
Chapter 19

Applications of Anthropogenic Radionuclides as Tracers
to Investigate Marine Environmental Processes

G.-H. Hong, T.F. Hamilton, M. Baskaran, and T.C. Kenna

Abstract Since the 1940, anthropogenic radionu-

clides have been intentionally and accidentally intro-

duced into the environment through a number of

activities including nuclear weapons development,

production, and testing, and nuclear power generation.

In the ensuing decades, a significant body of research

has been conducted that not only addresses the fate

and transport of the anthropogenic radionuclides in the

marine environment but allows their application as

tracers to better understand a variety of marine and

oceanic processes. In many cases, the radionuclides

are derived entirely from anthropogenic sources and

the release histories are well constrained. These attri-

butes, in conjunction with a range of different geo-

chemical characteristics (e.g., half-life, particle

affinity, etc.), make the anthropogenic radionuclides

extremely useful tools. A number of long-lived and

largely soluble radionuclides (e.g., 3H, 14C, 85Kr, 90Sr,
99Tc, 125Sb, 129I, 134Cs, 137Cs) have been utilized for

tracking movement of water parcels in horizontal and

vertical directions in the sea, whereas more particle-

reactive radionuclides (e.g., 54Mn, 55Fe, 103Ru, 106Ru,

Pu isotopes) have been utilized for tracking the move-

ment of particulate matter in the marine environment.

In some cases, pairs of parent-daughter nuclides (e.g.,
3H-3He, 90Sr-90Y and 241Pu-241Am) have been used to

provide temporal constraints on processes such as the

dynamics of particles in the water column and sediment

deposition at the seafloor. Often information gained

from anthropogenic radionuclides provides unique/

complementary information to that gained from natu-

rally occurring radionuclides or stable constituents, and

leads to improved insight into natural marine processes.

19.1 Introduction

Sustained atmospheric nuclear testings and bomb

explosions from 1945 to 1980 in the Equatorial Pacific

(Bikini Atoll, Christmas Island, Enewetak Atoll,

Johnson Atoll), northern temperate latitudes (Algeria,

Japan, Kapustin Yar, Lop Nor, New Mexico, Nevada

Test Site, Semipalantinsk, Totsk), polar-north (Nova

Zemlya), Southern Hemisphere (Fangatufa Atoll,

Malden Island, Maralinga/EMU Test ranges, Monte

Bello Islands, Mururoa Atoll) contaminated the entire

surface of the earth including the ocean with a suite of

anthropogenic radionuclides (Hamilton 2004), ranging

from short-lived to long-lived radionuclides

(Table 19.1). The oceanic inventory of some selected

fallout anthropogenic radionuclides is listed in

Table 19.2. Other source terms including effluents

from nuclear waste reprocessing plants, nuclear

power plants and nuclear weapons production faci-

lities, accidents and losses involving nuclear materials,

the burn-up of nuclear powered satellites in the atmo-

sphere have all contributed to the anthropogenic radio-

nuclide contamination (Hong et al. 2004; Linsley et al.

2004). Notably, releases from European nuclear fuel

reprocessing facilities (primarily from Sellafield, UK

and La Hague, France) have been documented in
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Table 19.1 List of anthropogenic radionuclides produced and globally dispersed, with their half-lives, decay mode and Kd.

(a) Atmospheric nuclear weapon testing and discharge from reprocessing plants. (b) Radionuclides released from nuclear power

plants in the United States1

(a)

Radio-

nuclide

(UNSCEAR

2000)

Half-life

(UNSCEAR 2000;

Browne and

Firestone 1986)

Kd
a Decay mode

(Browne and

Firestone

1986)

Daughter (Browne

and Firestone 1986)

Dominant form in seawater Byrne (2002) and

in the surface of the earth (Bruland 1983;

Emsley 1989) (nuclear reactions for the

production of radionuclides) (Hou and Roos

2008)

H-3 12.32 a 1 � 100 b 2He-3 (stable) H2O (gas, liquid, solid), biogenic matter, also

produced by the natural process

(2H(n, g)3H; 3He(n, p)3H; 6Li(n, a)3H)
C-14 5730 a 2 � 103 b 7N-14 (stable) Gas CO2, liquid, H2CO3, HCO3

�, CO3
2�,

organic matter, biogenic or nonbiogenic

(Ca,Mg or other metal) CO3, also

produced by the natural process
14N(n, p)14C; 13C(n, g)14C; 17O(n, a)14C

Mn-54 312.5 d 2 � 108 EC, g 24Cr-54 (stable) Ion Mn2+and MnCl+, solid MnO2, MnCO3,

earth’s crustal material, manganese

nodule in the bottom of the sea,

ferromanganese oxides (Fe, Mn)Ox,

biogenic matter. (Cr53(d, n)Mn54)

(Kafalas and Irvine 1956)

Fe-55 2.74 a 2 � 108 EC 25Mn-54 (n, g),
25Mn-55

(stable)

Fe(OH)3, organic complex, contained in the

phytoplankton cell, earth’s crustal

material

Se-79 2.95 � 105 a

(Bienvenu et al.

2007)

1 � 103 b 35Br-79 (stable) Se, Se2+, SeO4
2�, SeO3

2�, HSeO3
�, earth’s

crustal material

(78Se(n, g)79Se; 235U(n, f)79Se)
Kr-85 10.72 a 1 � 100 b 37Rb-85 (stable) Noble gas, also produced by the natural

process

Sr-89 50.55 d 2 � 102 b 39Y-91 Sr2+, largely soluble in seawater, forms

SrSO4 (celestite) by Aacantharia

(protozoa) in upper 400 m, earth’s crustal

material
88Sr(n, g)89Sr, (235U(n, f)89Sr; 88Sr(n, g)89Sr,

235U(n, f)90Sr)

Sr-90 28.6 a 2 � 102 b 39Y-90 (2.67 d) to

40Zr-90 (stable)

Y-91 58.51 d 7 � 106 b 40Zr-91 (stable) YCO3
+, YOH2+, Y3+, particle reactive,

earth’s crustal material

Zr-93 1.53 � 106 a 7 � 106 b 41Nb-93 Zr(OH)4
o, Zr(OH)5

�, earth’s crustal material

Zr-95 64.03 d 7 � 106 b, g 41Nb-95(34.97 d) to

42Mo-95

(stable)

Tc-99 2.13 � 105 a 1 � 102 b 44Ru-99 (stable) TcO4
–, earth’s crustal material (235U(n,

f)99Tc; 98Mo(n, g)99Mo(b)99Tc)
Ru-103 39.25 d 1 � 103 b, g 45Rh-106 (29.8 s) to

46Pd-106

Earth’s crustal material

Sb-125 2.73 a 4 � 103 b, g 52Te-125 (stable) Sb(OH)5
0/Sb(OH)6

�, Earth’s crustal
material

I-129 1.57 � 107 a 2 � 102 b, g 54Xe-129 IO3
� , I� Dissolved in the water,

incorporated into the seaweeds, lichens,

grass, bovine thyroids

(129Xe(n, p)129I; 235U(n, f)129I; 127I(2n,

g)129I)
(130Te (n, g) 131Te (b�) 131I)

I-131 8.02 d 2 � 102 b, g 54Xe-131(sable)

Cs-137 30.14 a 2 � 103 b, g 56Ba-137 (stable) Cs+, earth’s crustal material

(235U(n, f)137Cs)

(continued)
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Scandinavian waters and the northern portions of the

North Atlantic (Irish, North, Norwegian, Barents and

Greenland Seas) (Gray et al. 1995; Lindahl et al. 2005).

Chernobyl derived contamination has been documented

in theMediterranean Sea and elsewhere (e.g., Buesseler

and Livingston 1996; Livingston and Povinec 2000;

Noureddine et al. 2008; Papucci et al. 1996). Former

nuclear weapons program facilities in Siberia (e.g., the

Techa and the Tom tributaries of the River Ob, the River

Yenisey, Mayak plant explosion in 1957, Karachi Lake

in 1967 reported in Vakulovsky 2001) continues to

release anthropogenic radionuclides to the Arctic

Ocean (e.g., Cooper et al. 1999; Kenna and Sayles

2002). While there is no more direct deposition of fall-

out to the ocean (ceased since early 1980), a secondary

pathway for global fallout nuclides reaching the oceans,

such as continental run-off, release of anthropogenic

radionuclides from estuarine processes, and atmo-

spheric deposition of continental dust of previously

deposited debris, becomes important in some ocean

regions.

The anthropogenic radionuclides are the ubiquitous

global contaminants as some of them descended from

the stratosphere and landed at sea (Tables 19.1 and

19.2). Therefore, they have received great attention

from the radiological protection purposes in both the

Table 19.1 (continued)

(a)

Radio-

nuclide

(UNSCEAR

2000)

Half-life

(UNSCEAR 2000;

Browne and

Firestone 1986)

Kd
a Decay mode

(Browne and

Firestone

1986)

Daughter (Browne

and Firestone 1986)

Dominant form in seawater Byrne (2002) and

in the surface of the earth (Bruland 1983;

Emsley 1989) (nuclear reactions for the

production of radionuclides) (Hou and Roos

2008)

Ba-140 12.75 d 9 � 103 b, g 57La-140 (1.68 d) to

58Ce-140

(stable)

Ba2+ , BaSO4, earth’s crustal material

Ce-141 32.50 d 7 � 107 b, g 59Pr-141 (stable) CeCO3
+, Ce3+, CeCl2+ , earth’s crustal

materialCe-144 284.9 d 7 � 107 b, g 59Pr-144 (7.2 min)

to 60Nd-144

(2.1 � 105 a) to

58Ce-140

Sm-151 90 a 5 � 105

_
b 63Eu-151(stable) SmCO3

+, Sm3+, SmSO4
+
, earth’s crustal

material

Eu-155 4.96 a 2 � 106 b, g 64Gd-155 EuCO3
+, Eu3+, EuOH2+, Eu(CO3)2

�, earth’s
crustal material

Np-237 2.144 � 106 a 1 � 103 a 91Pa-233 (27.01 d) Trace in uranium mine, 238U(n,

2n)237U!237Np; 235U(n, g)236U(n,
g)237U!237Np

Pu-238 87.74 a 1 � 105 a 92U-234 Soluble Pu(V), particulate Pu(IV)
235U(n, g)236U(n, g)237U(b�)237Np(n,

g)238Np(b�)238Pu, 238U(n, 2n)237U
(b�)237Np(n, g)238Np(b�)238Pu

Pu-239 24,100 a 1 � 105 a, g 92U-235
238U(n, g)239U(b�)239Np(b�)239Pu

Pu-240 6560 a 1 � 105 a, g 92U-236

(2.32 � 107 a)

238U(n, g)239U(b�)239Np(b�)239Pu(n,
g)240Pu

Pu-241 14.4 a 1 � 105 b 95Am-241

(432.75 a)

238U(n, g)239U(b�)239Np(b�)239Pu(n,
g)240Pu(n, g)241Pu

Am-241 432.75 a 2 � 106 a 237Np 241Pu(b�)241Am

(b)

Noble

gases

41Ar, 85Kr, 85mKr, 87Kr, 131mXe, 133Xe, 133mXe, 138Xe

Others 3H, 24Na, 51Cr, 54Mn, 55Fe, 56Mn, 57Co, 58Co, 59Fe, 60Co, 65Zn, 89Sr, 90Sr, 92Sr, 95Nb, 95Zr, 97Nb, 97Zr, 99Mo, 99mTc,
103Ru, 106Ru, 110mAg, 113Sn, 122Sb, 124Sb, 131I, 132I, 132Te, 133I, 134Cs, 134I, 135I, 136Cs, 137Cs, 138Cs, 139Ba, 140Ba,
140Pa, 141Ce, 143Ce, 144Ce,187W, 239Np

aKd (dimensionless) ¼ [concentration per unit mass of particulate (kg/kg or Bq/g dry weight)]/[Concentration per unit mass of water

(kg/kg or Bq/kg)]. Value in parenthesis indicate that data area insufficient to calculate Kds and was chosen to be equal to the Kds of

periodically adjacent elements (IAEA 2004)
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terrestrial and marine environment for the past 60

years. As anthropogenic radionuclides are introduced

into the sea, they behave almost identical to their

stable counterpart (Pu does not have stable nuclide)

chemical elements (Table 19.1). Moreover, changes in

the level and distribution of specific radionuclides and

isotopic ratios in the oceans through radioactive decay

and/or transport dynamics provide internal clocks (tra-

cers) of many oceanographic processes including

fluxes and input history (e.g., Bowen et al. 1980).

The utility of these anthropogenic radionuclides was

immediately recognized by the marine science com-

munity to apply them to understand the natural marine

processes. Often the natural radionuclides present in

the earth surface were simultaneously utilized to

understand marine biogeochemical processes. The

dynamics of water mass movement, biological particle

formation, sorption-desorption reactions and decom-

position processes, settling rates of particulate matter

through the water column, and ultimate deposition of

radionuclides onto the seafloor in various ocean basins

are of prime interest in ocean geochemistry. In this

connection, Broecker (1974) observed that “During

the International Geophysical Year (July

1957–December 1958) the atomic technology boom

that occurred during the Second World War finally

reached the seas. Since then, the field has seen spec-

tacular growth. Great advances have been made in our

understanding of the substances dissolved in the sea

and buried in the sediments and their utilization as

guides to the nature of both past and present processes

within the sea.”

The application of anthropogenic radionuclides has

been, however, often limited by the techniques avail-

able for sampling and analysis. Earlier analytical

methods of most anthropogenic radionuclides required

relatively large volumes of seawater (approximately

several 100 L), followed by preconcentration and

subsequent radiochemical processing and measure-

ments using analysis resulting from radioactive

decay using alpha, beta, and gamma ray spectrometers

and mass spectrometric atom counting. However, the

developments in instrumentation and technology in

sample collection, preconcentration, and analysis

have reduced the sample size as well as the time

involved in processing and measurement of samples

for many radionuclides. Readers are advised to consult

the sampling and analytical protocols, such as Bas-

karan et al. (2009), for the individual anthropogenic

radionuclide concerned.

A large number of studies of anthropogenic radio-

nuclides in the ocean have contributed either directly

or indirectly to the knowledge on the rates, pathways

of advection, and physical mixing of ocean water,

quantification of marine particle sinking rate and fate

in the ocean interior and burial processes in the sea

Table 19.2 Oceanic inventory of fission products and transuranium elements originating from globally dispersed debris, and local

and regional deposition from atmospheric nuclear tests, including estimates of regional fallout from Pacific Ocean tests sites and

deposition from SNAP-9A decay corrected to 1 January 2000 (reproduced from Hamilton 2004 with some modification, used with

permission)

Radio-nuclide Arctic ocean Atlantic Ocean Indian Ocean Pacific Ocean Total Oceanic Inventory

PBq Kg PBq Kg PBq Kg PBq Kg PBq Kg
3H 8000a 22
14C 130a 3.9
90Sr 2.0 0.40 51 10 22 4 114 23 189 37
99Tc 0.001 1.8 0.03 46 0.01 20 0.07 110 0.11 178
129I 0.000005 0.72 0.0012 18 0.000050 7.7 0.003 43 0.0005 69
137Cs 3.2 1.0 81 25 34 11 182 57 300 93
237Np 0.0003 11.3 0.007 263 0.002 94 0.02 888 0.03 1,256
238Pu 0.002 0.0032 0.13 0.2 0.11 0.17 0.50 0.78 0.73 1.16
239Pu 0.054 23 1.4 591 0.58 250 4.5 2960 6.5 2820
240Pu 0.036 4.2 0.90 106 0.38 45 4.0 477 5.4 632
239+240Pu 0.090 28 2.3 697 0.96 295 8.6 2436 12 3,456
241Pu 0.17 0.046 4.3 1.1 1.8 0.48 24 6.2 30 7.9
242Pu 0.00001 0.091 0.0003 2.3 0.0002 1.0 0.003 22 0.004 26
241Am 0.04 0.29 0.92 7.2 0.39 3.1 3.7 29 5.1 40
aTaken from Povinec et al. (2010)
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floor. Numerous studies have applied these man-made

tracers to study processes such as velocities of ocean

current systems and their mixing rates, particle cycling

and transport, sediment accumulation and mixing

rates, and pore waters dynamics as well as biological

processes (see review articles in Livingston and Povi-

nec 2002; Sholkovitz 1983 and references therein).

Here we have collated previous researches that utilize

anthropogenic radionuclides to understand processes

of circulation and mixing of ocean water, and transport

and fate of the particulate matter in the ocean. Applica-

tion of anthropogenic radionuclides to tracing material

transport in the atmosphere, soil, sedimentation dyna-

mics in estuaries, and transuranics are also presented

in Chaps. 25 (Matisoff and Whiting), 16 (Du et al.),

and 20 (Ketterer et al.), respectively, in this volume.

19.2 Principles of Application

In most cases, the ocean input history of anthropo-

genic radionuclides is relatively well known; therefore

a large number of radionuclides were utilized to trace

their carrier phases in the sea as time markers. In

particular, a large number of network stations were

monitored around the globe by the former Environ-

mental Measurements Laboratory, U.S. Department of

Energy and 90Sr fallout were measured over 30 years

(from 1952 onwards). Using a constant ratio between
90Sr and other nuclides (such as 137Cs/90Sr,
239,240Pu/90Sr, etc.) in the nuclear-weapons testing-

derived fallout, the history of atmospheric fallout of

most of anthropogenic radionuclides was documented.

Upon reaching the surface of the earth’s, each nuclide

behaves similar to their stable counterpart chemical

elements (except those of plutonium and technetium,

as plutonium and 99Tc have no corresponding stable

isotopes). The anthropogenic radionuclide carrier

phases in the sea are water (dissolved phase), dis-

solved organic matter, suspended particulate matter,

bottom sediments, and biota. The carrier phase of each

radionuclide is determined by the chemistry of pre-

vailing redox and acid–base conditions in situ. Chem-

ical forms of radionuclides influence their solubility,

cell-membrane transport and bioavailability, adsorp-

tive behavior onto particles, oceanic residence times,

and volatility in the sea. In some cases, a pair or

multiple anthropogenic radionuclides originated from

a particular source could serve to trace the provenance

of the carrier phase material. The daughter products of

some of the anthropogenic radionuclides have differ-

ent particle-affinity than that of their parents and the

disequilibrium between the daughters and parents may

be used to trace the dynamics of particle formation,

sinking rates in the ocean interior and deposition rates

on the seafloor. Numerical modeling techniques can be

used to improve our understanding of many different

environmental processes, and may apply to pollution

control on a local, regional and/or planetary scale

including climate change predictions. Anthropogenic

radionuclides are playing an even important role in

helping test the validity of these models by providing

ground-truth measurement data on rates and fluxes of

carrier phases such as air and water. These measure-

ments are on the input history of radionuclides tracers

and their evolution through space and time.

19.2.1 Isotopic Composition of Different
Radionuclide Contaminant
Sources

The transuranic composition and relative abundance

of fission products produced in nuclear explosions are

proportional to the duration and intensity of neutron

irradiation as well as the isotopic composition of the

initial material. More intense the neutron flux (e.g.,

high versus low burn-up fuels or high versus low

explosive yield of an atomic weapon) will lead to a

higher proportion of heavier isotopes of transuranics

and higher yields of fission products in the irradiated

material. For example, fallout debris derived from

high yield weapons tests will have a higher
240Pu/239Pu ratio and contain more 137Cs relative to

fallout from a low yield weapons tests. Levels of

contamination originating from the reprocessing facil-

ities will differ based on the nature and burn-up char-

acteristics of the fuel (e.g., low burn-up fuel from the

production of weapons-grade plutonium or high burn-

up fuel resulting from nuclear power generation).

Numerous studies have used the source specific

signatures of nuclear contaminants to reconstruct

radionuclide time histories and delineate inputs from

multiple sources. Much of the available isotopic infor-

mation documents the isotopic signatures of various

sources as they are recorded in different environmen-

tal samples (e.g. soils, sediments, biota, ice and water).
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A list of useful activity and atom ratios of selected

pairs of anthropogenic radionuclides in marine envi-

ronmental applications are shown in Table 19.3.

19.2.2 Radioactive Fallout from Nuclear
Weapons Tests

Atmospheric and aboveground testing of nuclear

weapons is significant because it results in the injec-

tion of radioactive material into the stratosphere and

troposphere; the subsequent deposition of this material

on the planet’s surface is termed fallout. Fallout can

generally be divided into two types: global fallout and

local (or close-in) fallout. Global fallout occurs when

an explosion of sufficient yield occurs, and the debris

is injected into the stratosphere. The deposition

pattern of global fallout exhibits a latitudinal depen-

dence with maxima at mid-latitudes and minima at

the poles and equator. This is due to the fact that

large volumes of air exit the stratosphere via the

tropopause discontinuity in the mid-latitudes. Since

interhemispheric-stratospheric exchange of materials

occurs on longer time scales than materials exchanged

between the stratosphere and troposphere, most global

fallout is deposited within its hemisphere of origin

(Perkins and Thomas 1980).

It is estimated that about 6,500, 4,300, and 40 TBq

(4 � 1013 Bq) of 239Pu, 240Pu, and 237Np, respectively

have been released globally by the surface and atmo-

spheric weapons tests conducted between 1945 and

1980 (Lindahl et al. 2005). Due to the long half-lives

of these radionuclides, these values have not changed

substantially. The estimates for 137Cs reached a maxi-

mum during the mid to late 1960 of 460 PBq

(4.6 � 1017 Bq). Due to its relatively short half-life,

this value will have decreased to about 170 PBq by

2010. Of these total, approximately 76% was depos-

ited in the northern hemisphere, nearly all being

deposited between 0� N and 70�. Using a value of

55% of oceanic areal coverage, it is estimated that

2,500, 1,600, and 15 TBq and 71 PBq of 239Pu,
240Pu, 237Np, and 137Cs, respectively have been depos-

ited to the marine areas of the Northern Hemisphere

(Lindahl et al. 2005; UNSCEAR 2000).

While the initial pathway of fallout nuclides to the

marine environment was direct deposition, a second-

ary pathway for global fallout nuclides reaching the

oceans is continental run-off and related estuarine

processes and tropospheric resuspension of previously

deposited debris that may serve to modify the global

fallout isotopic signatures (e.g., Linsalata et al. 1985;

Shlokovitz and Mann 1987; Hamilton et al. 1996; see

discussion below about the different geochemical

behavior of the radionuclides of interest).

19.2.3 Discharges from the Nuclear Fuel
Reprocessing Plant

A number of nuclear fuel reprocessing plants are

located at the coast and they discharge radioactive

wastes into the sea (Hu et al. 2010). The Sellafiled

and La Hague in the northern Europe are of global

significance in terms of ocean process tracers. The

Sellafield Nuclear reprocessing plant has been dischar-

ging liquid radioactive wastes containing plutonium

isotopes, 237Np, and 137Cs (with some amounts of
134Cs) to the Irish Sea. It has been estimated that 610

and 9.5 TBq (1 TBq ¼ 1012 Bq) of 239,240Pu and 237Np,

respectively and ~20 PBq (1 PBq ¼ 1015 Bq) of 137Cs

(decay corrected to 2010) have been released since the

plant began operating in 1952 (Assinder 1999; Beasley

et al. 1988; Gray et al. 1995; Kuwabara et al. 1996). The

reported atom ratios of 240Pu/239Pu and 237Np/239Pu in

discharges from Sellafield weighted over the operating

period of the plant are 0.242 and 1.69, respectively. The

La Hague Plant located in the west of Cherbourg,

France began operating in 1966. Its radioactive waste

discharge peaked in the late 1970 to early 1980. The

cumulative discharge from La Hague between 1967

and 1995 was 33, 1,600, 654, 1.3 and 2.5 TBq of
60Co, 90Sr, 137Cs, 238Pu, 239+240Pu, respectively

(Cundy et al. 2002). The 1997 sample of effluent

showed a relatively high 240Pu/239Pu of 0.34 (Ketterer

and Szechenyi 2008). La Hague also discharged 129I

as much as 1,640 kg for the period of 1975–1997

(Raisbeck and Yiou 1999).

19.2.4 Chernobyl Derived Contamination

It is estimated that the total activity of 239,240Pu and
137Cs released to the environment as a result of the

accident at Chernobyl (April 1986) was 0.055 and

85 PBq (24 PBq in 2010), respectively. Kirchner
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and Noack (1988) estimate that the 240Pu/239Pu and
237Np/239Pu atom composition in the reactor core at

the time of the accident were 0.56 � 0.16 and

0.023 � 0.006, respectively. Although there are no

published values for Chernobyl derived 237Np,
240Pu/239Pu atom ratios of around 0.4 have been deter-

mined in soils near the facility (Krey et al. 1986;

Muramatsu et al. 2000). Several studies of the Cher-

nobyl accident have shown that the deposition pattern

of radioactivity was highly variable over Europe and

that the isotopic composition of this material varied

throughout the period of the accident (Buesseler and

Livingston 1996; Krey et al. 1986; Livingston et al.

1988). Chernobyl-derived 137Cs was estimated to have

added 5 and 3 PBq into the Baltic and Black Seas,

respectively (Livingston and Povinec 2000) and 3 PBq

in the Mediterranean Sea (Papucci et al. 1996).

19.3 Applications of Selected
Anthropogenic Radionuclides

19.3.1 Tritium (3H)

One of the most significant applications of anthropo-

genic radionuclides to climate studies up to the present

is the utilization of the bomb tritium distribution in the

North Atlantic (Fig. 19.1). With its presence in inter-

mediate and deep waters, it directly confirmed that the

deep water forms in the North Atlantic as postulated

by the box model of global ocean conveyor-belt circu-

lation (Broecker 1974). Before the era of nuclear

weapons testing, the world’s inventory of cosmic

ray-produced tritium was estimated to be ~7 kg, how-

ever, by the time of the moratorium on widespread

testing in 1963 an additional amount of the order of

100 kg had been introduced largely to the northern

hemisphere. Both natural and anthropogenic tritium is

rapidly transferred to the surface ocean as HTO

(1H3HO) via direct precipitation and gas exchange.

Tritium decays to 3He with 12.43 years half-life.

Bomb-produced tritium has considerable potential as

a tracer for oceanic circulation and for the study of

processes with time-scales of less than 100 years due

to its short half-life. Tritium is normally reported in

Tritium unit (1 TU ¼ 1 � 10�18 atoms of 3H per atom

of hydrogen or 1 tritium atom in 1018 hydrogen atoms;

1 TU ¼ 3.19 pCi/L ¼ 118 Bq m�3). In subsurface

waters, the 3He thus formed cannot escape, so that

the combined measurements of tritium and the in situ

grown 3He enables tritium�3He “dating”, the age is

the period since the parcel of water left the surface

mixed layer (Roether et al. 1999)

The tritium/3He age, tHe-3, is calculated using

(19.1),

tHe�3 ¼ T1=2=ln2 � lnð1þ ½3He�tri�=½3H�Þ (19.1)

where T1/2 is a half life of tritium (3H) and 3He–tri is

tritiogenic 3He.

Fig. 19.1 A North Atlantic tritium meridional section in the Denmark Strait to the Central Sargasso Sea taken in the early 1980.

The extensive penetration of bomb tritium in the Norwegian Sea (60oN) is clearly visible (Jenkins 2001, used with permission)
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Due to radioactive decay, the bomb-produced tri-

tium inventory has reduced from 113,000 PBq at 1963

to 8,000 PBq in 2010 or only about 4 times larger

than the natural fallout level. The reprocessing

plants-originated 3H oceanic inventory is estimated

to be 45 PBq in 2010 (Povinec et al. 2010). And after

cessation of bomb-derived 3H global fallout in the

early 1980, the water circulation and mixing appears

to influence 3H distribution in the ocean more than the

atmospheric input in the past.

19.3.2 Radiocarbon (14C)

Radiocarbon is also produced naturally in the atmo-

sphere by nuclear reaction of cosmic ray-produced

neutrons with atmospheric nitrogen. The 14C produc-

tion rate of 2.2 atoms cm�2 s�1 is balanced by its

disintegration by beta decay. During its mean lifetime

of 8,200 years radiocarbon can penetrate the active

carbon reservoirs through chemical reactions of car-

bonic acid formation and plant photosynthesis

(Fig. 19.2). The production rate of 14C has not been

constant with time, and neither have the rates of pro-

cesses that distribute 14C among various reservoirs. In

addition to these natural perturbations, the emission of

CO2 to the atmosphere by fossil fuel combustion has

measurably reduced the atmospheric 14C/12C ratio.

The large input of 14C into the upper atmosphere

resulting from nuclear weapon testing became mea-

surable in 1954. At the time of the implementation of

the test ban treaty in 1963, the number of nuclear-

weapons-derived 14C atoms in the atmosphere was

roughly equal to the number of cosmogenic 14C

atoms. This excess 14C has decreased to ~10% of the

cosmogenic 14C inventory as of the year 2000

(Broecker 2003). This decrease is mainly due to

removal of 14C by the exchange with ocean SCO2

and terrestrial biospheric carbon and dilution by the

addition of 14C free fossil-fuel-derived CO2 molecules

to the atmosphere (Broecker 2003). And the current

atmospheric and biotic mass activities of 14C are close

to levels observed prior to atmospheric nuclear weap-

ons testing (Yim and Caron 2006).

As it is difficult to measure absolute 14C concentra-

tions, it is conventional to express 14C determinations

as the per mil difference between the specific activity

of the sample and 0.95 times the activity of a standard

carbon sample (ANBS Std), with the ‘modern’ is defined

as the year of 1950. Thus

d14C¼ðAsample�0:95ANBSStdÞ=ð0:95ANBSStdÞ�1;000

(19.2)

The principalmodern radiocarbon standard (ANBS Std)

is NIST oxalic acid I (C2H2O4), made from a crop

of 1955 sugar beets. Ninety-five percent of the activity

Fig. 19.2 Schematic presentation of the processes leading to the production and distribution of 14C on earth. The sudden increase of
14C in the atmosphere by nuclear weapons testing in the early 1960 is also indicated. (Kutschera 2010, used with permission)
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of oxalic acid I from the year 1950 is equal to the

measured activity of the absolute radiocarbon standard

which is 1890 wood (chosen to represent the pre-indus-

trial atmospheric 14CO2), corrected for radioactive decay

to 1950.

Furthermore, it is necessary to allow for 14C differ-

ences produced by isotopic fractionation. This is

achieved by use of the 13C/12C ratio, which is itself

also expressed as enrichment:

d13Cð‰Þ ¼ �ð13C=12CÞsample � ð13C=12CÞstandard
�

=
�ð13C=12C)standard

�� 1; 000

(19.3)

Normalized 14C enrichments are then given by the

formula:

D14C ¼ d14C� 2ð d13Cþ 25Þð1þ d14C=1;000Þ ‰
(19.4)

19.3.2.1 Validating Global Ocean Carbon Model

The distribution of bomb-produced 14C in the ocean

has been summarized on the basis of radiocarbon

measurements made during GEOSECS (Geochemical

Ocean Sections Study), TTO (Transient Tracers in the

Ocean), and SAVE (South Atlantic Ventilation Exper-

iment) ocean survey programs. The inventory of bomb
14C and the mean penetration depth of this tracer in the

water column for the Atlantic (1972–1973), Pacific

(1973–1974), and Indian (1977–1978) oceans have

been published from the GEOSECS results. To elimi-

nate the time difference, these bomb 14C inventories

are normalized to 1 January 1975. This represents the

global spatial distribution of bomb 14C tracer, which is

required for calibration of ocean models, especially

when these models are to be used for estimating the

oceanic uptake of CO2. In addition, results obtained

from expeditions during later years from TTO in the

northern and tropical Atlantic (1981–1982), and

SAVE in the southern Atlantic (1987–1988) are also

published by Broecker et al. (1995). This information

depicts the temporal variations of the bomb 14C distri-

bution in the Atlantic Ocean. The evolution of bomb
14C inventory in the ocean with time is another valu-

able piece of information for verifying the models of

the global ocean carbon cycle (Peng et al. 1998).

19.3.2.2 Tracing Dissolved Organic Carbon

Sinking in the Sea

According to Beaupre and Druffel (2009), dissolved

organic carbon (DOC), is largely derived from the

autochthonous production in the sun-lit surface

ocean, and is the largest reservoir of reduced carbon

in the ocean with its magnitude of about 685 � 1015 g

C and is comparable to the carbon in the atmosphere in

the form of CO2. The 4,000–6,000 year 14C ages of

deep ocean DOC suggest that a significant portion

cycles on longer time scales and ages during deep

water transit. The processes that produce these old

ages remain unknown. As a tracer of time and carbon

sources, the 14C content of marine DOC is a powerful

tool for potentially constraining many of these uncer-

tainties. They were able to infer the sinking of DOC

from the surface ocean to depths of about 450 m on

time scale of months based on the time series observa-

tions of D14C of DOC between 1991 and 2004, and the

magnitude and synchronicity of major D14C anomalies

(Beaupre and Druffel 2009).

19.3.2.3 Dating Marine Samples for the Recent

Past ~60 Years with High Accuracy

Living organisms take up radiocarbon through the

food chain and via metabolic processes. This provides

a supply of 14C that compensates for the decay of the

existing 14C in the organism, establishing equilibrium

between the 14C concentration in living organisms and

that of the atmosphere. When an organism dies, this

supply is cut off and the 14C concentration of the

organism starts to decrease by radioactive decay at a

rate determined by the radiocarbon half-life. This rate

is independent of other physical and environmental

factors. The time t elapsed since the organism was

originally formed can be determined from (19.5):

t ¼ T1=2= ln 2� lnðNt=NoÞ (19.5)

where T1/2 is the radiocarbon half-life, No is the origi-

nal 14C concentration in the organism and Nt is its

residual 14C concentration at time t (Hua 2009). This

method has been utilized extensively for the climate

proxies and dating older objects in archaeology. How-

ever, we would like to highlight the importance of

bomb-derived 14C as the anthropogenic 14C
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overwhelmed the naturally produced 14C by masking

its natural variability, and thus allowed dating objects

of the recent past ~60 years with much greater accu-

racy than for 14C age-dating conducted during the pre-

bomb period, e.g., determination of age-depth model

for a salt marsh (Marshall et al. 2007). As another

example, accurate measurements of the age of fish

provide valuable information for the sustainable man-

agement of fish stock in the sea (for dating of fish

otoliths, see Chap. 37). Piner et al. (2006) collected

otoliths from bocassio rockfish off the coast of

Washington State of USA and determined their birth

years and inferred that they can live at least 37 years.

The age-structured stock assessment is helpful for the

fish mangers to evaluate the sustainability of the fish

populations in the region.

19.3.2.4 Tracing Source of Organic Matter

in Estuary

Organic matter is one of the controlling factors deter-

mining the fertility and environmental quality of estu-

aries and coastal oceans. Organic matter may have its

origin from in situ primary production, resuspension of

the bottom sediment, and terrestrial detritus discharged

from surface runoff through rivers and streams. The

advantage of 14C determinations over the use of 13C as

a marker for the source of organic material is the fact

that 14C age of biomass of short living organisms is,

unlike-d13C, the same for all organic constituents,

because the effect of isotopic fractionation is removed

by the normalization procedure used in 14C age deter-

mination as described above. For example, Megens

et al. (2001) were able to elucidate that particulate

organic matter in the southern North Sea during winter

is mainly derived from the resuspension from the bot-

tom sediment by utilizing bomb-14C signal.

19.3.3 Manganese (54Mn)

54Mn, 58Co, 60Co, 134Cs and 137Cs are among the com-

mon beta/gamma emitting radionuclides discharged

under normal operating conditions by many nuclear

facilities. For instance in 1995, these five isotopes

accounted for about 68% of the non-tritium low-level

radioactive liquid wastes from French 1,300 MW pres-

surized reactors. In addition to this radioecological

aspect, the three elements selected present a special

interest from a biological standpoint. Cs is biochemi-

cally analogous to K while Mn and Co are classified

among the ten vital elements for life. Co is vital to

many enzymatic systems and to the formation of

noble molecules, such as vitamin B-12. Mn is a coacti-

vator of such enzymes as transferases and decarboxy-

lases, and is a constituent of several metalloenzymes,

including pyruvate carboxylase and superoxide dismu-

tase. Therefore, these radionuclides could be used to

study metal physiology, e.g., trophic transfer factors, in

biological organisms in the marine areas adjacent to the

nuclear waste discharge facilities (Baudin et al. 2000).

19.3.4 Iron (55Fe)

Introduction, formation, decomposition, dissolution,

and sinking of particulate matter is largely responsible

for the vertical segregation of biophilic chemical ele-

ments in the sea. Themain aspects of particulate matter

have been the size, settling rate, and physical, chemical

and biological compositions. During the 1960, 55Fe

constituted one of the major radioactive isotopes pres-

ent in atmospheric fallout. Although 55Fe, which has a

2.4 year half-life, decays exclusively through electron

capture and emits a very weak 5.9 keV X-ray, this

isotope is of biological interest because Fe is an essen-

tial element for plant growth and is absorbed by red

blood cells of animals. 55Fe fallout from atmospheric

weapons detonations was largely associated with aero-

sols as an amorphous oxide or as extremely small

particulate species attached to the surfaces of large

aerosol particles. The 55Fe contained in these aerosols

was more readily solubilized and became available to

marine organisms than the stable iron in geological

matrix of soil (Weimer and Langford 1978). Massic
55Fe activity was utilized to obtain Fe-laden particle

dynamics in the Pacific Ocean. Lal and Somayajulu

(1977) found that 14C-laden biogenic calcareous parti-

cles (~ 6 mm diameter) sank faster than 55Fe-labeled

small particles (~ 1 mm diameter) sinking to the depths

of 2,500 m in the Pacific Ocean. And 55Fe-labled

particles sank faster than Pu isotope-labeled particles

in the North Pacific Ocean (Livingston et al. 1987).

These studies indicated that particulate carrier phase

may be specific to each metallic element. Recently the

role of iron in the photosynthesis of marine plant,
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hence, its influence on the climate change has drawn

considerable attention. Its role on the sequestration of

atmospheric CO2 received extensive interests from

both scientific and commercial community (e.g.,

Betram 2010). In this context, biogeochemistry of

iron in the sea could be elucidated using 55Fe as a

tracer at sites where it is released.

19.3.5 Cobalt (58Co and 60Co)

Controlled low level radioactive waste release from

routine operation of nuclear power plants could be

monitored using 60Co and other radionuclides (137Cs,
134Cs) and their spatial gradients could be used for

estimating the extent of discharge plume in the receiv-

ing water body and sediment budget (Olsen et al 1981).

Cutshall et al. (1986) used 60Co and 152Eu to trace the

Columbia River derived sediment in Quinault Canyon,

Washington, USA by utilizing unusual, once-through,

open-loop cooling system at the Hanford nuclear facil-

ity. Donoghue et al. (1989) have used 134Cs to estimate

sediment trapping behind the river dams located below

the nuclear reactors as the affinity of cesium for sedi-

ment particles, illite mineral in particular, in the fresh-

water are very high and desorption does not occur. The

presence of 60Co in the bottom sediment was used to

confirm a nuclear submarine reactor accident occurred

in 1985 in Sterlok bay, Peter the Great Bay off

Vladivostok (Tkalin and Chaykovskaya 2000).

19.3.6 Krypton (85Kr)

85Kr concentrations in the atmosphere and ocean have

been increasing steadily since 1945 as a result of

atmospheric release from nuclear power plants, pluto-

nium production and nuclear waste processing facil-

ities, and in atmospheric nuclear weapons tests. 85Kr

has a great potential as a tracer for ocean ventilation

and water mass formation. There are two basic reasons

for this: (1) 85Kr enters the ocean by gas exchange

with an equilibration time of 1 month or less. Hence

nearly the entire ocean surface will be in equilibrium

with the atmosphere, and the surface water concentra-

tion as a function of time at any location in the ocean

can be accurately calculated from the documented

atmospheric history (Winger et al. 2005; Kemp 2008)

and krypton solubility data; and (2) Krypton is an inert

gas and 85Kr is absolutely conservative in seawater

except for its radioactive decay. Smethie et al. (1986)

were able to show that Norwegian Sea Deep Water

forms from a mixture of Greenland Sea Deep Water

and Eurasian Basin Deep Water. They estimated the

volume transports for exchange between the surface

and deep Greenland Sea and for exchange between the

deep Greenland and deep Norwegian seas. They also

estimated the residence time of water in the deep

Greenland Sea with respect to exchange with surface

water. As 85Kr is introduced from the air, deep water

sample for the gas analysis may be checked with its

presence as an indicator of air contamination during

sampling (Schlosser et al. 1995).

19.3.7 Strontium (89Sr and 90Sr)

Most of the 90Sr fallout in surface waters is derived

from global fallout. The interest in 90Sr stems from the

following: (1) 90Sr is a high-yield product of U and Pu

fission; (2) 90Sr is a tracer for stable Sr, and Sr has

similar properties as Ca; (3) 90Sr is the most widely

and carefully monitored fallout radionuclide in precip-

itation, aerosols, and soils. Indeed, the bomb test fall-

out of 137Cs is calculated based on the monitored 90Sr

fallout, assuming constancy of the 90Sr/137Cs ratio,

and (4) its moderate half-life of 28.9 years (Baskaran

et al. 2009). In the year of 2000, total oceanic inven-

tory of 90Sr was estimated to be 189 PBq (37 kg)

(Hamilton 2004) and it constitutes ca. 0.3 � 10�9 g
90Sr/g Sr in the world ocean based on the average Sr

concentration (8.7 � 10�5 mole/kg) and world ocean

volume (1.37 � 1021 L) (Broecker and Peng 1982).
90Sr largely resides in the water column with subsur-

face peak at ca. 300 m (Fig. 19.6) and very small

fractions (0.02–0.04%) are buried in the sediment in

the deep Pacific Ocean Basin (Lee et al. 2005). 90Sr

concentration in the surface 1 km depth decreased

approximately 30% over the past 24 years

(Fig. 19.3). As the environmental half-life of 90Sr in

the central NW Pacific Ocean is ca. 15 years (Povinec

et al. 2005), 90Sr would decrease to 0.1 Bq m�3 by

2060 (if there is no additional sources in the future),

which would be difficult to measure with 50 L of

seawater sample using oxalate precipitation method

(Baskaran et al. 2009).
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The residence time of stable Sr is ~ 5 � 106 year in

the ocean, and several orders of magnitude longer than

the global ocean turnover time (~ 1,500 years). The

removal from the sea can be made through the forma-

tion of SrCO3 (strontianite), SrSO4 (celestite), and

incorporated into Barite (BaSO4) as impurities.

SrCO3 is formed when Sr is incorporated into coralline

skeletons at sea. The sodium carbonate fortified sea-

water from which coral skeleton precipitates has a

Sr/Ca ratio close to that of seawater (~0.8 � 10�2),

but it is depleted in Mg and Ba (Gaetani and Cohen

2006). Recently, it was shown that SrCO3 mol per-

centage in coralline algae (rhodoliths) in coastal

waters off Scotland closely followed the in situ tem-

perature (Kamenos et al. 2008). Therefore, 90Sr might

be utilized as a paleothermometer for corals and other

biogenic carbonates proxies.

Celestite is formed as major skeletons and cysts of

acantharians, abundant planktonic protists. Settling

skeletons of dead acantharians and acantharian cysts

are readily dissolved because the ocean is undersatu-

rated with respect to SrSO4. Most oceanic water is

undersaturated with respect to barite (BaSO4), yet bar-

ite particles are ubiquitous throughout the water col-

umn in the ocean. Barite formation in the water column

and its accumulation in sediments are closely related to

export production of carbon. Sr is incorporated into

barite precipitation (average 36.6 mmol Sr/mol Ba)

(Paytan et al. 2007). However, the mechanism of barite

formation has not been clearly understood yet. Three

main hypotheses that have been proposed for barite

formation in the oceanic water column include: (1)

Barite is formed in microenvironments in which sul-

fate is enriched due to organic matter oxidation;
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(2) A thermodynamically driven barite formation

process in which the dissolution of acantharian celes-

tite (SrSO4), which is enriched in Ba (BaSO4/SrSO4),

creates barium rich microenvironments conducive to

barite precipitation; and (3) Barite is formed by Ba

enrichment rather than SO4
2� enrichments. It is

reported that these proposed mechanisms for barite

formation are not mutually exclusive. Acantharian dis-

solution within microenvironments appears to lead to

BaSO4 supersaturation and subsequent barite forma-

tion (Bernstein and Byrne 2004).

In case of a relatively fresh fission product mixture,

another radiostrontium, 89Sr with a half-life of 50.5

days, can also be present. As the fission yields of both
89Sr and 90Sr are known, their activity ratio can be

applied in the dating of the fission product formation.

According to UNSCEAR (2000), the 89Sr/90Sr activity

ratio should be 188 just after a nuclear explosion

(Paatero et al. 2010)

19.3.7.1 Quantifying Particle Removal

The disequilibrium between the soluble parent isotope
90Sr (t1/2 ¼ 29.1 years) and its particle-reactive daugh-

ter 90Y (t1/2 ¼ 64 h) has been used to estimate particle

settling rates in freshwater systems (Orlandini et al.

2003) and in estuaries and the coastal ocean. Because

of the short half-life (64 h) of 90Y, this method could-

be used to trace faster processes than what is

possible using 238U (t1/2 ¼ 4.468 � 109 years)�234Th

(t1/2 ¼ 24.1 days) disequilibria. However, in order to

utilize 90Y�90Sr pair as a particle-cycling tracer, the

particulate 90Y (90Sr likely negligible) and dissolved
90Y needs to be separated immediately after sample

collection and hence immediate filtration is required.

The mathematical expressions to relate the measure-

ments of 90Sr�90Y disequilibrium to the physical

dynamics of particles and particle-reactive species

are similar to expressions developed and applied to

uranium– thorium disequilibria in the sea (19.6).

lpNp ¼ ldNd þ kNd (19.6)

Here lp and ld are the decay constants of the parent
(here 90Sr) and the daughter nuclide (90Y), respec-

tively. The N terms are the atom concentrations of the

parent and daughter nuclides in the water column. The

k term is the first-order net removal rate coefficient

(nonradioactive) for the particle-active daughter

nuclide. In (19.6), the advection (horizontal and verti-

cal) and diffusion are neglected. Solving for the

removal coefficient (residence time ¼ 1/k) and con-

verting to activities (A, expressed in Bq m�3) by using

the appropriate decay constants gives the following:

k ¼ ldðAp � AdÞ=Ad (19.7)

19.3.7.2 Tracing Water Mass Movement

Water column distribution of 90Sr, 99Tc, 129I, 137Cs,
238Pu, 239Pu, and 241Am over time was used to esti-

mate horizontal advection rates of various water

masses in various parts of the ocean, for example, in

the Arctic Ocean (Livingston et al. 1984), Adriatic Sea

(Franić 2005), Norwegian Sea (Yiou et al. 2002), and

Sulu Sea (Yamada et al. 2006).

Also, 90Sr activity in the river varies depending

upon the watershed soil and denudation characteristics

in its watershed, and could serve as a source indicator

in the estuary. For example, 90Sr activity in the Danube

River was 15–30 times lower than that of Dneiper

River in the north-west Black Sea. Based on this infor-

mation, Stokozov and Buesseler (1999) constructed a

water mixing model using 90Sr and salinity as water

mass tracers for the northwest Black Sea. Present dis-

tribution of 90Sr also serves as the benchmark to assess

future spreading of radionuclides for specific release

scenarios. Gao et al. (2009) modeled the difference

between the present-day and the 2 � atmospheric

CO2-warming scenario runs for the accidental releases

of 90Sr in the Ob and Yenisey rivers and indicated that

more of the released 90Sr would be confined to the

Arctic Ocean in the global warming run, particularly

in the coastal, non-European part of the Arctic Ocean.

19.3.8 Ruthenium (103Ru and 106Ru)

103Ru and 106Ru fallout radionuclides released from

theChernobyl accident alongwith other gamma-emitting

fallout radionuclides, 134Cs, 137Cs, 110mAg, were used to

quantify water mass movement in the seas. Carlson and

Holm (1992) measured the concentrations of these

nuclides in marine plant, Fucus vesiculosus L. in the
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Baltic Sea area following the Chernobyl accident.

The activity ratios of 106Ru/137Cs and 144Ce/137Cs in

sediment trap and suspended particles were utilized

to distinguish the particles laden with Chernobyl

Cs (134Cs/137Cs ¼ 0.5) and earlier global fallout

(134Cs/137Cs ¼ 0.0) in the Black Sea (Buesseler et al.

1990).

19.3.9 Antimony (125Sb)

Antimony-125 is a conservative tracer. A large set of
125Sb data collected from the English Channel and

southern North Sea between 1987 and 1994 have

been utilized to validate hydrodynamic model in this

region (du Bois and Dumas 2005; du Bois et al. 1995).

For the field validation with tracers, the coverage of

the spatial and temporal tracer concentrations with

high accuracy is required. The ideal water mass tracers

should show conservative behavior in the water mass,

i.e., neither fixed by environmental components (sedi-

ment, living species) nor modified during its stay in

seawater, and when subsequently diluted, it must be

measurable at several hundred or thousand kilometers

from its point of discharge. Good tracers must have

only one or a set of well-defined and characterized

input functions and their flow must be well tracked.

In this context, anthropogenic radionuclides released

by nuclear fuel reprocessing plants fully meet these

specifications if their half-life is long enough com-

pared to the transit-times in the ocean basin. Since

1960, large-scale studies have been chiefly concerned

with 137Cs, a point source tracer due to the discharge

from the nuclear fuel reprocessing plant at Sellafield

on the Irish Sea. Other tracers, namely 134Cs, 90Sr and
99Tc, 125Sb and 239+240Pu have also been used to

monitor the transport of water masses. For example,

dispersion of a water from the Rhone River into the

coastal Mediterranean Sea was modeled using 125Sb,
137Cs and 239+240Pu (Periáñez 2005).

19.3.10 Iodine (129I)

In the terrestrial and marine environment, natural

levels of 129I (cosmogenic origin) have been over-

whelmed by a build-up of ’’new’’ 129I, a product of

the nuclear age. Much of this new 129I has entered the

ocean and is now found in its upper layers. Using 129I

as a point source tracer due to the discharge from the

nuclear fuel reprocessing plants, it has been employed

as an oceanographic water mass tracer to determine

transit time scale based on the horizontal concentra-

tion gradients from the point of discharge. 129I has also

been used as a tracer for monitoring nuclear activities,

including nuclear safeguard investigations. Further-

more, the differences in the 129I/137Cs and 129I/99Tc

activity ratios of reprocessed and unprocessed nuclear

wastes are also utilized as markers to distinguish

water masses because of their unique chemical proper-

ties (e.g., solubility, volatility) and high sensitivity

of detection. The activity ratio 129I/137Cs was used

to distinguish between accidental or deliberate

discharges of these two types of radioactive wastes

to the ocean (e.g., Raisbeck and Yiou 1999).

During primary production, iodine is incorporated

in marine organic matter and migrates through the

food chain. The 129I/127I atom ratio in marine organics

therefore reflects the value found in the ocean’s photic

zone when the organic matter formed. Because the
129I/127I atom ratio in any well-mixed marine basin

has increased rapidly since the advent of the nuclear

age, establishing the buildup pattern of 129I in that

basin’s surface waters would allow us to ’’date’’ the

time of formation of any organic matter in the euphotic

zone, provided we can obtain an adequate amount of

iodine from samples (Schink et al. 1995). Measure-

ment of this ratio currently requires the use of acceler-

ator mass spectrometer (AMS).

19.3.11 Cesium (134Cs and 137Cs)

Cesium is an alkali metal existing as the Cs+ ion in the

oceans. Similar to other alkali metals (e.g., potassium),

cesium is conservative in seawater (Brewer et al.

1972). In terrestrial environment, Cs is strongly asso-

ciated with soil and sediment particles. Kd values for

Cs in freshwater environments are large and on the

order of 1–5 � 105. This value decreases substantially

as particulate matter is delivered to the oceans via

rivers and estuaries. As salinity increases, so too does

competition for sediment sorption sites from other

cationic species such as K+, resulting in desorption

of cesium. In pelagic environments, Kd is observed

to be significantly lower and has been reported to vary
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between 4 � 102 and 2 � 104 L kg�1 (IAEA 2004),

with lower end in the Black Sea (Topcuoğlu et al.

2002).

In the year of 2000, total oceanic inventory of 137Cs

was estimated to be 300 PBq (93 kg) (Hamilton 2004)

and it constitutes ca. 0.2 � 10�12 g 137Cs/g Cs in the

world ocean based on the average Cs concentration of

2.3 � 10�9 mole/kg and world ocean volume of

1.37 � 1021 L (Broecker and Peng 1982). 137Cs

largely resides in the water column with subsurface

peak at ca. 200 m and very small fractions

(0.01–0.12%) are buried in the sediment in the deep

Pacific Ocean Basin (Lee et al. 2005). 137Cs concen-

tration in the surface 1 km depth decreased approxi-

mately 40% over the past 24 years (Fig. 19.4). As the

environmental half-life of 137Cs in the central NW

Pacific Ocean is ca. 24 years (Povinec et al. 2005),
137Cs would decrease to ca. 0.1 Bq m�3 by 2108,

which would be difficult to measure with current

AMP precipitation method (Baskaran et al. 2009).

19.3.11.1 Utilizing 134Cs/137Cs Activity Ratios

for Estimating Water Transit Time

in the Arctic

One of the most significant point source discharges of

anthropogenic radionuclides in the ocean is the Sella-

field reprocessing plant (formerly Windscale) UK into

the Irish Sea since 1952 in the North Atlantic. The

reprocessing waste from La Hague, north-west France

discharging into the English Channel since 1966 is

relatively small compared to Sellafield (Kershaw and

Baxter 1995). The contribution of La Hague to the

marine inventory of 137Cs, 90Sr, 99Tc and Pu was

estimated to be 2.3, 12.2, 12.6 and 0.4%, respectively,

of the Sellafield releases (Kershaw and Baxter 1995).

The discharge of anthropogenic radionucldies resulted

in substantial increase in their inventories in the North

Atlantic and its marginal seas. The soluble radionu-

clides (90Sr, 99Tc, 129I, 134Cs, 137Cs) released from

Sellafield are carried northwards out of the Irish Sea
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via the North Channel, and flow around the coast of

Scotland into the North Sea and then in the Norwegian

Coastal Current (NCC). This NCC branches off north-

ern Norway with one branch passing through east-

wards into the Barents Sea (Vakulovsky 1987) and

other current becomes the West Spitzbergen Current,

passing through the Fram Strait into the Nansen Basin

(Holm et al. 1983; Kautsky 1988; Smith et al. 1990);

Kershaw and Baxter 1995). Using 134Cs/137Cs ratios at

the source, one can determine the transit time of water

masses from the discharge point to the Arctic Ocean. If

R0 and Rt are the 134Cs/137Cs activity ratios at the

discharge point in Sellafield and at a point in the

middle of Nansen Basin, then,

Rt ¼ R0 expðl137 � l134Þt (19.8)

From this, the transit time (t) can be calculated as

follows:

t ¼ 1=ðl134 � l137Þ � lnðR0=RtÞ (19.9)

l134 and l137 are the decay constants of 134Cs and
137Cs, respectively. There is no other background
134Cs, but there are background 137Cs derived from

the global fallout. At the time of sampling (1970), the

background 137Cs due to global fallout was in the

range of 3–5 Bq m�3 at the corresponding latitudes,

whereas levels at >120 Bq m�3 occurred in the north-

ern Scottish waters. Equation (19.9) assumes the fol-

lowing: (1) the decrease in 134Cs/137Cs is only due to

radioactive decay as the water mass moves; (2) there is

no preferential removal of 134Cs or 137Cs; and (3) the

change in 134Cs/137Cs activity ratio due to mixing with
134Cs depleted water is negligible and the 137Cs con-

tribution from the global fallout to the sample col-

lected is negligible. Using the 134Cs/137Cs ratios, the

transit times were calculated to be 5–6, 7, and 7–9

years in North Cape, Svalbard, East Greenland,

respectively (Kautsky 1988). This range of transit

time is comparable to the advective time for transport

around the perimeter of the Arctic Ocean from the

Santa Anna Trough to the southern Canada Basin

(~6,000 km) of 7.5 years obtained using H-3-He-3

and chlorofluorocarbon data (Mauldin et al. 2010).

These values agree well with the values reported

based on 137Cs and 99Tc (summarized in Kershaw

and Baxter 1995). The transit time from La Hague to

the Arctic is expected to be 3–4 years, about 2 years

shorter than that reported for Sellafield (Kershaw and

Baxter 1995).

19.3.11.2 Tracing Deep Water Formation

Originated from the Regional

Climate Change

The understanding of the deep water formation or

intermediate water formation in the ocean is very

important to understand the oceanic response due to

climate change and vice versa. Sinking of surface

water (formation of intermediate and deep water) is

largely induced by the intense evaporation and cooling

forced by regional climate, and it was generally stud-

ied using hydrographic observation such as tempera-

ture, salinity and dissolved oxygen. However, these

hydrographic variables provide no direct information

on the timing and duration of the sinking events. A

time series measurement of 90Sr and 137Cs in deep

waters could give direct information on the deep water

formation. In the Mediterranean Sea, deep water forma-

tion occurring in the eastern part of the sea shifted

from the southern Adriatic Sea to the Aegean Sea

largely during 1989–1995 with exceptional severe win-

ter in 1991–1993, known as Eastern Mediterranean

Transient (EMT). The deep water formation in the

Aegean Sea was relaxed partially by 1995. The deep

penetration of the Aegean surface water was confirmed

using time series depth distributions of 137Cs in the

water column collected over the period of 1975–1999

byDelfanti et al. (2003). They also utilized the 90Sr-poor

water formed during Chernobyl accident in 1986.

In the Eastern Mediterranean Sea, 137Cs concentration

at 2,000 m depth was found to be ca. 1 and 3 Bq m�3 in

1977 and 1995, respectively. The activity ratio of
137Cs/90Sr in the surface water of the Mediterranean

was 1.54 and 12 (in 1986) for the previous global

fallout contained water and Chernobyl fallout

contained water, respectively. This difference in

the 137Cs/90Sr activity ratio is used to distinguish the

water mass laden with 90Sr-poor Chernobyl originated
137Cs (high 137Cs/90Sr ratio) in 1986 from 90Sr rich

previous global fallout 137Cs (low 137Cs/90Sr ratio) in

the early 1960.

Miayo et al. (2000) found the timing of the deep

water formation in a large marginal sea in the North-

west Pacific Ocean, East Sea (Sea of Japan) using

historical 137Cs profiles collected over the period of
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1976–1996. They found that 137Cs concentrations in

the upper 200 m layer decreased with time, while those

in the deeper layers below 1,500 m depth sharply

increased during the period of 1985–1995, accompa-

nied with the increase of the 137Cs inventory. They

further identified the area of deep water formation in

this period being in the deep Japan Basin off the Peter

the Great Bay, Vladivostok, Russia.

19.3.11.3 Tracing Ice Rafted Sediment

in the Polar Seas

Sea ice in the polar region is one of the most important

transport vectors of terrestrial material to the interior of

the ocean. Terrestrial material is incorporated into the

sea ice in the coastal areas when it forms and released at

farther distances in the Arctic when it melts. In some

cases, sea ice melts and the ice-rafted sediments (IRS)

are retained in the melt ponds and during early fall, it

refreezes. About 15% of the IRS are released during one

freeze-melt cycle (details given in Kaste and Baskaran,

Chap. 5 in this volume). From the measurements of
137Cs in sea ice sediments, it was found that there is no

enrichment of 137Cs or Pu while one to two orders of

magnitude enrichment was found for other atmospheri-

cally-delivered radionuclides such as 7Be and 210Pb

(Meese et al. 1997; Cooper et al. 1998; Landa et al.

1998; Baskaran 2005; Masque et al. 2007). The
239Pu/240Pu atom ratios in the IRS were found to be

~0.18, suggesting that most of the Pu were derived

from the global fallout (Masque et al. 2007).

19.3.12 Neptunium (237Np)

Np is also an actinide element, but it differs from

plutonium in that it is most likely present as the highly

soluble Np(V) as NpO2
+ (Keeney-Kennicutt and

Morse 1984). While it can be present as Np(IV), it is

proposed that Np (IV) in this form is rapidly oxidized

to Np(V) under normal seawater conditions (McCubbin

and Leonard 1997; Pentreath et al. 1986). Kd value of

1 � 103 kg L�1 has been reported for Np in coastal

sediments. In the open ocean, 237Np is thought to behave

conservatively. Livingston et al. (1988) used fallout and

Sellafield derived 137Cs and 90Sr to study ventilation and

circulation processes in the Mediterranean and the Arc-

tic Seas and documented their input into the North

Atlantic Deep Water. 237Np may have similar applica-

tions, with added benefits of a significantly longer half-

life (2.14 � 106 years) and measurement by ICP-MS

which allows lower levels of detection as compared to

traditional radio-counting methods for 137Cs and 90Sr

(i.e., gamma and beta counting). Furthermore, with the

isotopic composition of the main sources of contamina-

tion well characterized, water column 237Np inventories

and 237Np/239Pu and 237Np/137Cs inventory ratios may

be useful for identifying non-fallout sources of contam-

ination and providing additional insight into water col-

umn scavenging processes.

19.3.13 Plutonium (239Pu and 240Pu)

Plutonium is an actinide element. Although Pu can

exist in four oxidation states in natural environment,

it is thought to exist in the oceans predominantly in

two oxidation states, the particle reactive Pu(IV) as Pu

(OH)4 and the relatively soluble Pu(V) as PuO2
+

(Sholkovitz 1983; McMahon et al. 2000). In many

publications, the Pu(III) and Pu(IV) are grouped

together as the reduced forms having average Kd values

of 2.5 � 106 kg L�1 and Pu(V) and Pu(VI) are grouped

together as the oxidized forms having average Kd

values of 1.5 � 104 kg L�1 (Nelson and Lovett 1978).

Much of the published plutonium data is based on

alpha spectrometry, which cannot resolve 240Pu

(5.168 MeV (73.5%), 5.123 MeV (26.4%)) from
239Pu (5.157 MeV (73.3%), 5.144 MeV (15.1%),

5.106 MeV (11.5%)) and is usually reported as the

sum of the 239Pu and 240Pu activity (i.e., 239,240Pu).

The average 239,240Pu/137Cs activity ratio of the global

fallout is well documented to be 0.026 � 0.01 (decay

corrected to 1 Jan 2010) (Koide et al. 1977; Koide

et al. 1975; Krey et al. 1976). More sensitive mass

spectrometric techniques (e.g., ICP-MS and TIMS)

have the ability to resolve the different isotopes of

plutonium (details given in Chap. 18). Kelley et al.

(1999) have shown that the atom ratios 240Pu/239Pu,
237Np/239Pu, and 241Pu/239Pu in soils contaminated

by global fallout exhibit relatively little variation

globally. Their average ratios in global fallout for

the Northern Hemisphere are 0.180 � 0.014,

0.480 � 0.070, and (2.44 � 0.35) � 10�3, respec-

tively (Chap. 20). Several studies have documented
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lower plutonium isotopic ratios in debris originating

from low-yield nuclear tests conducted at the Nevada

Test Site to have an average 240Pu/239Pu ratio of about

0.035 (Buesseler and Sholkovitz 1987; Krey et al.

1976; Perkins and Thomas 1980).

In the year of 2000, total oceanic inventory of
239Pu and 240Pu are estimated to be 6.5 PBq (2,820 kg)

and 5.4 PBq (632 kg), respectively (Hamilton 2004).
239+240Pu largely resides in the water column with sub-

surface peak at ca. 600 m depth (Fig. 19.5) and substan-

tial fractions (30–112%) are buried in the sediment in

the deep Pacific Ocean Basin (Lee et al. 2005).

The 239+240Pu profiles in the central NW Pacific Ocean

indicate that the subsurface maximum of Pu concentra-

tion over the past 24 years decreased by a factor of ca. 4

and the subsurface peaks moved to deeper water from

ca. 450 to ca. 800 m and they were getting less sharp and

more wide (Fig. 19.6). However, the stations located in

the west-ward flowing North Equatorial Current (NEC)

with very low biological activity showed no temporal

changes in the vertical profiles of 239+240Pu over the last

24 years (Povinec et al. 2003). The persistence of sub-

surface Pu peak appears to be correlated with the water

density gradient (Wong et al. 1992).As the environmental

half–life of 239+240Pu in the central NW Pacific Ocean is

ca. 7 years (Povinec et al. 2005), 239+240Pu would

decrease to less than 1 mBq m�3 by 2035, which would

be difficult to measure with a conventional 60 L water

volume and alpha spectrometry (Baskaran et al. 2009).

Similar observation was made for the Santa Monica and

San Padro Basins off California by Wong et al. (1992).

19.3.13.1 Tracing Provenances and Fates

of Nuclear Fallout in the Ocean

Buesseler and Sholkovitz (1987) used Pu to document

the input of both global stratospheric fallout and tro-

pospheric fallout (derived from tests conducted at the

Nevada Test Site) to North Atlantic sediments. They

found the 240Pu/239Pu atom ratios ranged from ~ 0.18

on the shelf to ~ 0.10 at 5,000 m in the solid phase and
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~ 0.18 in the pore water phases of bottom sediments

collected from a transect between Woods Hole and

Bermuda in the 1950 and early 1960. Based on the Pu

isotopic composition, they were able to infer that there

have been at least two distinct sources of fallout Pu in

this region: one is global fallout (240Pu/239Pu ~ 0.18)

and another tropospheric fallout from the Nevada

Tests (240Pu/239Pu ~ 0.035), in which Pu derived

from the Nevada Tests fallouts have been much more

efficiently removed from the water column to deep-sea

sediments and they were more refractory relative to Pu

from global fallout.

19.3.13.2 Tracing Subtropical Water Movement

in the Pacific Ocean

Although the entire surface of the Earth has been

contaminated with radioactive fallout due to the atmo-

spheric nuclear weapons tests conducted from 1945

to the early 1980, radioactive contamination in the

Pacific Ocean is different from the rest of the world

ocean. The earlier nuclear tests were dominated by the

U.S. at the Pacific Proving Ground (close-in fallout,

atom ratio of 240Pu/239Pu >0.3) in the 1950, whereas

the later tests were largely by the former Soviet Union

(stratospheric fallout, atom ratio of 240Pu/239Pu ~ 0.18)

in 1961 and 1962. Stratospheric fallout from the atmo-

spheric nuclear tests virtually ceased in the early 1980.

Most of the terrestrial Pu contaminations in the world

are largely originating from the former USSR nuclear

tests. However, the Pu signal in seawater collected in

early 2000 from the Pacific Ocean revealed that it was

decoupled from that of the adjacent terrestrial environ-

ment and the data from the Pacific water has shown

that US signal was found even off the Aleutian Chain,

several thousand kilometers away from the Proving

Ground.

The seawater in the Pacific Ocean had received

close-in fallout in the 1950 and the stratospheric
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fallout in the 1960. The earlier work (e.g., Noshkin

et al. 1975; Buesseler 1997) showed that the
239Pu/240Pu atom ratios in the Pacific surface seawater

had changed from the U.S. signal of >0.3 in the 1950

to a former Soviet signal in the 1960 and returned to

the U.S. signal in the early 2000. No observations have

been made between the late 1970 and the early 2000,

which could be filled using samples from coral skele-

tons or archived seawater.

The Pu isotopic signature in the region is a potent

and unique tracer to distinguish among the different

sources of Pu, as well as to understand the variations

of 239Pu/240Pu ratios through time (Ketterer et al.,

Chap. 20). The US Proving Grounds in the Pacific

continue to export Pu with high 240Pu/239Pu ratio,

mainly originated from the nuclear weapons tests in

1950, through the leaching of contaminated carbon-

ate species deposited in the ocean. The massive

(dome-shaped) coral Porites found throughout the

northern tropical Pacific Ocean will allow us to

reconstruct the Pu signal in surface waters spanning

the last 50 years. By determining atom ratios of
240Pu/239Pu recorded in coral cores and dating the

corals using the 210Pb/226Ra disequilibria (details on

dating of corals is given in Chap. 37), we may be able

to accomplish a better understanding of the mixing

and circulation of waters between the Warm Pool

and adjacent water masses in the Northwest Pacific

Ocean. However, this application has not been fully

realized yet (Hong et al. 2004).

19.3.13.3 Tracing Material Exchange Between

Ocean and its Margins

The dissolved 230Th activity concentration increases

with depth in agreement with the balance between the

in situ production from the dissolved 234U and the

scavenging of 230Th on sinking particles generally in

the ocean. However, a significant fraction of dissolved
231Pa (daughter of 235U) and some dissolved 230Th

were found to be exported from area of low particle

flux to area of high particle flux where 230Th and 231Pa

are efficiently scavenged by settling particulate matter

to the sea floor. This process became widely known in

the early 1980 as “boundary scavenging” because

ocean boundaries/margins are generally areas with

high biological productivity, high particle flux and

high sediment accumulation. The concept of bound-

ary scavenging was first applied to horizontal trans-

port of 210Pb (Spencer et al. 1981; Baskaran and

Santchi 2002; Roy-Barman 2009). And enhanced

deposition of fallout-derived Pu isotopes in ocean-

margin sediments has also been reported (e.g. Koide

et al. 1975).

In some ocean margins where large rivers

are absent, e.g., East Sea (Sea of Japan), the oceanic
239+240Pu is effectively scavenged through this

boundary scavenging process and the deep waters

become enriched with 239+240Pu over time

(Fig. 19.6) and the marginal sea is destined to con-

tinue to serve as a filter for all particle-reactive

chemical materials introduced from incoming oce-

anic waters or atmosphere. This aspect should be

investigated more fully in the future.

19.3.13.4 Identifying Subsurface Water

Upwelling Areas in the Sea

Although both 137Cs and 239+240Pu radionuclides were

injected into the ocean surface by similar processes,

the oceanic behavior of plutonium and 137Cs differ

from each other. 137Cs, most of which exists in a

dissolved form, moves as water mass in the ocean,

whereas oceanic behavior of 239+240Pu is controlled

both by water movement and adsorption onto the

particles formed in situ or introduced and subse-

quently sinking to the deeper waters. Therefore, in

the upper 1,000 m depths, 137Cs concentration

decreases exponentially with depth with surface max-

imum or subsurface maxima where surface water sub-

ducts. 239+240Pu has increased with depth toward the

subsurface maximum which lies about 500–800 m

depth. Hirose et al. (2009) found that activity ratio

of 239+240Pu/137Cs (RPu/Cs) increases with depth in

the upper 100–1,000 m depth as follows:

RPu=Cs ¼ RPu=Cs;0expðlZÞ (19.10)

Where l is the constant related to ocean biogeo-

chemical process of water movement (downwelling

and upwelling) and particle formation and destruction

and Z is the water depth. They further noted that a

half-generation depth of 239+240Pu, Zh ¼ ln2/l, corre-
sponds to the half-decrease depth of the particulate

organic matter in the water column. As the ocean

primary productivity depends on the upwelling
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intensity of the nutrient-rich deep water, they found

that Zh is deep (~ 300 m) in the eutrophic subarctic

Pacific and shallow (~ 100 m) in the subtropical North

Pacific.

19.3.13.5 Constraining Sediment Accumulation

and Mixing Rates

Particle reactive anthropogenic radionuclides

(Table 19.1) has been utilized to determine sediment

accumulation and mixing rates in the seafloor based on

the input history and their half-lives as they often are

adsorbed to the sediment irreversibly in the oceanic

environment. Bomb-derived fallout radionuclide

(137Cs, 239+240Pu) peaks its concentration in 1963 in

the Atlantic Ocean. However 239+240Pu peaked in 1954

in the Equatorial-North Pacific Ocean (Hamilton

2004) and the Antarctic Region (Koide et al. 1985)

due to the close-in fallout in the Equatorial Pacific.

Sediment accumulation rates may be calculated by

assuming a fallout maximum in 1963 in the rapid

sediment accumulating coastal ocean (e.g., Santschi

et al. 2001) or sediment mixing rates may be calcu-

lated in the deep ocean basin where sediment accumu-

lation rate is slower than mixing rate (e.g., Pacific

Ocean, Cochran 1985).

19.3.14 Americium (241Am)

Measurements of 241Pu (t1/2 ¼ 14.3 years) and its

daughter product, 241Am (t1/2 ¼ 433 years) in the

sediment sample can be used to establish the timing

of the source term. Assuming that an initial activity

of 241Am in fallout debris is zero, the time elapsed

since the Pu was placed, t, can be given by the

radioactive decay equation governing the time-

dependent activities APu-241 and AAm-241, respec-

tively (19.11).

t ¼ 1=ðlPu�241 � lAm�241Þ
� ln½1þ ðlPu�241 � lAm�241ÞAAm�241=

ðlAm241 � lPu�241Þ�
(19.11)

where l is the radioactive decay constant (0.693/t1/2)

for a given isotope. In this way, Smith et al. (1995)

reaffirmed that the underwater nuclear tests were

conducted in Chernaya Bay to be in 1955 and 1957

(t obtained using (19.11) 36.6 � 1.2 years can be

compared to the time elapsed between 1955 and

1994 (or 1957 and 1994)).

19.4 Future Directions

A major portion of the remaining water soluble radio-

nuclides (such as 90Sr and 137Cs) still exist in the water

column with maximum in the surface or subsurface

layer and hence these radionuclides can be utilized to

study the geochemical pathways of their stable coun-

terparts (e.g., pathways of Sr using 90Sr as a tracer).

About 60–70% of the total inventories of these

nuclides derived from weapons testing have under-

gone radioactive decay, but the remaining portions

continue to penetrate deeper water column in the

ocean. Formation of barite minerals and the chemical

reactions linked with such formation can be studied by

using 90Sr as a tracer.

Particle reactive anthropogenic radionuclides, e.g.,

Pu isotopes, continue to be transferred from the water

column to the bottom sediments as enhanced in the

ocean margins. Therefore, sediment inventories of

these radionuclides would provide valuable temporal

constraints on the boundary scavenging process occur-

ring between ocean proper and its margins.

Slow movement of waters in the ocean, e.g., down-

welling of surface water (deep water formation, draw-

down of atmospheric CO2), upwelling of subsurface

water (supplying nutrient rich water to the surface,

evasion of CO2 to the atmosphere), spillover of deep

water between basins are generally difficult to address

using hydrographic variables such as temperature,

salinity and stable isotopes of hydrogen and oxygen,

where they have no time information. The current

understanding of the spatial and temporal distribution

in the sea and marine biogeochemistry of the well-

studied anthropogenic radionuclides could serve to

detect the slow movement of waters in the ocean. As

the changes in slow movement of waters in the ocean

are induced by the regional or global climate change,

selected anthropogenic radionuclides, reviewed here,

warrant a further investigation in a globally coordi-

nated manner. The recently initiated GEOTRACES

(an international study of the marine biogeochemical

cycles of trace elements and their isotopes) could serve
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a useful forum for this purpose (http://www.ldeo.

columbia.edu/res/pi/geotraces/).
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