DISTRIBUTION OF RADIOCARBON IN THE SOUTHWESTERN NORTH PACIFIC
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ABSTRACT. Radiocarbon measurements in seawater samples taken at six stations in the southwestern North Pacific visited
during the International Atomic Energy Agency (IAEA) 1997 Pacific Ocean Expedition were carried out at the accelerator
mass spectrometry (AMS) facility of the Japan Atomic Energy Research Institute (JAERI). Three stationswere located close
to GEOSECS stations, and three were in the vicinity of Bikini and Enewetak Atolls, which may be influenced by former
nuclear weapons testing. Compared with the GEOSECS data (1973), our results show an increase of 14C in intermediate
waters. Furthermore, it is estimated that bomb-produced 14C inventories in the water column have increased by more than
20% during the last 24 years. However, vertical profiles of AC at the stations near Bikini and Enewetak Atolls show asimilar
general trend to those found in other stations.

INTRODUCTION

In 1995, the International Atomic Energy Agency’s Marine Environment Laboratory (IAEA-MEL),
began afive-year project “Research on Worldwide Marine Radioactivity”. In the framework of the
project, the“1 AEA ’* 97 Pacific Ocean Expedition” was carried out in the southwestern North Pacific.
The objective of this expedition wasto develop an understanding of the present open ocean distribu-
tion of radionuclides for comparison with data sets obtained in national and international surveys of
radionuclides at sites used for radioactive waste dumping or nuclear bomb tests.

The sampling work to analyze radionuclides in the southwestern North Pacific was carried out at 20
stations (Figure 1), including five GEOSECS stations (Stations 1, 2, 2B, 3, and 4) and seven stations
close to Bikini and Enewetak atolls (Stations 5B, 6, 6B, 6C, 7, 7B, and 7D) (Povinec et al. 1998).
Seawater samples for 1C measurements were collected at 10 stations (see Figure 1).

14C measurements at six stations (see Figure 1) were carried out at the AMS facility of the Japan
Atomic Energy Research Institute’s Marine Research Laboratory (JAERI-MRL). Three stations,
Station 1, 2B and 4 were located close to the GEOSECS stations 224, 225, and 227, respectively.
Three others, Stations 5, 8, and 9 were around the Bikini and Enewetak atolls. According to GEO-
SECS radionuclides data, these stations are influenced by close-in falout from nuclear testing
(Bowen et a. 1980). *C measurements of seawater samples collected at four additiona stations
were carried out at the University of Arizona and these data are given elsewhere (Jull et al. 1998). In
this paper, we present the results of C analysis of seawater samples taken in the southwestern
North Pacific, and discuss temporal changes of vertical profiles over the last 24 years (1973-1997)
at the GEOSECS stations. Further, we discuss the effect of close-in fallout from nuclear weapons
testing at the stations around Bikini and Enewetak Atolls.

METHODS

Sample Preparation

Seawater was collected in 500-1000 mL glass bottles with high-quality stoppers and 100-200 pl of
saturated HgCl, solution was added as poison on board. The DIC in seawater samples was cryogen-
ically extracted as CO, gas from the samples by adding 4 mL of 100% H3PO, and using pure N, gas
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in the vacuum system (Aramaki et al. 2000). The CO, gas was reduced to graphite with pure H, gas
over an Fe catalyst at 650 °C (Kitagawa et al. 1993; Aramaki et al. 2000). Graphite was pressed into
targets for AMS-14C measurements.

14C Measurement

The 14C/12C ratios of the sample graphite were measured by a Tandetron AM S (HV EE, model 4130-
AMS) at JAERI-MRL (Aramaki et al. 2000), using a NIST oxalic acid 4C standard (Hox!I, SRM-
4990C). The value of 0.7459 times the 1C/12C ratio of HOxII normalized to 3'3Cpgp = —25%o is
equal to that of 0.95 times the *C/12C ratio of HOxI, SRM-4990 normalized to 33Cpgp = —19%o
(Stuiver 1983).

The 1C concentration is expressed by R and A*C values. The R value is given by the following
equation (Stuiver and Polach 1977):

R = Agy / 0.7459A oy x 01950, )

where Agy and Apy are equal to the 14C/12C ratios of a sample and HOxI1 normalized to 313Cpgp =
—25%o, A isequal to 1/8267 yr-1and y is equal to ameasurement year. The A14C values are given by
the following equation using the calculated value for R,

AMC = (R-1) x 1000 (%o). )

The precision of our AMS measurement is typically less than +5%.. The accuracy of our 1*C mea-
surements has been examined using |AEA intercomparison standards and HoxI| standard material
produced with our sample preparation system (Aramaki et al. 2000). The background level is esti-
mated to be 0.2% fraction modern. The 313Cpg, measurements of a sample and the standard used to
normalize are made by analyzing sub-samples of the CO, gas generated during graphite production,
using atriple collector mass spectrometer, Finnigan, DELTAP'U with a precision of +0.05%o.

RESULTS AND DISCUSSION

Radiocarbon in the Southwestern North Pacific

Figure 2 shows a vertical profile of A1C values at Station 4 and at GEOSECS Station 227, both at
the same location (25.0°N, 170.5°E). Below 2000 m water depth where no effects of nuclear weap-
ons testing were observed, both A4C profiles are in good agreement with each other within anal yt-
ical error. Therefore, our AC data measured by AMS can be directly compared with the GEOSECS
data obtained by (3-counting.

Figure 3 and Table 1 show vertical profiles of AC vaues at six stations in the southwestern North
Pacific. Generally, the profiles are typical for the North Pacific, similar to those of WOCE (Key et
a. 1996). Each profile shows an excess in the surface water, decreasing sharply with depth down to
1000 m, and reaches a minimum at 2000-3000 m depth, increasing gradually to the bottom.
Although in the early 1970sin the North Pacific, a maximum A4C value was observed in the mixed
layer, especidly in the air-seainterface (Ostlund and Stuiver 1980), that of the A4C valuein the late
1990s was observed at 100-200 m depth, below the mixed layer. It indicates that 14C from nuclear
bomb tests was transferred below the mixed layer into seawater by mixing with and/or diffusing into
intermediate waters over the last 24 years (1973-1997).

https://doi.org/10.1017/50033822200041527 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200041527

14C in the SW North Pacific 859

North latitude

@ Radiocarbon analysis
y
(This work)

105 | A Radiocarbon analysis
(Univ. of Arizona)

O Other sampling station | . .
X Port of call " Pohnpei

. . R X ¥
é 1 T T T T *
130 140 150 160 170 180
East longitude
Figure 1 Route and sampling stations for the | AEA ' 97 Pacific Ocean Expedition

~

AYAC, %o
-300 -200 -100 0 100 200
0 [ty -;‘5 T e
-
[« ]
X a - ]
500 B - .
L a !
Y
L o 4
1000 L] .
s [¢] 4
4
g L ]
-‘g‘ 2000 | L] @ IAEA Station 4 4
a - O GEOSECS Station 227 ]
3000 N - b
[ -
[ ]
4000 i o -
]
o]
Figure 2 Comparison of AXC vertical profiles 5000 |- o ]
between |IAEA and GEOSECS stations.
Closed and open circles denote |IAEA and [ | )
GEOSECS stations, respectively. 6000 B

https://doi.org/10.1017/50033822200041527 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200041527

ssa.d Alssanun sbprique) Aq auljuo paysiiand £S5 L700022Z8E£005/£101°0L/B10 10p//:sd1y

A¥C, %o
-250 -200 -150 -160 -50 O 50 100 150
[} v  BARA
T T T T T . .""""
L ]
[ ]
1000 | . E
[ ]
2000 [ ® 5
.
g ]
}mo-o ]
® 4
4000 © .
]
° ]
5000 o ]
Station 1
m aaaalbay I} aalasselaasalasaales salag s
AMC, %o
-250 -200 -150 -100 -50 O 50 100 150
0 vy ,,,...,....,....,....,-".,..
[ ]
L ]
[ ]
IMT b
2000 |- ]
g
%m = ]
4000 |- 5
5000 | ]
Station 5
m adassadassalossaloasal | Lis s

Depth,m

ym

-250 -200 -150 -100 -50 0 50 160 150
[]

1000

A*C, %o

oi ]

[ ] o 1

° ]

S 1

-. -:

L o ]

[ o ]

L o ]

Station 2B ]

FRYS FUETE FEWTY FRUTY FRUTE FRWEE SUWTY | -.-
A®C, %o

-250 -200 -150 -100 -50 O S0 100 150

1000

T T T T T T ‘ vy
[ . ] 1
i ° ]
[ ° ]
C e ]
[ o ]
b 4
+ 4
[ o ]

° ]
- [ ~
[ Station 8 |

1 1 1 1 1 1 1 ]

Depth,m

Depth,m

AMC, %o
-250 -200 -150 -100 -50 O 50 108 150
(1] T T T T T T T‘F
! ® ]
° ° ]
1000 - [ ] B
F . ]
m o -t
N
3000 | E
p
m - -
[ e
500 e ]
[ Station 4
m aaasbasaaldag Laia 1a das L laa
AMC, %o
-250 -200 -150 -100 -56 O 50 100 150
R~
°
o
° ]
1000 | . ]
. ]
2000 @ ]
°
3000 o E
(e
[
4000 | e 4
500 e 4
Station 9 |
m slasasla 1 1 1 I3 Jas sy

Figure 3 Vertical profiles of A4C at six sampling stations visited during the IAEA ' 97 Pacific Ocean Expedition

098

‘e 1o pewrely |


https://doi.org/10.1017/S0033822200041527

14C in the SW North Pacific 861

Vertical profiles of A1“C at the stations around Bikini and Enewetak Atolls (Stations 5, 8, and 9)
show a general trend similar to other stations (Stations 1, 2B, and 4). No effects of close-in fallout
from nuclear weapons testing were found for radiocarbon on both of 1970s (GEOSECS) and this
observation. For other radionuclides such as %Sr, 137Cs, and 292*0py, however, this area was influ-
enced by close-in fallout at 1970s (Bowen et al. 1980). The distribution of other radionuclidesin the
expedition is discussed el sawhere (Livingston et al. 2000).
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Comparison with GEOSECS Data

Figure 4 compares our 4C and salinity data obtained for water above 2000 m depth with those from
GEOSECS (Ostlund and Stuiver 1980) at three locations, 34-35°N, 142-146°E (Station 1 and GEO-
SECS Station 224), 32.5°N, 161.9°E (Station 2B and GEOSECS Station 225), and 25.0°N, 170.1°E
(Station 4 and GEOSECS Station 227). At Stations 2B and 4, our A*C values in the surface layer
(<200 m) are lower than the GEOSECS values (by up to 50-80%o), but higher (by up to about 60%o.)
in the subsurface layer (200-1000 m). On the other hand, at Station 1, the A1“C values are lower (by
up to 50%o) in the layer above 1500 m. Since other recent A*C measurementsin the subtropical west-
ern North Pacificindicate an increase of AC in intermediate waters (Gamo et al. 1987; Watanabe et
a. 1999; Kumamoto et al. 2000), the results from Stations 2B and 4 are consistent with these results.
However, at Station 1 and GEOSECS Station 224, a difference was found in the vertical profiles of
salinity, which show stronger effects of the influence of the Kuroshio Extension water (high salinity
and highAC content) at the GEOSECS station than at our Station 1. Further, it would seem that the
Oyashio Current (low salinity and low AC content) has an influence on water at around 500 m depth
a Station 1. Thisis because Station 1 lies about 500 km to the east of GEOSECS Station 224. The
decrease of AC values, shown in Figure 4a, may be due to the difference in the water masses. Thus
it is difficult to compare directly the datafrom Station 1 with those of GEOSECS Station 224.

Bomb-Produced 4C Inventories

Based on observed AMC, silicate and ®H data from GEOSECS (1973-1974), Broecker et a. (1995)
found a good relationship between AC and silicate contents in deep water where no effects of
nuclear weapons testing were observed. They proposed a method for reconstructing the vertical pro-
file of the natural A¥C value (A*C,) as follows:

AMC,, = -70 - SIO,, A3)

where the unit for SiO, is umole kg1 and that for A1C, 4 is %.. Furthermore, the value for surface
water is derived from that adopted by Broecker et al. (1985), —=50%o (for |atitudes between 45°N and
45°S). The valuesfor four selected densities (26.2 og, 26.4 0y, 26.6 05, and 26.8 ag for the Pacific)
are caculated using the above equation, and the depth of 3H-free (lessthan 0.1TU) water istaken as
the lower limit of the penetration depth of bomb-produced 14C. Figure 5 provides a plot of A4C ver-
sus silicate at below 27.2 og depth at the time of the IAEA expedition. It is assumed that seawater
below 27.2 gy is Pacific deep water where no effects of bomb testing can be observed. The uncer-
tainty of the above equation is estimated as + 10%. for GEOSECS (Broecker et a. 1995), however
our results are applied with an uncertainty of + 20%.. The data used to estimate the vertical profiles
of A1C,4 value for our 6 stations are given in Table 1. Using the vertical profiles of the observed
AMC (ATCqpe) and AC,, the bomb-produced 14C (4Cy,omp) inventories at each station were esti-
mated to investigate the spatial distribution of 14Cy, The 14Cyomp, content is expressed as follows:

1 Chomp = (AMCops = ACrrgr) ¥ 0 x 3 CO,, 4

where a is the ratio of 14C/12C at the AMC = 0%o, 1.176 x 10712, 5 CO, is atotal carbonate content
in mole kg1, at the time of “observe” and “natural”, both measurements of 3 CO, at the same depth
are regarded as an approximately similar value. Therefore, we can calculate the bomb-produced 4C
inventory (lyomp) to integrate 14Cy,m, from surface to depth (z m) of 3H-free (lessthan 0.1TU) by the
following equation:

Ibomb = J 0% ¥Chomb Z X p X Na, %)
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Figure 5 AC vs. dissolved SiO, at the below density 27.2 gy depth during
the IAEA ’'97 Pacific Ocean expedition. Also shown are scales (solid and
broken lines) for natural AC where AC (+ 20 %o) = —70-SiO,.

where p and N, are the density of seawater in kg m3, and Avogadro number (= 6.02 x 1023), respec-
tively. The3H data used in the above equations were obtained during the IAEA expedition (Povinec
and Togawa 1999) and decay corrected to the day of collection of the seawater sample. However,
previous data on Y CO, observed in the southwestern North Pacific were used here (Ostlund and
Stuiver 1980; Tsunogai et a. 1993), as Y CO, was not measured during the IAEA expedition.

The estimated |, Values are given in Table 2, and those of GEOSECS (Stations 224, 225, and 227)
reca culated by the above equations (3) to (5) are also given to investigate the temporal change of
lhomp OVer thelast 24 years (1973-1997). Here we show, respectively, | ,omy, in thetotal water column,
lhomp 00VeE 26.2 0y as surface water, 1o, between 26.2 and 26.8 oy as intermediate waters, and
lhomb DElOW 26.8 0y as deep water. Concerning o, in the total water column, thereis aclear dis-
tinction between the subtropical area (north of 20°N) and the tropical area (south of 20°N), whichis
consistent with previous studies (Broecker et al. 1985; Broecker et a. 1995; Watanabe et al. 1999).
However, comparing our results (1997) with those from GEOSECS (1973), | yomp in the total water
column had increased by 27% for 32.5°N, 161.9°E (Stations 2B and GEOSECS Station 225), and by
21% for 25.0°N, 170.1°E (Station 4 and GEOSECS Station 227) over the last 24 years, respectively.
Theincrease isrelated to that in the layer between 26.2 and 26.8 0g. Thisresult indicates that bomb-
produced 14C istransported southwards from intermedi ate waters in amore northern area. The water
mass of density between 26.2 and 26.8 og in the western North Pacific, named North Pacific Inter-
mediate Water (NPIW), is thought to be formed in the area between subarctic and subtropical
regions in the western North Pacific and to flow southward (Talley 1988). Furthermore, there are
reports that the excess atmospheric anthropogeni ¢ carbon (CO,) dissolve into the NPIW at the north-
ern North Pacific (Tsunogai et al. 1993, 1995). Our results support these reports. However, more
measurements of 14C at GEOSECS stations are required to confirm this observation.
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Table 1 Datafor the stations occupied during the IAEA 1997 Pacific Ocean

expedition
Depth Potential Salinity Density SiO, Observed
(m) temp (°C) (psu) (95) (umolekg™1) AYC (%)
Sation| 35.0°N, 146.0°E 23 Oct. 1997
94  23.1336 34.512 23.5268 2.2 1021 + 27
49.2 23.1502 34.531 23.5362 2.2 1036 + 3.3
100.1 19.3916 34.825 24.7878 3.7 1016 + 3.1
150.8 18.0977 34.834 25.1220 4.3 1049 + 29
250.3 15.4629 34.687 25.6292 12.9 849 + 23
350.0 12.0961 34.450 26.1442 26.9 338 + 48
500.2 7.8304 34.193 26.6653 53.2 -477 + 46
700.1 4.7895 34.168 27.0397 94.7 -131.2 + 25
1000.4 3.3299 34.353 27.3379 129.4 -186.0 + 3.0
1499.8 2.2886 34513 27.5583 153.7 -2119 + 54
2000.2 1.7935 34.601 27.6682 162.5 -2295 + 39
2502.2 1.4950 34.647 27.7269 148.7 -2281 + 9.1
3001.2 1.3227 34.668 27.7566 150.3 -2241 + 37
3501.0 1.2211 34.680 27.7728 151.9 -2166 + 5.1
4001.5 1.1375 34.688 27.7851 128.8 -209.7 + 4.1
4500.0 1.0902 34.692 27.7921 146.0 -208.7 + 4.1
5000.0 1.0584 34.695 27.7965 1435 -1999 + 49
5088.2 1.0554 34.695 27.7969 142.3 -2076 + 59
Station 2B 32.5°N, 161.9°E 28 Oct. 1997
8.7 23.1825 34.749 23.6923 1.6 1045 + 39
40.0 23.1828 34.751 23.6935 13 939 + 45
79.3 19.2756 34.798 24.7971 2.7 1120 + 6.3
130.3 17.5203 34.804 25.2398 3.7 957 + 52
201.1 16.3669 34.756 25.4766 4.7 111.3 + 5.0
303.0 15.2293 34.684 25.6782 6.0 95.6 + 4.0
4535 12.6032 34.468 26.0596 17.1 721 + 39
600.8 8.6574 34.131 26.4921 335 46 + 44
803.3 5.1633 34.031 26.8883 75.7 -100.1 + 46
1104.2 3.5471 34.296 27.2713 101.3 -1888 + 4.6
2000.8 1.9040 34.584 27.6456 120.0 -231.1 + 56
3001.9 1.3676 34.663 27.7492 136.7 -226.0 + 43
3996.9 1.1680 34.684 27.7803 129.8 -2181 + 39
5000.2 1.0642 34.694 27.7954 117.3 -197.4 + 6.0
Sation 4 25.0°N, 170.1°E 31 Oct. 1997
10.1 27.0171 34.979 22.6986 17 884 + 42
48.8 26.7438 35.207 22.9576 1.6 101.8 + 3.0
99.5 20.0206 35.042 24,7894 23 91.7 + 6.0
150.0 17.9702 34.912 25.2130 34 1082 + 4.2
254.9 15.8375 34.713 25.5644 6.4 97.2 + 44
350.0 13.4339 34.508 25.9246 9.9 820 + 43
495.9 9.6711 34.207 26.3886 25.7 258 + 5.0
698.7 5.3658 34.110 26.9274 79.8 -111.2 + 83
1001.7 3.6722 34.370 27.3182 109.4 -1748 + 4.1
1499.7 2.5323 34.563 215774 146.8 -219.2 + 9.1
2499.1 1.5320 34.652 27.7285 141.8 -2349 + 52
3500.9 1.2501 34.679 27.7705 156.3 -246.2 + 53
4497.5 1.0840 34.693 27.7926 150.0 -2105 + 36
5000.0 1.0134 34.698 27.8019 150.0 -194.1 + 50
Sation 5 15.0°N, 166.0°E 3 Nov. 1997
104 28.5048 34.396 21.7775 1.7 658 + 3.1
48.6 28.5032 34.397 21.7788 17 931 + 22
150.4 21.4257 35.048 24.4152 2.6 796 + 53
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Table 1 Datafor the stations occupied during the IAEA 1997 Pacific Ocean
expedition (Continued)

Depth Potential Salinity Density SiO, Observed

(m) temp (°C) (psu) (95) (umolekg™1) AYC (%)
247.8 13.2639 34.441 25.9073 11.7 805 + 39
3515 9.1741 34.243 26.4974 36.3 -245 + 36
498.6 7.2111 34.428 26.9393 59.5 -143.1 + 105
735.6 5.2443 34.505 27.2542 88.1 -177.2 + 39

Sation 8 15.5°N, 159.5°E 14 Nov. 1997
8.6 28.5193 34.218 21.6383 4.0 915 + 23
39.6 28.5031 34.296 21.7025 2.8 90.7 + 36
79.0 26.6899 34.852 22.7069 2.2 86.1 + 24
128.8 23.4007 35.071 23.8732 3.2 979 + 26
199.7 18.2700 34.930 25.1529 7.0 1008 + 2.7
299.9 11.0473 34.313 26.2327 23.0 404 + 41
451.9 8.0756 34.430 26.8151 51.0 944 + 27
600.2 6.7710 34.467 27.0305 67.0 -129.7 + 23
800.8 5.4914 34.499 27.2204 87.8 -1635 + 19
1101.9 4.1449 34.546 27.4102 108.8 -1954 + 3.0
2000.4 2.1037 34.629 27.6659 148.4 -2293 + 36
2801.0 1.5062 34.668 27.7434 155.1 -2335 + 27
4799.1 1.0292 34.701 27.8032 139.7 -200.2 + 55
5000.0 1.0164 34.702 27.8047 137.9 -2174 + 26
Sation 9 22.4°N, 152.7°E 16 Nov. 1997

248.4 17.0480 34.835 25.3771 7.0 1095 + 3.0
500.7 10.3047 34.257 26.3197 29.4 278 + 26
748.9 5.2792 34.157 26.9749 79.6 -106.2 + 4.1
1001.6 3.9858 34.397 27.3079 116.4 -1726 + 22
1500.1 2.6477 34.547 27.5546 138.9 -203.3 + 44
2000.4 1.9180 34.609 27.6651 156.3 -229.1 + 53
2499.7 1.5475 34.650 27.7259 160.7 -2174 + 26
2997.5 1.3639 34.668 27.7538 138.7 -2332 + 33
3499.6 1.2397 34.680 271.7723 141.0 -2314 + 74
3998.3 1.1551 34.688 27.7843 152.5 -210.0 + 80
5001.1 1.0498 34.697 27.7989 147.7 -196.8 + 2.3

Table 2 Bomb-produced C inventories (I ,omp) i the southwestern North Pacific
in 1997 (IAEA) and 1973 (GEOSECYS)

Bomb 4C inventory, | pomp (X10° atom cm2)

Latitude Longitude Above Below
Area  Station (°N) (°B) Tota 2620 26.2-26.803 2680y
North of 20°N
1 35.0 146.0 134 9.1 29 14
2B 325 161.9 17.7 125 42 1.0
4 25.0 170.1 13.9 10.0 3.0 0.9
9 224 152.7 15.7 125 29 0.3
South of 20°N
5 15.0 166.0 84 6.7 17 0.0
8 155 159.5 9.5 6.9 19 0.7
GEOSECS
224 343 142.0 14.7 13.3 13 0.1
225 325 161.9 13.9 10.5 25 0.9
227 25.0 170.1 115 9.9 15 0.1
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CONCLUSIONS

After measuring 1C in seawater samples taken in the southwestern North Pacific in 1997, we can
draw the following conclusions:

1. Generdly the vertical profiles of 1“C were typical for the North Pacific, similar to those of
WOCE. No effect of close-in fallout from bomb testing was found at the stations around Bikini
and Enewetak Atolls.

2. Compared with the GEOSECS “C data (1973), our results showed an increase of C in inter-
mediate waters. After estimating the bomb-produced 14C inventory, the value had increased by
more than 20% over the last 24 years, which may have been caused by an increase in the layer
between 26.2 and 26.8 oy.
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