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RADIOCARBON IN THE OCEAN 

Reidar Nydal 

Department of Physics, NTNU, N-7491 Trondheim, Norway. Email: nydalr@phys .ntnu.no. 

ABSTRACT. In addition to dating, radiocarbon has heen widely used as a tracer in the study o f the global carbon cycle. and 

p..1.rticularly the exchange o f CO2 between the tllmosphere and the ocean. The anthropogenic input of t4c from nuclear weap
ons tests in the atmosphere stimulated Ihis research. Developing from freq uent measurements made in the a tmosphere and 

ocean surface, the measuremenlS l:ltcr became more focused towards understanding the ci rculation in the deep ocean. From 

a few attempts at the end of 1950 to measure the I~C increase in the ocean surface (Rafter and Fergusson 1957). the measurem
ent program developed 10 include such programs as GEOSECS, TTO, JGOFS, SAVE, and WOCE. which obtain comprehen 

sive ocean data, including 14C for the study of ocean circulation . Only in the ocean surface ha~ it been possible to obtain time

series of 14C measurements as. in the atmosphere. For the deep ocean, repeat measurements arc generally several years apart. 
This sampling frequency is probably su flicient for the majority of the deep ocean. with its long time scale of change. 

INTRODUCTION 

The atomic bomb was introduced with the destruction of Hiroshima and Nagasaki at the end of the 
Second World War in 1945. A period of worldwide tes ting of this weapon then followed. Testing 
was performed at ground level, at sea surface, and at various altitudes in the atmosphere. Nuclear 
tests, with a total strength of 500 MT (TNT equivalent), were carried Oul in the atmosphere in the 
period 1945-1962. Testing on higher northern latitudes, mainly over Novaya Zeml ya during the fall 
of 1961 and 1962 (UN report 1964) comprised about 330 MT. The main testing activity came to an 
end with the Test Ban Treaty of 5 August 1963 (the Moscow Treaty). France and China did not 
immediately accept this treaty and continued LO perfonn further tes ts with smaUer bombs in the 
atmosphere. France had its main testing period from J 966 to 1968 in the Pacific Ocean, and China 
performed several tests on the inland (Lop Nor) until 1980, with the Ilighest activi ty in the period 
1968- 1972. The total strength of these later bombs conlributed aboul 12% of the total power 
released in the atmosphere (Figure I; SJPRJ Yearbook 1975). 

The amount of local and global fallout after each explosion was initiall y unknown. Also, very little 
knowledge existed in 1945 about the wind systems (jetstreams) and circulation in the lower stra to
sphere. It was therefore surprising to fi nd that a radioactive cloud could circulate around the northern 
hemisphere within about three weeks, and that the radioactivity could be recorded at any spot on the 
globe wi thin a couple of months afler an explosion. 

The main research stemming from the nuclear tests was in the first instance a worldwide study of the 
fallout of radioactive particles and associated health risks. The most important isotopes were triti um 
(lH), radiocarbon (,4C), 85K. 90Sr, J3l I, J37Cs, " oBa and 239pu. The two isotopes, 3H and 14C, are 
produced in a nuclear reaction between excess fission nelHrOns and nitrogen. During the early test 
ing period, the fa Uout on land was studied in detail . and the ocean was regarded more as a val uable 
sink for .radioactive fallout. The interest in the ocean increased however at a later stage when it was 
clear that certain radioac tive tracers could be used to study ocean circulaLion. This paper is mainly 
an attempt to provide a view of the struggle to obtain 14C data during the last 40 years. However, it 
is not within the scope of thi s paper to consider the various theoretical treatments of the data. 

Radiocarbon (14C) 

14C existed in nature long before the atomic bomb. The isotope is nonnally produced in nuclear 
reactions between cosmic-ray neutrons and nitrogen in the atmosphere. Natural 14C was discovered 
just before the introduction of the atom bomb, and is the basis for 14C dat ing (Libby 1955). 
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Figure I Nuclear tests in the atmosphere and the subsequent changes in atmospheric 14C level 

This method is based on the assumption that cosmic-ray intensity has been re lati ve ly stable and that 
for 14C a steady state existed in all reservoirs in nature. In this way, all living organi sms reach a con
stant 14C level during their lifetime. After death the amount of 14C in an organi sm will decay with a 
half-life (T) of 5730 yr. The dating is based on the simple decay formula 

t=~' ln (~) 
In2 I 

( I) 

where it is necessary to measure the amount of 14C (more correct ly 14C/ 12C) in a recent (10) and an 
old sample (I). In early 1950, a recent sample could simply be collected from an outer ring of a liv
ing tree, but this d id not last ve ry long. Already by the Second Radiocarbon Conference in Cam
bridge in 1955. people were worrying about cOl1lamination in the atmosphere due to bomb 14C 
(Mtinnich and Vogel 1958). At the Fourth Radiocarbon Conference in Groningen in 1959, in itial 
steps were made to produce a recent standard, unaffected by both the bomb~ and the industrial -effect 
(Godwin 1959). Thi s latter 14C standard (oxalic acid) is based on the radioactivity in recent wood in 
1950 AD. 14C va lues are calculated in per mil deviation from this standard, according to the formu la 

(2) 

where I and 10 represent the 14C/12C ratio in respectively the sample and standard. 

A further correction is based on the fact that fractionation occurs between the carbon isotopes (I2C, 
13C, 14C) when carbon is moving from one reservoir to an other. This correction is carried out 
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through a separa te measurement of the I3C/I::!C ratio (8 13C) in the sample and included in the final 
form ula for /l.14C (SlUivcr and Polach 1977) 

(3) 

In addition to l-1C dating, most I-Ie laboratories were involved in the study of the carbon cycle, stud
ies which, for instance. were stimulated by the early modeling work by Harmon Craig (1957). 
ReveIJe and Suess (1957). and Bolin and Eriksson (1959). The atomic bomb disturbed the natural 
I<le equilibrium in nature. but on the other hand if presented a new opportuniry w apply this isotope 
as a tracer in a further slUdy of ocean circulation and the transfer of amhropogenic CO2 from the 
cumosphere to the ocean. 

Measurement Technique 

Various counting techniques for tole measurements have been used. During the period from 1955 to 
arou nd 1990, the most common method was. however, beta counting of l-le in C01 proportional 
counters. To obtain high precision with thi s technique, samples of several liters CO2 and long count
ing times were necessary. The need for Jarge samples was a great drawback for !-IC measurements 
in the ocean, where large volume.s of seawater were needed. This was especially difficult with deep
wate r samples. 

The general procedure involved colleclion of large COl samples in seawater as fol lows: The sam
pling is generally based on 200-250 L seawater. Afte r acidify ing the waler. a relative amount of at 
least 5 L CO2 was extracted in a flushing procedure on board ship. and absorbed in a 0.75 L TaOH
solution. The CO2 was later re leased by acid treatment in the lab. 

At the end of the 1980" the accelerator mass spcclromelry (AMS) for 14C measurement was able to 
compete in precision with the conventional (-IC technique. The great advantage of the new 
techni que for deep-ocean samples was the small amount of water needed (less than I L) in order to 
obtain the 1-2 mL CO2 for each measurement. In addition. the measuring time was reduced to about 
I hr, compared to several days in a proportional counter. The AMS technique has introduced new 
possibi lities for tracing !-Ie in the deep sea. A special Tandem accelerator was bui lt at the laboratory 
in Woods Hole in order to meet the demand for measurements in the WOCE program for (he Pacific 
Ocean. A precision of 3.6%0 for a single measurement was routinely obtained (Key e[ al. 1986). 
Attempts have however been made to reach a precis ion of 3%6 in order to be in complete accordance 
wilh the best conventional measurements of Jarge samples (2-4%0) . Other AMS laboratories have 
difficulties achieving such high precision in single measurements but are able to approach thi s result 
th rough measuring several repiica(e AMS cargels (Lin ick et a1. 1986; Donahue et .11. 1990). 

14C in the Surface Ocean 

The equi librium va lues of J.:1C wilhin various reservoirs in nature were not considered before the 
bomb test ing produced addi tional I<le in the atmosphere. Thi s is unfortunate since this happened at 
the beginning of the 14C dating period and before an extended study of the ocean circulation wi th 
tracers really started. Only a few pre-bomb l-1C va l LI es in the surface water were observed by direct 
measurement, but some indirect methods have later on been of great importance. It has sometimes 
been a great puzzle to separate cosmiC-fay-produced 14C and bomb 14C in parts of the ocean. a sep
ara ti on which was necessary in calculating bomb I-I C inventory. In th is connection the bomb isotope 
tritium (lH) has been applied to establish prenuclear values at greater depths. In deep waler thai h.as 
less than 5% of the 3H content in the overlaying surface water, the 14C is assumed to be entirely or 
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cosmic-ray origin (Broecker and Peng 1982) . It has to be mentioned that 3H is in some ways a better 
tracer than 14C in the study of ocean circulation, and tritium has generally been measured in parallel 
with 14c. The main limitation with tritium is however the low concentration and relatively short 
half-life of 12 yr, which results in a more limited time period to follow this isotope. 

A laboratory in Wellington, New Zealand (Rafter Radiocarbon Laboratory) was one of the first to 
look for bomb 14C in the Pacific Ocean (Rafter and Fergusson 1957). Between 1954 and 1957, an 
enrichment in 14C 0[2.0 ± 0.5 % was observed in the ocean around New Zealand. The authors con
sidered a possible further development: "Should atomic weapon testing cease, and the atmosphere 
begin to return to the pre-atomic bomb level as the result of exchange of CO2 between the atmosphere 
and the oceans, the observation of this decrease and also of the change in 14C specific activity of sur
face water of the oceans would provide a valuable check on the exchange constants currently 
assumed for these reservoirs". There should, however, be a much larger concentration of 14C to mea~ 
sure from bomb testing during the next five years. At the time of Test Ban Treaty of August 1963 the 
peak concentration of bomb 14C in the northern atmosphere reached about 80% above normal level, 
with the ocean response being further delayed (Figure 2; Rafter and O 'Brien 1970) . 
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Figure 2 !~C time record! 954-1969 in surface costal wate r, 40° 18'5, 174° 14,£, at Macara, New Zealand (Rafter and 
O'Brien 1970) 

Also, Hans Suess from La Jolla, California, in a talk at an INQUA-meeting in Madrid in 1957 
(according to memory), proposed the use of bomb 14C to study the transfer of water from the Green~ 
land Sea to the deep Atlantic Ocean. 

In addition to the ocean measurement by Rafter and colleagues, there are other early measurements 
from the Pacific Ocean (Bien et al. 1960, 1963, 1965 ; Burling and Garner 1959). Also, a few early 
samples were collected in the Atlantic Ocean before the bomb 14C from nuclear testing became 
important (Fonselius and Ostlund 1959; Broecker at al. 1960; Broecker and Olson 1961). A sum
mary of 14C measurements from the ocean surface water and shell samples before contamination by 
bomb carbon is given in a paper by Broecker (1963). 

Further Surface Measurements 

At the Radiological Dating Laboratory, Norwegian Institute of Technology (NTH), we were looking 
for the possibility of obtaining time series and a broader view of the changing 14C levels in the ocean 
surface. The idea was in the first instance to obtain more data for a modeling study of CO2 exchange 
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between the atmosphere and ocean. In 1965 a solution to the problem was found in an agreement 
with the shipping companies Wilh. Wilhelmsen and Fred Ol sen, who kindly agreed to collect ocean 
samples on their regular routes through the Atlan tic, Pacific, and Indian Oceans (Nydal 1968). In the 
Atl antic Ocean it was possible to return to about the same posit ion every other month, but in the 
Pacific and Indian Oceans the time between each measurement was more like 3-4 months. The 
number of shi ps involved in the sampling varied during the years. The most frequent sampling 
occurred in the Atlantic Ocean with six ships during the first 10 years, with routes from Scandinavia 
to Panama, to Sout h America, and along the coast of Afri ca. The later cruises were from Europe, 
across the Atlantic Ocean to Panama, across the Pacific Ocean to New Zealand, and further up to 
Japan and back through the North Pacific and Atlantic Oceans. In some cases the rOille to New Zea
land passed down through the Atlantic (around Cape) and Indian Oceans, returning through the Suez 
Canal and the Medi terranean Sea (Figure 3; Nydal et al. 1984). 

,.. 

Fi gure 3 Sampling location in the troposphere and ocean surface water (Nydal el al. 1984) 

The majority of the surface data obtained with the shipping companies over 30 years (1965- 1994) 
covered mainly a region between 45 °N and 45 °S, and thus represent an area of the ocean with gen
erally the most stable surface layer. The significance of the present program was the creation of 14C 

time series at several locations in the surface water of the Pacific , Atlantic, and Indian Oceans 
( 1965- 1994). The combined series of all measurements does not show an analog decline in 6 t4C as 
that of the atmosphere, but shows a nearly constant level of about 100 ± 50%, in the period 1970-
1994 (Nydal 1998). The color graph (prepared by Antoinette Brenkert and Tom Boden, CDIAC) 
seen in Figure 4 (see Color Plate 5) includes all the Trondheim data from the atmosphere and ocean 
surface (NDP057, NDP057 A), the GEOSECS surface data (NDP027; Ostlund and Stuiver 1980) 
and the 6 14C data from the WOCE section PI7C in the equatorial Pacific Ocean surface (NDP062; 
Goyet et aI.1 997). There seems to be excellent agreement with the Trondheim data and data from the 
other cruises at mean latitudes. The values below zero are due to measurements towards the Antarc
tic where exchange of water with deeper layers is more frequent. A north-south profile shows in 
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general that the 14e activity in the surface layer drops sharply at about 400N and 40°5 because of a 
more frequent exchange with the deep ocean at higher latitudes. 

Coral Records 

The very sparse early direc t measurements of 14C in the ocean surface water have more recently been 
partly compensated by measuring annually banded hermatypic coral rings (Druffel and Linick 1978; 
Nozaki et a1. \978). This method is of similar importance for 14C in the ocean as tree-ring studies for 
the atmosphere. These measurements can give complete time records up to [he present day, and in 
addition, information about pre-bomb values of 14C in ocean surface water. They are thus a valuable 
tool in modeling CO2 exchange between the atmosphere and the ocean. The curves on Figure 5 show 
that one has to be very careful with extended use of slIch singJe curves because of local circum
stances. While the curves from Belize and Florida in the Atlantic Ocean show nearly perfect agree
ment with some related measurements in the surface warer, the curve from Galapagos shows in gen
eral much lower values. According to the authors, the curve at Galapagos is influenced by local 
upwelling water with lower 14C content. They are well aware of this problem and have extended the 
measurements to other locations in the Atlantic and Pacific Oceans (Druffel and Suess 1983 ; Druffel 
1996). These coral measurements are, however, limited to tropical and subtropical shall ow water. 

Shell Record 

The corals are however not the only carbonate source of 14C information in the study of carbon flux 
and ocean circulation. In a paper by Weidman and Jones ( 1993) it turned out that measuremems on 
growth bands can also be applied to certain shells. With the AMS technique, the authors have been 
able to measure a time-record (1939-1990) on the species Arctica islalldica at Georges Bank 
(410N). Compared with linked measurements in surface water of the open Atlantic Ocean, there 
seems to be good agreement with the 14C measurements at Georges Bank. Even though the measure
ments are sUlllimited to shallow water, the possibilities for obtaining such time records have moved 
to higher latitudes. 

Fish Otoliths 

A third promising method in obtaining pre- and post-bomb lime records is found in fi sh otoliths. A 
study was perfonned on specimens of marine teleost, Pagrus auratllS selected from archives at the 
Ministry of Agriculture and Fisheries, Wellington, New Zealand (Kali sh 1993). This fish lives in shal
low water and moves within an area of about 50 km off the east coast (North Island) of New Zealand 
(39°S, 179°E). A special advantage of this method is that il may certainly be applied to all lat itudes 
and at most depths. A time series of I'C ( I 92{}-1992) in cod otoliths from the Barents Sea (ca. 75°N) 
has also already been measured and will be prepared for publication in Radiocarboll. The otolith sam
ples were collected from the archive at the Institute of Marine Research, Bergen, Norway. 

14C in Oeep·Sea Measurements 

Technical and financial difficulties were the main reasons for delays in carrying out deep-ocean 
measurements of large samples at vanous latitudes. A firsl ex tensive attack on this problem was ini
tiated in 1971 in a program called GEOSECS (Geochemical Ocean Section Study), which was 
designed to make an oceanic inventory of chemical constituents in the world oceans, partly as a 
baseline study for future chemical changes, and partly to investigate large·scale oceanic transport 
and mixing processes. Measurements were performed on hydrographic parameters (salinity, temper
ature, and oxygen vs. depth), the carbonate system, nutrients. and radioactive substances like 14C, 3H 
and radon. A Gerard sampler of 250 L was used in this case (0 obtain the 7- 9 L of CO, fot each I'C 
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Figure 5 I~C time records from annual Coral rings in the Atlantic Ocean (Belize and Florida) and Pac ific Ocean 
(Galapagos; Druffe11983) 

measurement in gas proportional counters in Seattle and in Florida. Usually around 18 samples were 
collected in each depth profi le. As a firs t treatment on board the ship, the CO, was flushed out of the 
seawater and absorbed in a small bottle comaining an NAOH solution, which was later transferred 
to the laboratory (Ostlund et al. 1987). 

Atlantic Ocean 

The GEOSECS measurements in the Atlantic Ocean were performed in the period 1972- 1973, and 
covered 39 station in the region from the Antarctic at 61 °S to far north in the Arctic at 74°N. The 
profiles were obtained on both sides on the Atlantic Ridge and through the Norwegian and Green
land Seas. It was especially valuable to get such bas ic deep-sea profiles at var ious latitudes, as there 
are both earl ier and later 14C data for comparison (Figure 6). First of all, a pre-bomb curve for the 
Atlant ic Ocean was established by Broecker and Peng (1982). In addition , the GEOSECS surface 
data can be compared with some of the later Trondheim data (Nydal and Gislefoss 1996). The main 
trend in the .6, 14C curves for the Atlantic Ocean shows an approximate symmetry around the equator. 
The most stable surface layers (highest ~14C values) are obtained in the high pressure zones on both 
sides of the equator at 300 N and 300 S. According to the GEOSECS data ( 1972- 1973), the curve 
wes t of the Atlantic ridge has higher peak values than the corresponding curve east of the ridge. 
AboUl 20 years later, the main difference between the peaks has disappeared, and an improved 
symmetry across the ridge is obtained. A decrease in .6. 14C occurs at the equator, where upwelling 
water with lower 14C concentration pushes water towards higher latitude. A more dramatic lowering 
of the 14C value occurs, however, towards hi gher latitudes, where the more stable surface layer van
ishes. The 14C has here penetrated to greater depths. The Arctic Ocean (including the Nordic Seas) 
behaves somewhm differemly from that of the Antarctic, mainly due to the adjacent land areas. The 
Nordic Seas are in the south limited by the shallow Greenland-Scotland Ridge, which serves to 
delay the exchange of water with the deep Atlantic Ocean. The Antarctic ocean is the only case 
where the ocean currents run completely around the globe (Picard and Emery 1990). In thi s region 
both upwelling and downwell ing of water occur (Foldvik and Gammelsrs;d 1988). 



88 

~ 

° ° ~ , 

U 
• 
<1 

R Nydal 

200 

150 

100 

50 

0 

- 50 

-100 

-150 
-90 -60 -3D o 30 

(S) LATiTUDE (N) 

Pre-1958, prepared by Broecker and Peng (1982) 
* 1972-1973, GEOSECS data (Ostlund et 81. 1976) 

To Antarctic, Dec. 1989 (this work) 
o From Antarctic, Feb. 1990 (this work) 

Summer cruises, 1990-1992 (this work) 

60 

Figure 6 North-s.outh profiles of 14C in the surface of the Atlantic Ocean (Nydal and Gislefoss \996) 

Pacific Ocean 

Before the 1973- 1974 GEOSECS Pacific cruise, a number of 14C surface measurements had already 
been made in this ocean opportunistically. Measurements were performed by the Scripps Institution 
of Oceanography, by the University of California by Hans E Suess and coworkers (Linick 1978), by 
Rafter (1968), Rafter and O'Brien (1970, 1972), and by Fairhall et al. (1972). The GEOSECS cruise 
included the same number of oceanographic data and tracers as in the Atlantic Ocean. According to 
Ostlund and Stuiver (1980) the Pacific cruise included a larger number of data than in the Alantic 
Ocean, with the idea to gain a broad view of 14C in the enti re ocean. The measurements should be 
dense enough and the resolution good enough to describe the water masses in some detail. The 14C 

measurements covered the area from the Antarctic (Sta. 287: 69"18'S, 174°30'W) to the North 
Pacific (Sta . 287: 500 26'N, 176'35'W). Measurements were especially concerned with the gyres 
50'S-100S and looN_SooN, but also the Equatorial Current system, IO"S-IO'N, and the Antarctic 
Circumpolar Current. 

One conclusion from the measurements was that the northern Pacific Ocean does not exhibit the 
deep convection and the renewal of the deep waters as is the case in the Atl antic Ocean . Furtherm
ore, in a N-S section the oldest water is found at mid-depth in the northern parts. This is opposite to 
the case in the Atlantic Ocean, where the mid-depth tongue of the North-Atlantic deepwater is 
younger than the waters below and above. Earlier attempts have been made to estimate the time 
scale of the deep circulation in the Pacific Ocean (Craig 1969; Bien et al. 1963, 1965) but according 
to OSllund and Stuiver (1980) "the GEOSECS program made it possible to make a more realistic 
estimate of the time scale of the renewa1 and crrcuJation of the bulk of the old Pacific deep water. It 
was possible to find vertical convergence of the be10w thermocline waters in the North Pacific, bal
anced by southerly flow at mid depth". 
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At the time ofGEOSECS (1973- 1974) a north-south 14C profile in the Pacific and Indian Oceans 
was put together with available data by Rolf Einar Grini in his diploma thesis at the Radiological 
Dating Laboratory, NTH (Figure 7; Grini 1984). The curve is also symmetric around the equator and 
shows a similar trend and size as that west of the Atlantic Ridge. The northern peak at 30 0 N is also 
somewhat higher than the corresponding peak at 300 S. 
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Figure 7 A north -south profile of 14C in the surface of the Pacific Ocean 1972- 1975. C!. = Ostlund 
et a1. (1 979). x = Linick (1978), 0 = Nydal et al. ( 1984). Prepared by Grini (1984). 

Indian Ocean 

The GEOSECS program covered the Indian Ocean with 41 stations in the period from December 
1977 to April 1978 (Stui ver and Ostlund 1983). The samples covered the major basin and were dis
tributed from south in the Indian Ocean (Sta. 431: 640 II 'S, 83°59'E) to the Arabian Ocean (Sta 4 16: 
19°46'N, 64°37'E). One station in the Mediterranean Sea and three in the Red Sea were also 
included. Due to the lack of convection in the northern Indian Ocean (the Bay of Bengal) the deep 
water here is older and contains less 14C than in the southern part. This is because the northern gyre 
is absent as a result of the geographical restrictions in the north. In the mid-latitude southern gyre 
between 40 0 and 500 S, bomb 14C has penetrated down to about 2000 m depth. According to Stuiver 
and Ostlund (1983) thi s part of the Indian Ocean appears to be an important region for transport of 
fossil fuel CO2 from the surface to the deep water in the world ocean. 

In addition to GEOSECS, the Indian Ocean had other visitors in about the same time period (Linick 
1978; Delebrias 1980; Nydal et al. 1984). Linick and Delebrias also performed measurements at 
various depths. A north-profile is put together from the available surface data (Figure 8; Grini 1984). 
Because of the restricti on due to land area in the north, only the southern part of a north-south profile 
can be compared with the corresponding profi le in the Atlantic and Pacific Oceans. The southern 
peak coincides fairly well (s lightly lower) with the corresponding peak of about + 150%0 in the 
Pacific Ocean. It looks, however, as though the corresponding minimum value from water 
upwelling around the equator has moved farther north (ca. 200 N) . 
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Figure 8 A north-south profile of 14C in the Indian Ocean 1976- 1979. d = Ostlund e l ai , (1979), 

0 = Nydal et al. ( 1984). Prepared by Grini (1984) . 

The TTO Program 

The great success of the GEOSECS program immediately led to further plans for oceanic studies. 
As early as 1978 the TIO (Transient Tracers in the Ocean) program was underway (Brewer et al. 
1985). This new program took place in 1981-1983 and was mainly limited to the Atlantic Ocean 
with the following two proj ects: TTOINAS-North Atlantic Study; TTOfTAS-Tropical Atlantic 
Study. The program was a broad attempt to study ocean circulation with a number of hydrographic 
parameters and tracers. The program was also stimulated by the growing concern about future cli
mate and consequences of increasing CO2 in the atmosphere. How could bomb 14C be used to calibr
ate ocean models for CO2 uptake? What was missing? Compared to GEOSECS the new program 
was aimed to give a better regional coverage of tracers in each basin (Ostlund and Rooth 1990). New 
techniques made it now possible to measure total CO2 (dissolved inorganic carbon) with higher pre
cis ion than earlier. 

According to Ostlund and Rooth (1990) their paper sought to draw attention to the ocean and cli
mate modeling communities with a focus on the regional structure of mass transfonnation and 
ventilation processes of Atlantic waters. The paper is especially focused on deep-sea profiles on a 
north-south line in the Atlantic Ocean (west of the ridge) from 200 S of the equator to the Fram Strait 
at 80 0 N in the Greenland Sea (Figure 9). A decadaltime span between the GEOSECS and the TTO 
profiles reveal e.g. the following: A comparison of 14C and tritium at two stations (GEOSECS 27 
and TTO 36) in the northern Atlantic at 42°N show that anthropogenic radioactivity has reached 
down to about 5000 m depth (Figure 10). Farther south, at 21 oN (GEOSECS 33 and TTO 36), the 
corresponding deep profiles show however no significant increase in 14C in deeper layers during the 
same time interval. Further GEOSECS data (low salinity) in the latter profile indicate that this pro
file reaches the Antarctic bottom and intermediate water (Pickard and Emery 1990). 

The renewal of the North Atlantic deepwater as seen from the GEOSECS and TTO profiles at 42°N 
is also reflected in 14C profiles found below the Scotland-Greenland Ridge at 60° to 61°N 
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(Figure II ). The difference between the GEOSECS profile and a nearby profile taken 20 years later 
indicates a relatively rapid down-welling to the deep Atlantic Ocean. It is however more difficult to 
explain the situation for the deep bottom water in the Norwegian Sea where no change in the l<lC 

content has occurred during the same period. Some of the earlier 14C profiles by GEOSECS and 
TTO have been repeated in the period 1990- 1994 (Nydal and Gislefoss 1996). 

The Nordic seas represent one of the main sources of deep water formation in the northern hemi
sphere. These seas arc in the south limited by the shallow Scotland-Greenland ridge. The supply 
mechanism of water to the deep Atlantic Ocean is the following: a branch of the Atlantic Current 
with high salinity moves northward along the Norwegian coast and is gradually cooled on its way 
towards the Fram Strait where it meets the East Greenland Current and forms the cyclonic Green
land gyre. Thi s gyre is supported by the West Spitsbergen Current in the east and the East Greenland 
Currem in the west, and limited between the Frarn Strait in the north and the Norwegian Sea in the 
south. The surface and intermediate waters with increasing salinity in this gyre sink due to surface 
cooling and deep convection during {he wi nte r. A mixture of deep water from the Greenland Sea 
(GSDW) and the Eurasian basins (EBDW) is further assumed to be brought down through gaps in 
the ridge, to form the Norwegian Sea deepwater (NSDW). An excess of surface and intermediate 
water, which is heavier than the surrounding water passes over the Greenland-Scotland ridge to form 
the deep water in the Atlantic Ocean (AODW) (Swift et al. 1980). 
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The WOCE 14C Program for the Pacific Ocean 

An impressive program (summary according to Key 1996) for the Pacific Ocean was perfonned in 
the period between 1991 and 1994 with the participation of more than 30 coumries taking a large 
number of measurements (Figure 12). Pruts of the program were carried out in collaboration with 
JGOFS (Joint Global Ocean Flux Studies). The overall goal of the program was to obtain a detailed 
description of the physical properties and circulation of the global ocean, and the role of the ocean 
in global climate. The field work was conducted along both zonal and meridional hydrographic 
lines, on which stations had a horizomaJ spaci ng of 30 nautical miles (56 km). Samples were col
lected in the whole water column with a CTD rosette of 24-36 smaller bottles (a few liters). 
Measurements were performed for pressure, temperature, salinity, oxygen, nitrate, nitrite, si licate, 
and phosphate. The majority of the small water samples (SV) were measured for ch lorofluo-



614C (Ojoo) 
-50 0 50 

1000 

~ II I I 
~ I I 

S 
..c: 2000 .., 
"" 

4--,-;----
I I i '" "0 
, I , , I 

i ! I 
-r-----+--i~·-
I I Cent~al 

3000 

! Norwrgian 
! Sea I 

4000 '---'-----'----'----' 

o GEOSECS. sta19, 24.08.72, 64°12'N 05 t 34'W 
o TTONAS, scal44, 26.07.81, 6r41'N 03'"20'W 
~ Trondh .. GS14. 30.07.90, 67°00 'N DSoOO'W 
• Trondb., MOlD, 17.08.91, 67°00'N 04°00'W 

Radiocarbon in the Ocean 93 

6"C (Ojoo) 
- 50 0 50 

1000 

S 
~ 

..c: 2 000 .., 
0-

" "CJ 

3000 

Cl CE OSECS sta23 28.8 .72 60"25 'N 18°37'W 

.,. Trondh Arizona JH9 16.7 .92 61°31'N 16°20'W 

Figure 11 Comparing GEO$EC$ and other profiles 20 yr apan sou th of Iceland and in the Norwegian Sea (Nydal and 
Gidefoss 1996) 

rocarbons, 3H, 3He, 13C, and 14c. At some stations a large volume (LV) sampler (Gerard Barrel) of 
250 L was applied for conventional 14C measurements on some deep and bottom samples. 

During the WOCE program a total number of 9000 samples were collected for 14C measurements. 
14C measurements in the small samples were made by AMS . At the beginning of the WOCE pro
gram there was some doubt about the preci sion of the AMS measurements, and if these would be 
compatible with that of the larger samples (LV). It was therefore decided to compare duplicate sam
ples measured with different techniques. The precision for the LV samples of 2-4%(l was required 
for all participating laboratories. A cl aim for the WOCE program was that the precision in the SV 
samples also should be comparable with this result. A mean precision of 3.6%(l has however been 
obtained for water samples recently measured. Tbis precision is only limited to AMS-target prepara
tion and counting, and does not include sample collection, storage and stripping. Duplicate measure
ments of small and large samples show, however, an average difference of 4.6%0. The reason for the 
difference is unknown, but it is considered important to reduce the precision for the SV samples to 
3%0 in order to be comparable with the LV 14C measurements. Even with this small duplicate differ
ence the WOCE program has generated a new high quality 14C data set for the Pacific Ocean. The 
AMS measurements from 0 to 1200 m depth are generally used to study processes of the upper 
ocean, whereas the LV samples are used to study the bottom water processes. 

A main objective in this research was to separate the bomb 14C from the natural background. If this 
could be done, there are opportunities to use the data to calibrate numerical global ocean models, to 
determine upwelling and thermocline ventilation rate, and to estimate the transfer of CO2 from the 
atmosphere to the ocean (Key et a1. 1996) . This work will not be completed un ti l all 14C samples are 
measured. Based on the GEOSECS data, which are relatively sparse in the eastern Pacific, a WOCE 
section (1 99 1-1992) for surface measurements at 135°W (PI7) is compared wi th available GEO-
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SEes data (Figure 13; 1973~1 974) . There is also good agreement with the curve on Figure 7, which 
is composed of more data in the period 1972~1 975. In agreement with Key et a l. (1996) the most 
obvious changes are the mid latitude increase and the equatorial increase. This is about the same sit
uat ion and magni tude of (he 1990 14C level as we find in [he Atlantic Ocean. 

FURTHER DEVELOPMENT 

The bomb period in the atmosphere has been utilized as a big global experiment for distribution of 
14C in nature. A study of this tracer could in the next instance be related to the distribution of CO2 

from combustion of fossi l fuel. With thi s possibility in mind, keen work has been going on during 
the last 40 years to study the penetration of 14C into the ocean. In this slUdy it has been important to 
separate natura l and bomb carbon . The separation was earlier based on para lle l measurement of tri
tium down to a certa in concentration. After the later cruises for deep ocean measurements a better 
method for this separation was discovered (Broecker et aL 1995). This method consists of a tight 
corre lat ion between natural !4C and dissolved silica (S i02) . Wi th the exception of circumpolar deep 
waters, this correlation extends throughout the world's oceans. In the work cited above, the authors 
present nice global views of the penetration depths and concentrations of bomb f4C within various 
parts of the ocean. Such data are necessary in model calculati on of the carbon distri bution. 

Various kinds of models have been applied in the study of carbon dis tribution. Earlier, when very 
few 14C data were available from the ocean , mainly simple box-models were applied. In these mod
els each box represented a natural carbon reservoir, which was regarded to be in relative rapid c ir-
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culation, and where the resistance for exchange existed only on the borders between each boxes. The 
ocean, however, did not fit well into a few boxes with rapid internal circulati ons . 

A later and more realist ic modeling approach for the ocean was a box-diffusion model (Oeschger et 
al. 1975), which fairl y well described the distribution of natural and bomb-produced 14C (Broecker 
et al. 1985). 

At the present stage, the great number of data within various part of the ocean offer possibilities for 
more advanced ocean models, like the OGCM -models (Ocean General Circulation Model), which 
take into account Wale r upwelling in the eqatorial zone and water decending in the polar zones. 
These are numerical models based on a three-di mensional grid system for the ocean , where physical 
parameters, li ke temperature, salini ty, and horisontal and vertical currents are raken into account. 
According to Broecker et al. ( 1995), only these models can provide reliable prediction of ocean 
uptake of future CO2 emission , but this has not yet been fu lly exploited. Successful attempts to 
describe the first-order natural 14C distribut ion have already been accomplished (Toggweiler et al. 
1989; Maier-Reimer 1993). 

SUMMARY 

The method of radiocarbon dat ing, based on natural 14C, was discovered in earl y 1950 by Libby. 
Several laboratories all over the world were soon established with the basic purpose of doing 14C 
dating of various organic material. In para ll el with thi s dating there was a need for a closer study of 
the foundation of the method and the mechani sm of carbon exchange with the various reservoirs in 
nature. A pioneering work in Ihi s respect was that by Broecker (1957) where he, with a 5-box model, 
considered ocean circulation and was able to measure an exchange time hr 14C between the atmo
sphere and the ocean. 
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A study of the natural 14C cycle in nature was just in its infancy when bomb 14C in the atmosphere di s
turbed the natural equili brium. The next step in the development was to use the excess 14C in the 
atmosphere as a tracer in the study of the CO, exchange between the atmosphere and ocean. The large 
amount of seawater needed for each measurement made it morc difficult to provide measurements 
here than in the atmosphere. For this reason, most early measurements were performed in the ocean 
surface. The first bomb 14C-increase was observed at Makara Bay (Rafter and Fergusson 1957) and 
further ocean surface and a few deep-ocean measurements were made in the following years. 

Even though 14C is one of the best single tracers in the ocean, this isotope alone was not enough in 
a complete study of CO2 uptake and ocean circulation, where f.L tri tium, radon, salinity, tempera
ture, total CO, and pCO, are important parameters. The first and most extensive global deep-sea 
research was initiated with the program GEOSECS (Geochemical Ocean Section Study) in 1971, 
and designed to study the chemical constituents in the world oceans, partly as a baseline for future 
chemical changes, and partly for investigating large-scale oceanic transport and mixing processes. 
Measurements were performed on hydrographic parameters (salinity, temperature, and oxygen vs. 
depth), the carbonate system, the nutrients, and radioactive substances like 14C, 3H, and radon. 14C 
had here its main importance in the study of the carbon cycle. A mi xture of natural 14C and anthro
pogenic 14C had to be separated in order to use bomb !4C as a parameter in the study of ocean circu
lation. The few pre-bomb 14C measurements of surface water made a great contribution to this sep
aration. In addition, it was later discovered that the pre-bomb level of 14C in surface water could be 
studied in coral rings at several locations (Druffel 1978) . The amount of tritium in deep-sea profi les 
has also been a tool in order to estimate the penetration of bomb carbon . 

The GEOSECS program was followed by other large programs, like ITO (Transient Tracers in the 
ocean) about 10 years later (Brewer et al. 1985), the SAVE program (South Atlantic Ventilation 
Experiment), and the WOCE program (World Ocean Circulation Experiment). These programs 
were gradually extended to new parts of the ocean and were aimed to give a better regional coverage 
of tracers in each basin. As concerns the 14C deep-sea profiles it is important in a circulation study 
1O have these profi les repeated at certain intervals. 

With our main interest to predict future climate, it is necessary to gain more knowledge about the 
change in and behavior of the ocean. It seems however, that there are limitations in the current ability 
to handle satisfactorily the large amount of data which has already been produced during the last few 
years. In comparison, one is still impressed with the pioneer work that Harmon Craig was able to do 
in 1957 with a very limited amount of 14C data. 
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