Box 19040
Las Vegas, Nevada 89132-0040 USA
Tel: 702-895-0416; Fax: 702-895-0427
E-mail: Haas@snsc.dri.edu

I

James Buckley
Teledyne Brown Engineering Environmental Services
50 Van Buren Avenue
Westwood, New Jersey 07675 USA
Tel: 201-664-7070; Fax: 201-664-5586

Tlx:134474
L

Guy G. Mathieu
Geochemistry Department
Lamont-Doherty Earth Observatory
Columbia University
Palisades, New York 10964 USA
Tel: 914-365.8505; Fax: 914-365-8155
E-mail: gmath@lamont.ldeo.columbia.edu

Tx

Mr. S. Valastro, Dr. M. C. Winans and Dr. E. Lundelius, Jr.

University of Texas
Radiocarbon Laboratory
J. J. Pickle Research Campus
10100 Burnet Road
Austin, Texas 78758 USA
Tel (office): 512-471-6087; (lab): 512-471-6600
Fax: 512-471-5973; E-mail: mcwinans@mail.utexas.edu
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QL

Prof. Minze Stuiver
Quaternary Isotope Laboratory
Box 351360
Quaternary Research Center
University of Washington
Seattle, Washington 98195-1360 USA
Tel: 206-685-1735; Fax: 206-543-3836
E-mail: minze@u.washington.edu

WIS

Dr. David M. McJunkin

Center for Climatic Research
University of Wisconsin-Madison
1225 W. Dayton Street
Madison, Wisconsin 53706 USA
Tel: 608-262.7328; Fax: 608-262-5964

'4C ACCELERATOR FACILITIES
AUSTRALIA
ANSTO Dr. Claudio Tuniz

ANTARES AMS Centre
Australian Nuclear Science and Technology Organization
New Illawarra Road
Lucas Heights, NSW 2234 Australia
Tel: 612 7173493; Fax: 612 7179265
E-mail: tuniz@atom.ansto.gov.au

ANUA Dr. L. Keith Fifeld
Department of Nuclear Physics, RSPhysSE
Australian National University
Canberra, ACT 0200 Australia
Tel: 61-6-249-2095; Fax: 61.6-249-0748
E-mail: LKF103@phys.anu.edu.au

CANADA
Roelf P. Beukens
IsoTrace Laboratory
University of Toronto

TO

60 St. George Street
Toronto, Ontario, Canada M5S 1A7
Tel: 416-978-4628; Fax: 416-978-4711
E-mail: isotrace@physics.utoronto.ca

CHINA
PKU

Prof. Kun Li and Prof. Zhiyu Guo
Department of Technical Physics
Institute for Heavy Ion Physics
Peking University
Beijing 100871 China
Tel: 86-1-2501881 or 86-1-2501875
Fax: 86-1-2501873 or 86-1-2501875
E-mail: puihip@bepc2.ihep.ac.cn

Maobai Chen
Shanghai Institute of Nuclear Research
Academia Sinica
P.O. Box 800204
Shanghai 201800 China
Tel: 86-21-5953-0998; Fax: 86-21-5952-8021
E-mail: mbchen@fudan.ihep.ac.cn

Laboratories
DENMARK
AAR

Dr. Jan Heinemeier and Dr. Niels Rud
AMS 14C Dating Laboratory
Institute of Physics and Astronomy
University of Aarhus
DK-8000 Aarhus C, Denmark
Tel: 45-89 42 2899; Fax: 45-86 12 07 40
E-mail: jh@dfl.aau.dk

FRANCE
GDR Tandetron
Domaine du CNRS
Avenue de la Terrasse, Bat. 30
F-91198 Gif sur Yvette Cedex, France
Tel: 33 1 69 82 39 15; Fax: 33 1 69 82 36 70
Director: Jean-Claude Duplessy
Centre des Faibles Radioactivits
Laboratoire mixte CNRS-CEA
F-91198 Gif sur Yvette Cedex, France
Tel: 33 1 69 82 35 26; Fax: 33 1 69 82 35 68
E-mail: Jean-Claude.Duplessy@cfr.cnrs-gif.fr

Gif A AMS 14C
Maurice Arnold
Centre des Faibles Radioactivites (CEA-CNRS)
Tandetron
Avenue de la Terrasse
BP 1
F-91198 Gif sur Yvette Cedex, France
Tel: 33 1 69 82 35 63; Fax: 33 1 69 82 36 70
E-mail: Maurice.Arnold@cfr.cnrs-gif.fr
AMS r°Be,'26A4 129J
Franroise Yiou and Grant Raisbeck
CSNSM Bat. 108
F-91405 Campus Orsay
Tel: 33-1-69 41 52 64; Fax: 33-1-69 41 52 68
E-mail: lestring@frcpn11.in2p3.fr

GERMANY
Dr. Wolfgang Kretschmer

Physikalisches Institut
Universitat Erlangen-Nurnberg
Erwin-Rommel-Str.1
D-91054 Erlangen, Germany
Tel: 49-9131-857075; Fax: 49-9131-15249
E-mail: kretschmer@physik.uni-erlangen.de

KIA

Prof. Dr. Pieter M. Grootes, Dr. Marie-Josee Nadeau
and Dr. Markus Schleicher
Leibniz Laboratory for Radionuclide Dating and Isotope Research
Christian Albrechts Universitat
Olshausenstr. 40-60
D-24118 Kiel, Germany
Tel: 49-431-880-3894 (P.M.G.); 49-431-880-7373 (M.-J.N., MS.)
Fax: 49-431-880-3356
E-mail: pke26@rz.uni-kiel.d400.de (P.M.G.)
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JAPAN

NUTA Dr. Toshio Nakamura
Tandetron AMS Laboratory
Dating and Materials Research Center
Nagoya University
Chikusa, Nagoya 464-01
Japan
Tel: 81-52-789-2578; Fax: 81-52-789-3095
E-mail: g44466a@nucc.cc.nagoya-u.ac.jp

THE NETHERLANDS
GrA

Dr. J. van der Plicht

Centre for Isotope Research
University of Groningen
Nijenborgh 4
NL-9747 AG Groningen, The Netherlands
Tel: 31-50-3634760; Fax: 31-50-3634738
E-mail: plicht@phys.rug.nl
UtC

Dr. K. van der Borg
R. J. Van de Graaff Laboratorium

Universiteit Utrecht
Princetonplein 5
P.O. Box 80.000
3508 TA Utrecht, The Netherlands
Tel: 31-30-53 2238 or 31-30-531492
Fax: 31-30-518689; E-mail: K.vanderBorg@fys.ruu.nl

NEW ZEALAND
NZA

Dr. Rodger Sparks

Rafter Radiocarbon Laboratory
Nuclear Sciences Group
Institute of Geological and Nuclear Sciences, Ltd.
P.O. Box 31.312
Lower Hutt, New Zealand
Tel: 64-4-570 4671; Fax: 64-4.569 0657; E-mail: R.Sparks@gns.cri.nz

SWEDEN
LuA

Goran Skog
Radiocarbon Dating Laboratory
University of Lund
Tornavagen 13
S-223 63 Lund, Sweden
Tel: 46-46-2227885; Fax: 46-46-2224830
E-mail: Goran.Skog@C141ab.lu.se

Ua

Dr. Goran Possnert

Uppsala Tandem Accelerator Laboratory
University of Uppsala
Box 533
S-75121 Uppsala, Sweden
Tel: 46-18-183059; Fax: 46-18-555736
Bitnet: possnert@tsl.uu.se

SWITZERLAND
ETH

Georges Bonani
ETH/AMS Facility
Institut fur Teilchenphysik
Eidgenossische Technische Hochschule Honggerberg
CH-8093 Zurich, Switzerland
Tel: 41-1-633-2041; Fax: 41-1-633-1067
E-mail: bonani@particle.phys.ethz.ch

Laboratories
UNITED KINGDOM

0th

R. E. M. Hedges

Oxford Radiocarbon Accelerator Unit
Research Laboratory for Archaeology and the History of Art
Oxford University
6 Keble Road
Oxford OX13QJ England
Tel: 44-1865 273939; Fax: 44-1865 273932
E-mail: orau@vax.ox.ac.uk
WWW: http://www.ox.ac.uk/depts/rlaha/

UNITED STATES
AA

Dr. D. J. Donahue, Dr. P. E. Damon and Dr. A. J. T. Jull
NSF-Arizona AMS Laboratory
Bldg. 81
The University of Arizona
Tucson, Arizona 85721 USA
Tel: 520-621-6810; Fax: 520-621.9619
E-mail: ams@ccit.arizona.edu

CAMS Dr. Ivan D. Proctor (Acting Director)
Center for Accelerator Mass Spectrometry
Lawrence Livermore National Laboratory
P.O. Box 808, L-397
Livermore, California 94550 USA
Tel: 510-422.4520; Fax: 510-423-7884

E-mail: idproctor@llnl.gov or proctor20@llnl.gov
PRIME Dr. David Elmore
Purdue Rare Isotope Measurement Laboratory
Purdue University
1396 Physics Building
West Lafayette, Indiana 47907-1396 USA
Tel: 317.494-6516; Fax: 317-494-0706
E-mail: emore@primelab.physics.purdue.edu
WWW: http://primelab.physics.purdue.edu/

NSRL H. E. Gove
Nuclear Structure Research Laboratory
University of Rochester
Rochester, New York 14627 USA
Tel: 716-275-4944; Fax: 716-275-8527
E-mail: gove@nsrl31.nsrl.rochester.edu
WHAMS Glenn A. Jones and Robert J. Schneider
National Ocean Sciences AMS Facility
WHOI/Mail Stop 8
300 Woods Hole Rd.
Woods Hole, Massachusetts 02543-1539 USA
Tel: 508-289-2756; Fax: 508-457-2183
E-mail: shandwork@whoi.edu
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LABORATORIES - CODE DESIGNATIONS3
A
AA
AAR
AC
AECV
ALG
ANTW
ANU

ANUA
B

Ba

Beta
Birm
Bln
BM
BS

BSG
CAMS
CENA

CG
CH
CRCA
CU
DE
Deb
DEM
DRI
ENEA
ETH
F
Fr
Fra
FZ
OAK
Gd

Gif
Gif A
GIN
GrN
GrA
GSC
GU

GX
HAM
HAR
Hd
Hel
HL

Arizona
NSF
University of Aarhus
Ingeis
Alberta Environmental
Center of Vegreville
Algiers
Antwerp
Australian Nati ona l
University
ANU Accelerator
Bern
Bratislava
Beta Atantic
Birmingham
Berlin

USA
USA
Denmark
Argentina
Canada

MEL
Algeria
Belgium
li a
A

Australia
Switzerland
Slovakia
USA
USA
Germany

England
British Museum
India
Birbal Sahni Institute
Canada
Brock University
USA
Center for Accelerator
Mass Spectrometry
Brazil
Centro Energia
Nuclear na Agricultura
China
Institute of Geology
India
Chemistry Laboratory
Egypt
Cairo
Czech Republic
Charles University
USGS Denver
Hungary
Debrecen
Greece
Demokritos
Desert Research Institute USA
Italy
ENEA, Bologna
Switzerland
ETH/AMS Facility
Italy
Florence
Germany
Freiberg
Germany
Frankfurt
Brazil
Fortaleza
Japan
Gakushuin University
Poland
Gliwice
France
Gif sur Yvette
Gif sur Yvette and Orsay France
Russia
Geological Institute
The Netherlands
Groningen
Groningen Accelerator The Netherlands
Canada
Geological Survey
Scotland
Scottish Universities
Research & Reactor Centre

Geochron Laboratories
Hamburg
Harwell
Heidelberg
Helsinki
Second Institute of
Oceanography

I

USA
Germany
England
Germany
Finland
China

3Only those laboratories with code designations are listed here.

Isotopes
Atomic
Agency
Environmental
Laboratory
of Evolutionary
and Animal

Germany
USA
Austria
Monaco
Russia

of Geography
of OceanoIRPA

graphy
Belgium
Royal Institute of
Heritage
State
Survey
of Volcanology
of Water
Survey of

JUBR

Biren Roy Research

K

National Museum
Atomic Energy
Institute
National Cultural
Research

KCP

KI

Kiel

KIEV

Institute of Radioof the
Environment

Korea

Ukraine

Institute
Sangyo University Japan
L

State University
Petersburg
Plata

Lu
Petersburg State

of Lyon

MGU
ML
N

NIST

Geology and Russia
Geochronology Laboratory
East Technical Turkey
University
Russia
Moscow
USA
Miami
Japan
Nishina Memorial
USA
National Institute of
Standards and Technology

Laboratories
NSRL
NTU
NU
NZ
NZA
OBDY

0th
PI
PKU
PRIME

PRL
Pta
Q
QL

R
RCD
Riga
Rome
RT
S

SOAN
SRR
St
Su
SUA
SWA

T
TA

TAM

Nuclear Structure
USA
Research Laboratory
National Taiwan
Republic of China
University
Nihon University
Japan
New Zealand
New Zealand
New Zealand
New Zealand
ORSTOM Bondy
France
Oxford Radiocarbon
England
Accelerator Unit
Permafrost Institute
Russia
Peking University
China
Purdue Rare Isotope
Measurement Lab oratory
Physical Research
India
Laboratory
Pretoria
South Africa
Cambridge
England
Quaternary Isotope
USA
Laboratory
Rome
Italy
Radiocarbon Dating
England
Institute of Science
Latvia
Department of Earth
Italy
Sciences, Rome
Rehovot
Israel
Saskatchewan
Canada
Institute of Geology
Russia
and Geophysics
NERC Radiocarbon
Scotland
Laboratory
Stockholm
Sweden
Finland
Finland
Sydney University
Australia
Swansea
Wales
Trondheim
Norway
Tartu
Estonia
Texas A & M University USA

TK

University of Tokyo

Tln
TO
TUNC

Tallinn
IsoTrace Laboratory
Tehran University
Centre

U

Ua

Uppsala Accelerator
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Georgia
Japan
Finland
Estonia
Canada
Iran
USA
Sweden
Sweden

Northern Ireland

of Barcelona Spain
of California, USA
UCLA

University of California, USA
Angeles
of California, USA

UD

Udine

of Georgia
of Granada
of Quebec
USGS

W
WHAMS

Montreal
USGS, Menlo Park
van der Graaf
Radium Institute
USGS, National Center
of Waterloo
National Ocean Sciences
Facility

of Waikato
Laboratory of

Italy
USA
Spain
Canada
USA
The Netherlands
Austria
USA
Canada
USA
USA
New Zealand
China

and Quaternary
Z

Croatia
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16TH INTERNATIONAL RADIOCARBON CONFERENCE
GRONINGEN, THE NETHERLANDS
16-20 JUNE 1997
The conference will focus on the natural and anthropogenic abundance and behavior of 14C
and related cosmogenic isotopes, and their impact on other fields of science. There will be
no parallel sessions and ample time for poster presentations.

Participants must submit their abstracts by December 1996. Technical details will be given
in an upcoming issue of RADIOCARBON and in the second circular to be distributed by September. A Scientific Advisory Committee will assist the organizers in program selection.
The conference will be held in the Conference Centre of Groningen, situated just outside
the city center, along the main highways to the south and east and next to the main hotels.
Also available are a limited number of cheaper hotels, which can be easily reached by a frequent bus service.

Groningen has a direct and frequent train connection to and from Schiphol, Amsterdam's
international airport. Alternatively, a small commuter airline (Fairlines) runs five times a
day between Eelde, the Groningen airport, and Amsterdam's Schiphol Airport.
The conference fee, including lunches and drinks and a copy of the proceedings, will be in
the order of NLG. 500. Hotel prices range from NLG. 180 (single occupancy) and NLG.
120 (double occupancy) near the conference center to about NLG. 80 per person in the city.

Companions of the conference participants are invited to join a special sightseeing program. Midweek and some evenings there will be a social program for all participants.
The third and final circular will be mailed in December 1996.
The Organizing Committee:

Prof. W. G. Mook
Dr. H. A. J. Meij er
Dr. J. van der Plicht
Ms. H. E. Deenen (conference secretariat)

Centre for Isotope Research
Groningen University
Nijenborgh 4
9747 AG Groningen, the Netherlands

Tel: +31(0)50 3634760

Fax: +31(0)50 3634738
E-mail: C14@phys.rug.nl
WWW: http:11CI016.phys.rug.nl

3rd INTERNATIONAL SYMPOSIUM
14C and ARCHAEOLOGY
LYON, FRANCE

6-10 APRIL 1998
The 3rd International Symposium 14C and Archaeology will be held in Lyon, France,
at Claude-Bernard University, from Monday, April 6, through Friday, April 10, 1998.
This conference is intended to allow archaeologists and 14C specialists to meet and
interact. It is especially meant to draw up chronological syntheses based upon 14C
dates, while also reviewing recent advances in radiocarbon technology.

There will be both poster and oral sessions, without parallel sessions. The symposium
will be conducted in English and French with simultaneous translation.
Post-conference field trips to archaeological sites will be organized in the Rhone-Alpes
area.

Organizing Committee: (Lyon, France)
Jacques EVIN and Christine OBERLIN (Centre de Datation par le RadioCarbone)
Olivier AURENCHE and Jean-Francois SALLES (Maison de l' Orient Mediterranneen)
Jean-Pierre DAUGAS and Michel PRESTREAU (Service Regional de 1'Archeologie)

International Committee:
A. BROGLIO (Italy)
A. GALLAY (Switzerland)
R. HEDGES (United Kingdom)
W. G. MOOK (The Netherlands)
C. STRAHM (Germany)
M. VAN STRYDONCK (Belgium)

J. FORTEA-PEREZ (Spain)

A. N. GARRARD (United Kingdom)
J. KLAPSTE (Czech Republic)
J. SIMEK (United States)

0. TUNCA (Belgium)
H. T. WATERBOLK (The Netherlands)

For further information to be given in the first circular in June 1996, contact :
Secretariat of the '4C and Archaeology symposium,
Centre de Datation par le RadioCarbone - Batiment 217 43, Bld du 11 Novembre 1918 - 69622 Villeurbanne-Cedex, France
Tel: (33) 72 44 82 57 Fax: (33) 7243 13 17 E-mail: cdrel4@cismsun.univ-lyonl.fr
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RADIOCARBON
1996 PRICE LIST

Proceedings of the 15th International Radiocarbon Conference (Vol. 37, No. 2, 1995)

Liquid Scintillation Spectrometry 1994 (Proceedings of 1994 Glasgow Conference)

$75.00*

90.00

($75.00 for RADIOCARBON subscribers; 1996)

Liquid Scintillation Spectrometry 1992 (Proceedings of 1992 Vienna Conference)
($75.00 for RADIOCARBON subscribers; ISBN: 0-9638314-0-2;1993)
Special combination offer-LSC 92 and LSC 94-save $30.00

150.00

Late Quaternary Chronology and Paleoclimates of the Eastern Mediterranean
($50 for RADIOCARBON subscribers;

ISBN:

(Payable to Springer-Verlag; $73.50 for RADIOCARBON subscribers;

ISBN:

35.00
98.00

0-387-97714;1992)

Proceedings of the International free-Ring Conference
(TEE RINGS, ENVIRONMENT AND HUMANITY) (Payable to ICTREH/Tree-Ring Society; 1996)
VOLUME

55.00

0-9638314-1-0;1994)

Calibration 1993 (Vol. 35, No. 1, 1993; includes CALIB 3.0.3C program)
Radiocarbon After Four Decades (Published with Springer-Verlag)

SUBSCRIPTION RATES

90.00

65.00

38, Nos. 1-3, 1996

Institution
Individual

115.OOt

85.00$

Laboratory Package #1

Subscription, datelists online + diskette, 3 free pages

300.00

Laboratory Package #2

Datelists online + diskette, 3 free pages

200.00

Individual Package

Subscription, datelists online + on diskette

100.00

RADIOCARBON

1996 Datelists

Via e-mail

30.00

RADIOCARBON

1996 Datelists

Annual, on diskette; specify IBM or Mac format

40.00

Available annually; add to base subscription price

10.00

Printed copy
Lifetime Subscription-Institutional

2000.00

Lifetime Subscription-Individual

1250.00

35.00
35.00
65.00
100.00

SINGLE ISSUES (except conference proceedings and special issues)

1-9 each volume
VOLUMES 10-21 each volume
VOLUMES 22-37 each volume
VOLUMES

Radiocarbon Conference Proceedings (back issues only)

50.00

800.00
OFFER-Volumes 1-37 (1959-1995)
Includes 11 out-of-print issues and 199514C Proceedings. $50 discount on each additional set.
Postage & handling USA
35.00
Foreign 75.00
ISSN: 0033-8222

SPECIAL FULL-SET
BIG

SAVINGS.

*Surface postage and handling charges will be added to book
orders and back issues. For airmail delivery, please contact
RADIOCARBON for rates. Payment accepted in U.S.$ only.

tSubscription postage: add $10.00 for foreign.
$ Student rates:

/

the individual rate for subscriptions
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NOTICE TO READERS AND CONTRIBUTORS
The purpose of Rnnioc+R ioN 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 Proceedings of conferences in related fields and 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 6.0 or 5.1, Microsoft Word, Wordstar or any standard IBM word-processing software program on 31h" or 5%" IBM disks, or high-density Macintosh diskettes. ASCII files
are also acceptable. 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
Vol. 39, No. 1, 1997
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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 614C 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 613C = -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.
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