
COSMOGENIC ISOTOPES

D. Lal, Scripps Institute of Oceanography, University
of California San Diego, La Jolla, CA, USA

Copyright ^ 2001 Academic Press

doi:10.1006/rwos.2001.0179

Introduction

In different settings, spanning from the extraterres-
trial to the terrestrial, naturally occurring nuclides
offer unique possibilities for being deployed as
tracers for studying a great variety of physical,
chemical, and biological processes, occurring over
a wide range of timescales. This article discusses the
continuous production of several stable and radio-
active isotopes as a result of nuclear reactions of
cosmic ray particles in the Earth’s atmosphere and
the hydrosphere, and their potential usefulness as
tracers for studying oceanic processes. The great
merit of cosmic ray produced (cosmogenic) isotopes
as tracers lies in the fact that their source functions
in the different geospheres can be determined, and
that several nuclides with a wide range of half-lives
and chemical properties are available.

Cosmic radiation, which consists of energetic H,
He and heavier nuclei, with kinetic energies much
greater than tens of mega electronvolts (MeV), (with
particles of energies much beyond 1010 MeV), pro-
duce a great variety of nuclides by their interactions
with target nuclei in the atmosphere, hydrosphere
and the lithosphere. The predominant cosmic ray
interaction is fragmentation of the target nuclei by
primary and secondary particles of the cosmic radi-
ation. Some nuclides are produced following the
capture of thermal (very slowly moving) neutrons by
target nuclei, which are abundant in the secondary
cosmic radiation as a result of slowing down of fast
neutrons emitted in energetic cosmic ray-produced
nuclear reactions.

Radiocarbon, 14C, was the Rrst cosmic ray-pro-
duced isotope to be discovered in 1947 in sewage
methane. Soon thereafter it was applied for archaeo-
logical/anthropological dating. This discovery was
a milestone in the use of cosmic ray-produced
(cosmogenic) isotopic changes as a tool for learning
about planetary sciences. It laid the foundations of
the Reld of cosmic ray geophysics/geochemistry.
Subsequently, in the early 1960s, about 25 cosmo-
genic radionuclides produced in the earth’s atmo-
sphere, with half-lives ranging from &1 h to
millions of years were detected. The driving force

for the studies of cosmic ray-produced nuclides was
the realization that if they could be detected in
different dynamic reservoirs of the geospheres, they
could be used as tracers to obtain important
information about the timescales involved in the
transport of materials through the atmosphere to
the hydrosphere, oceans, and the cryosphere, and
that in some cases they could be used as clocks to
introduce timescales into the diverse proxy records
of earth’s climate. Oceans are central to the dy-
namic interplay between the dynamic reservoirs,
and therefore considerable emphasis has been placed
on understanding the nature of the principal mix-
ing/transfer processes, of the marine biogeochemical
cycles, and of the large-scale ocean circulation. All
oceanic investigations, in one way or the other, are
linked to the central question of what processes
control the earth’s climate. Geochemical tracers
serve as tools to understand these processes and
their rates.

As mentioned above, the Reld of cosmic ray pro-
duced (cosmogenic) tracers caught roots in 1947,
with the discovery of 14C. It grew rapidly thereafter
in the late 1950s/early 1960s, and to date it is still
one of the frontier areas in modern geochemistry.
There are two reasons for this sustained hold and
value of the cosmogenic tracers: continued develop-
ment of new and powerful techniques for measuring
their distribution in natural settings at very low
concentrations, and the emergence of new bio-
geochemical questions which crop up as our under-
standing of the terrestrial climate system improves.
However, there are often no other (suitable) tracers
available to study the short- and long-term behavior
of oceans on large space scales. This article con-
siders the essentials of the cosmogenic tracers, their
potentials, and how new advances continue to keep
this Reld growing.

Terrestrial Cosmogenic Isotopes and
Their Production Rates

Most of the cosmic ray energy ('98%) is dissipated
in the earth’s atmosphere in the nuclear reactions
they produce. The atmospheric column represents
about 13 mean free paths for nuclear interactions of
fast protons and neutrons. After traversal through
the atmosphere, the secondary particles of the cos-
mic radiation continue to produce nuclear reactions
with the surRcial terrestrial reservoirs: the hydro-
sphere, the cryosphere, and the lithosphere, but at
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Table 1 Potentially useful cosmogenic nuclides (arranged in
order of mass numbers) with half-lives exceeding 2 weeks,
produced in the Earth’s atmosphere and in surficial materials

Nuclide(s) Half-life Main targetsa

3H 12.3 y O, Mg, Si, Fe (N, O)
3He, 4He s O, Mg, Si, Fe (N, O)
7Be 53 d O, Mg, Si, Fe (N, O)
10Be 1.5�106 y O, Mg, Si, Fe (N, O)
14C 5730 y O, Mg, Si, Fe (N)
20Ne, 21Ne, 22Ne s Mg, Al, Si, Fe
22Na 2.6 y Mg, Al, Si, Fe (Ar)
26Al 7.1�105 y Si, Al, Fe (Ar)
32Si &150 y (Ar)
32P 14.3 d (Ar)
33P 25.3 d (Ar)
35S 87 d Fe, Ca, K, Cl (Ar)
36Cl 3.0�105 y Fe, Ca, K, Cl (Ar)
37Ar 35 d Fe, Ca, K (Ar)
39Ar 268 y Fe, Ca, K (Ar)
41Ca 1.0�105 y Ca, Fe (Kr)
53Mn 3.7�106 y Fe (Kr)
54Mn 312 d Fe (Kr)
59Ni 7.6�104 y Ni, Fe (Kr)
60Fe 1.5�106 y Ni (Kr)
81Kr 2.3�105 y Rb, Sr, Zr (Kr)
129I 1.6�107 y Te, Ba, La, Ce (Xe)

aElements from which most production occurs; those in paren-
theses give the main targets from which they are produced in
the Earth’s atmosphere.
s, stable.

a much lower rate. The techniques of the 1950s
for studying the cosmogenic nuclides were barely
adequate to study the isotopes produced in the
atmosphere. However, because of their value in
understanding geophysical and geochemical pro-
cesses, they were studied fairly extensively until the
1970s. A number of technical developments in the
1970s have made it easier to study the ‘atmospheric’
cosmogenic isotopes in the ocean environs, and even
the cosmogenic isotopes produced in situ in terres-
trial materials, including the hydrosphere and the
cryosphere.

The cosmogenic tracer-based information ob-
tained from studies of the lithosphere and the cryo-
sphere is of great value in interpreting the oceanic
records. Table 1 lists a suite of isotopes, which serve
(or should serve) as useful tracers in geophysical and
geochemical studies. This list includes nominally
potentially useful 20 nuclides, having half-lives
exceeding two weeks, which are produced in the
atmosphere, hydrosphere and in the lithosphere.
The target elements from which they are produced
in the earth’s atmosphere, and from principal ele-
ments in surRcial matter are also listed in Table 1.

This article is concerned primarily with nuclides
that are useful as tracers in oceanography, and
therefore shorter-lived nuclides have been excluded
from Table 1. Since cosmic ray intensity is appreci-
ably reduced at sea level due to nuclear interactions
in the atmosphere isotope production rates (per
gram target element per second), in surRcial mater-
ials, are appreciably smaller than in the atmosphere.
Therefore, nuclides, which can be produced in
nuclear interactions with the major elements present
in the atmosphere, N and O, have their principal
source in the atmosphere. The next most abundant
element, Ar, in the atmosphere occurs at an abund-
ance of only 0.93% (v/v) in the atmosphere.
Nuclear interactions with surRcial materials can
therefore be an important source of some of the
nuclides produced from Ar, and for those isotopes
which have mass numbers greater than 40, since
40Ar is the most abundant nuclear isotope in the
atmosphere. Permanent constituent gases heavier
than Ar have very low abundances in the atmo-
sphere. The abundances of the next heavier gases,
Kr and Xe, are &1 and 0.1 ppm (v/v), respectively.

The production rates of several cosmogenic iso-
topes in the earth’s atmosphere are given in Table 2,
along with their estimated global inventories. Some
of the cosmogenic isotopes are also produced dir-
ectly, in situ, in the upper layers of the oceans. The
source strengths of cosmic ray-produced nuclei in
the oceans, due to their production in the atmo-
sphere, and direct production in the ocean water,

are given in Table 3. Atmospheric production is the
dominant source of all nuclides in Table 3, except
for 36Cl, where its in situ oceanic production ex-
ceeds the atmospheric production by about 50%. In
the case of 37Ar the two source strengths are compa-
rable, and in the cases of 32P and 33P in situ produc-
tion in the oceans is an order of magnitude lower.

Isotopes produced in the earth’s atmosphere
(Table 2), are introduced in the upper ocean:

1. in wet precipitation, in the case of isotopes which
are removed directly (3H), or as attached to
aerosols (7Be, 10Be, 22Na, 26Al, 32,33P, 32Si, 35S,
36Cl);

2. by air}sea exchange of 14C (as 14CO2), and of
isotopes of rare gases (3He, 37Ar, 39Ar and 81Kr).

Besides direct in situ production of isotopes in the
ocean waters (Table 2), some isotopes are also in-
troduced to the oceans with river runoff as a result
of weathering of the crustal materials in which they
are produced, e.g., 10Be, 26Al, 41Ca, and 53Mn (Table
2). To date, those introduced by weathering of crus-
tal materials have not been either studied or identi-
Red as important, and estimates of the strength of
this source, are not presented here.
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Table 2 Production rates of several isotopes in the Earth’s atmosphere; arranged in order of decreasing half-livesa

Isotope Half-life Production rate (atoms cm�2 s�1) Global inventory

Troposphere Total atmosphere

3He Stable 6.7�10�2 0.2 3.2�103 tonsb

10Be 1.5�106 y 1.5�10�2 4.5�10�2 260 tons
26Al 7.1�105 y 3.8�10�5 1.4�10�4 1.1 tons
81Krc 2.3�105 y 5.2�10�7 1.2�10�6 8.5 kg
36Cl 3.0�105 y 4�10�4 1.1�10�3 15 tonse

14C 5730 y 1.1 2.5 75 tons
39Ard 268 y 4.5�10�3 1.3�10�2 52 kg
32Si &150 y 5.4�10�5 1.6�10�4 0.3 kg
3H 12.3 y 8.4�10�2 0.25 3.5 kg
22Na 2.6 y 2.4�10�5 8.6�10�5 1.9 g
35S 87 d 4.9�10�4 1.4�10�3 4.5 g
7Be 53 d 2.7�10�2 8.1�10�2 3.2 g
37Ar 35 d 2.8�10�4 8.3�10�4 1.1 g
33P 25.3 d 2.2�10�4 6.8�10�4 0.6 g
32P 14.3 d 2.7�10�4 8.1�10�4 0.4 g

aBased on Lal and Peters (1967).
bThe inventory of this stable nuclide is based on its atmospheric inventory, which includes an appreciable contribution from crustal
degassing of 3He.
cBased on atmospheric 81Kr/Kr ratio of (5.2$0.4)�10�13.
dBased on atmospheric 39Ar/Ar ratio of (0.107$0.004) d.p.m. l�1 Ar (STP).
eIncludes a rough estimate of 36Cl produced by the capture of neutrons at the earth’s surface.

Table 3 Source functions of cosmogenic nuclides in the oceans, for nuclides of half-lives '10 days, arranged in order of
increasing half-lives

Principal target element (s) Global average surface
injection ratea

Integrated in situ oceanic
production rate

Nuclide Half-life Atmosphere In ocean water (atoms cm�2 min�1) (atoms cm�2 min�1)

32P 14.3 d Ar Cl, S, K 5.82�10�3 7.6�10�4

33P 25.3 d Ar Cl, S, K 6.93�10�3 2.9�10�4

37Ar 35.0 d Ar K, Ca 9.10�10�6 8.1�10�6

7Be 53.3 d N,O O 1.27 6.0�10�3

35S 87.4 d Ar Cl, Ca, K 2.84�10�2 5.1�10�4

22Na 2.6 y Ar Na 3.75�10�3 3.9�10�4

3H 12.3 y N,O O, 2H 1.39�101 1.2�10�2

32Si &150 y Ar S, Ca 9.60�10�3 2.5�10�5

39Ar 269 y Ar K, Ca 2.00�10�1 1.2�10�5

14C 5,730 y N,O O 1.20�102 9.0�10�3

41Caa 1.0�105 y * Ca * 2.4�10�5 (n)a

81Kr 2.1�105 y Kr Sr 2.30�10�5 1.9�10�8 (n)c

36Clb 3.0�105 y Ar Cl 6.60�10�2 1.06�10�1 (n)c

26Al 7.2�105 y Ar S, K, Ca 8.40�10�3 6.8�10�6

10Be 1.6�106 y N,O O 2.70 1.8�10�3

aFlux to oceans from rivers should be included to take into account production in rocks and soil by 40Ca(n, �) 41Ca reaction; this
estimate is not given here because of large uncertainties in these calculations.
bAs above, due to 35Cl(n, �) 36Cl reaction.
c(n), The in situ production of 41Ca, 81Kr and 36Cl in the oceans is primarily due to the relevant thermal neutron capture reaction.
Note the 50% greater in situ production of 36Cl in the oceans compared to its atmospheric source.
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Pathways of Isotopes to the Oceans,
and Their Approximate Inventories/
Concentrations in the Atmosphere,
Hydrosphere and Sediments

The applications of cosmogenic isotopes as tracers
depend on three principal factors: (1) their source
function; (2) their half-lives; and (3) their chemical
properties. These considerations decide how the
fractional inventories of different tracers are distrib-
uted on the earth in the atmosphere, hydrosphere,
and the sediments. The work of Lal and Peters,
using simpliRed models for the pathways of the
isotopes considering six mixing/exchange reservoirs
is still quite instructive. These estimates of fractional
inventories of 14 isotopes amongst these reservoirs
are shown in Table 4.

Table 4 shows that most of the global inventory
of the long-lived isotopes, 10Be and 26Al is in the
oceanic sediments whereas that of another long-
lived isotope, 36Cl is in the oceans; this is a manifes-
tation of their chemical properties. Analogous to
36Cl, the chemical behavior determines the large
fractional inventories of 14C and 32Si in the oceans.
The inventories of the long-lived 81Kr, and also of
39Ar (&270 y half-life), are primarily in the atmo-
sphere primarily because of the low abundances of
Kr and Ar in the atmosphere. It should be noted
that generally the applications of an isotope are
favored in the reservoir where its inventory is the
largest. However, this is not always true. For
example, in the cases of 39Ar and 33,32P, in spite of
their low inventories in the oceans, they have valu-
able applications in studies of oceanic processes.

Approximate theoretical estimates of isotope con-
centrations in the oceans (disintegrations per minute
(d.p.m.) per tonne of sea water) are presented
in Table 5. The values are in the range of
10�5}250 d.p.m. t�1. The corresponding speciRc ele-
mental concentrations are very low, with isotope/
element ratios lying in range of 10�19}10�10.

The concentrations of a large number of naturally
occurring radioactive and stable nuclides, those pro-
duced in nuclear reactions caused by cosmic radi-
ation, and those produced by energetic particles in
radioactive disintegrations and in nuclear decays
of naturally occurring long-lived nuclides, have
been measured in the past Rve decades in the marine
environment. Dramatic improvements in the
radiometric techniques in the past two decades have
allowed their measurements to be done fairly reli-
ably. The database on the distribution of the cosmo-
genic and other tracers in the oceans is therefore
growing steadily. Their measurements to date are in
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Table 5 Approximate specific radioactivities of cosmic ray
produced isotopes in the ocean

Radioisotope Half-life (y) Average specific radio activity in
oceans

d.p.m. per tonne
water

d.p.m. per
g element

10Be 1.5�106 10�3 1.6�103

26Al 7.1�105 1.2�10�5 1.2�10�3

81Kra 2.3�105 7�10�6 2.1�10�2

36Cl 3.0�105 0.55 3�10�5

14C 5730 260 10
32Si &150 1.5�10�2 2.3�10�2

39Arb 268 2.9�10�3 5�10�3

3H 12.3 36 3.3�10�4

aBased on atmospheric 81Kr/Kr ratio of (5.2$0.4)�10�13.
bBased on atmospheric 39Ar/Ar ratio of (0.107$0.004) d.p.m.
per liter Ar.
Based on Lal and Peters (1967)).

good agreement with the theoretically predicted
values of their distribution in the oceans (cf. Tables
3 and 4).

In many cases these nuclides serve as tracers for
the study of physical, chemical, and biological pro-
cesses in the oceans. Several radiotracers success-
fully provide chronology of sediments, corals, and
manganese nodules, but learning about large-scale
ocean circulation is another matter. The ability
merely to make measurements of a tracer in the
marine environment is not sufRcient to use it as an
effective tracer for delineating important oceanic
variables. Tracer data must be examined in terms of
ocean models. Constructing ocean models is an iter-
ative process between data acquisition and model
building, forcing model outputs, to become compat-
ible with the observations. The oceanic processes
are very complex, exhibiting signiRcant spatial and
temporal variability on a wide range of scales. For
the tracer data to be useful in developing meaning-
ful coupled atmosphere}ocean circulation models,
which may be considered as the goal of tracer stud-
ies, one would require three-dimensional tracer data
with sufRcient resolution in the horizontal direction.
The latter are not available, except for 14C, where
a considerable database is growing as a result of
recent WOCE (World Ocean Circulation Experi-
ment) expeditions.

Tracers in Oceanography: Why We
Need Them and What We Learn
From Them?

The oceans represent a large mass of water endowed
with a large amount of diverse substances and heat.

The dissolved and particulate oceanic ‘complex’ is
in continuous exchange with the land surface and
the atmosphere. An appreciable part of the dissolved
phases is recycled within the oceans through bio-
geochemical cycles, which are maintained by the
large-scale oceanic circulation. The latter is a
manifestation of the continuous exchange of heat
between the atmosphere and the ocean. Large-scale
oceanic circulation replenishes nutrients in the sur-
face waters, which are rapidly removed by bio-
logical productivity. Biological recycling changes the
chemical makeup of ocean waters at all depths.

Thus there is a complex cause}effect relationship
with signiRcant feedbacks between oceanic circula-
tion, biogeochemical cycling within the oceans, and
composition of sea water. Understanding these pro-
cesses is essential for understanding oceanographic
processes, earth’s climate, terrestrial biogeochemis-
try, and the proxy records contained in the oceanic
sediments. Success in achieving this goal requires
sensitive multidisciplinary techniques in which
tracers play an important part.

Chemical and isotopic tracers have been used
successfully for the past Rve decades. Oceanic water
masses are conventionally characterized by their
chemical and isotopic composition, and temper-
ature. A central problem in oceanography is to
understand the origins and the processes which
determine the evolution of different water masses.
Radioactive isotope tracers provide additional
information on timescales, speciRcally on the rate
constants of different processes. The most attractive
feature of radioisotopes is that they provide time
integrals of evolution of water masses through
space, inSuenced by exchange/mixing processes, and
radioactive decay of the tracer, which introduces the
element of time in the model(s). In steady-state
situations, all losses and gains balance out.
By combining with information on stable isotopes,
one can then determine effective time required
for the water mass to reach equilibrium between
gain and loss terms, i.e. get an estimate of the
effective equilibration time of the water mass as it
evolves.

Tracers fall into two broad categories:

1. Transient tracers which are introduced sporadi-
cally in a system, e.g., radionuclides introduced
by testing of nuclear weapons, and from dis-
charges from nuclear reactors.

2. Steady tracers which are introduced continuously
in a system, e.g., those produced by nuclear
interactions of cosmic rays on the earth, and by
radioactive decay of dissolved uranium in the
oceans.
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Table 6 Important characteristics and principal applications of selected cosmogenic tracers

Isotope Half-life Principal applications

Isotopes which do not form compounds
3He Stable Air}sea exchange; escape of helium from the atmosphere
37Ar 35 d Air}sea exchange; tropospheric circulation
39Ar 268 y Air}sea exchange; vertical mixing in oceans
81Kr 2.3�105 y Ground water ages, and constancy of cosmic radiation

Isotopes which label constituent molecules in the atmosphere and the hydrosphere
3H (H2O) 12.3 y Characterizing water molecules in the atmosphere, hydrosphere and

cryosphere
14C (CO2, CO3, HCO3) 5730 y Characterization of the carbon cycle reservoirs
32Si (HSiO3, SiO2) &150 y Biogeochemical cycle of silicon
32P, 33P (DIP, DOP) 14.3, 25.3 d Biogeochemical cycle of phosphorus

Isotopes which attach to aerosols/particles
7Be 53 d Atmospheric circulation, vertical mixing in surface ocean waters
10Be 1.5 106 y Role of particle scavenging in the coastal and open oceans; dating of

sediments and accretions
26Al 7.1�105 y Role of particle scavenging in the coastal and open oceans; dating of marine

sediments and accretions
32Si (HSiO3, SiO2) &150 y Labeling the dissolved oceanic silicon pool; atmospheric circulation
32P, 33P 14.3, 25.3 d Labeling the dissolved oceanic phosphorus pool; tropospheric circulation

Note: Not included here are 36Cl and 129I for reasons discussed in the text.

It is convenient to further designate the tracers
according to their chemical behavior in the system:

1. conservative tracers, which follow the motion of
the ‘Suid’ in the system;

2. nonconservative tracers, which do not follow the
motion of the ‘Suid’ in the system.

The Rrst naturally occurring radiotracer to be
used in oceanography was 226Ra. The Rrst successful
tracer measurements of the cosmogenic 14C with
a view to understanding timescales in large-scale
water circulation were made in 1960 and demon-
strated the great value of this tracer in oceano-
graphy. The discovery of cosmogenic 32Si in marine
siliceous sponges opened up the possibility of using
this as a tracer for studying biogenic silica Suxes to
the deep sea, and the nutrient cycle of silicon. As the
techniques for the measurement of weak activities of
the nuclides became available, additional nuclides
were measured in the oceans. To date 12 cosmo-
genic nuclides have been studied in the oceans, some
during the 1960s, several during the 1980s. It is
important to realize that all tracers are important
because of their particular unique attributes (cf.
Table 4).

Table 6 lists tracers, which are studied in oceano-
graphic research, together with 36Cl (which is in-
cluded for its potential usefulness for determining
the average source strength of cosmic ray neutrons

in the past 0.5}0.7 My (million years)). The useful-
ness of cosmogenic tracers depends on their half-
lives, chemical properties, and their source func-
tions, which can be appreciated from their expected
distribution in the geospheres (Table 4), and by the
ease with which they can be measured. (Table
4 does not include 4He, 20Ne, 21Ne, 22Ne, 22Na, 35S,
36Cl, 37Ar, 41Ca, 53Mn, 52Ni, 60Fe and 81Kr, which are
either not useful as oceanic tracers because of their
short half-lives, or very long half-lives, or have very
low cosmogenic production rates. However, with
technical developments these nuclides may eventu-
ally become useful.) The long-lived cosmogenic
radionuclide, 129I is not included in Tables 3 and
4 because (1) its half-life is rather long (15.7 My) to
be useful for studying oceanic processes, (2) it is
continuously produced in the oceans, and in ocean
sediments in the spontaneous Rssion of 238U, and (3)
it has been added to the oceans in appreciable
amounts in the last Rve decades by human activities;
such as nuclear weapons’ testing and processing of
nuclear plants (which have raised the prenuclear age
inventory of 129I in the oceans of about 100 kg by
more than an order of magnitude.

Several cosmogenic tracers also qualify as transi-
ent tracers at the present time, because of an ap-
preciable contribution from anthropogenic sources
(Table 3). Thus, the nuclides 3H, 14C (produced in
appreciable amounts in nuclear weapons testing),
tritugenic 3He and 129I (which has also been
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produced in large amounts by nuclear weapons tests
and operation of nuclear power plants), serve as
(useful) transient tracers in some geophysical
reservoirs.

An important consideration in the use of a transi-
ent tracer is knowledge of its source strength. An-
thropogenic sources are generally not well deRned;
however, in the case of 14C, an important advantage
is that its contribution to the atmospheric CO2 res-
ervoir is well known (i.e., the excess 14C amount
relative to 12C), and this precisely deRnes its source
function. In the case of anthropogenic 3H, this is not
the case, but a great advantage is that one can
measure both the 3H and tritugenic 3He in a water
sample and deRnes an ‘age’ of the water mass. These
measurements are by no means easy, however, but
a large database of information has been produced
which has yielded very useful insights into large-
scale ocean circulation in the upper ocean.

There are also two important nonnuclear transi-
ent tracers, chloroSuorocarbons CFC-11 and CFC-
12, which have also proven very useful in view of
their known (changing) relative concentrations in
the atmosphere. These behave essentially as conser-
vative tracers; any CFC losses would not be
expected to change their ratio in the oceanic water
mass. The use of new tracers (F113, CCl4) has
extended the timescales of CFC in both directions.

In practice, one has to work with tracers of differ-
ent properties, and each of its properties can be
taken advantage of, as its special attribute. Even
nonconservative tracers, e.g., 14C and 32Si, have their
own signiRcance and merit. In fact, in the oceans
the only conservative tracers of natural origin are
3H (half-life 12.3 y) and 3He (stable).

New Techniques for Measurements
of Tracers in the Oceans in the 1980s
and 1990s

By the end of the 1970s, the Reld of cosmogenic
tracers had clearly recognized the usefulness of most
of the cosmogenic tracers, with sufRcient measure-
ments at hand in each case. After isolated studies of
a few tracers, e.g., 14C, 10Be, in individual water
samples, it became apparent that oceans can yield
their secrets only with multiple tracer attack. In
early multiple tracer investigations, detailed in-
formation regarding the nature and rate of processes
responsible for the formation of the Antarctic Bot-
tom water was obtained by including the tracers
3He and 14C. The Reld was expanded in the 1980s
and 1990s with larger-scale exploitation of several
tracers for answering speciRc questions. This came

about due to a fruitful combination of events and
discoveries, which gave a tremendous Rllip to both
chemical oceanography and tracer studies including
nuclides belonging to U-Th series. Foremost was the
decision to study oceans in a systematic manner,
along geochemical sections (GEOSECS), using a
suite of tracers. GEOSECS expeditions were success-
fully carried out to the principal oceans in 1972}78
and resulted in fairly accurate tracer data. The
GEOSECS concept was very successful; it rested on
the necessity for making more precise measurements
of several tracers and ocean properties in addition
this integrated study resulted in information about
temporal changes in the property proRles at the
same stations after an elapse of one to two decades
since the site was occupied in the GEOSECS expedi-
tion. And Rnally, it was an artful and timely combi-
nation of theory and experiment, which gave a
tremendous boost to the Reld of learning about
oceanographic processes.

The 1980s also marked an era of dramatic ad-
vance in the techniques of measurements of long-
lived cosmogenic radionuclides 14C, 10Be, and 26Al in
the oceans, in sediments, and in manganese nodules
using AMS (accelerator mass spectrometry). This
opened up new windows for observing in detail a
host of physical, chemical, and biological processes.
The ease with which these nuclides can be measured
allowed long series of measurements in space and
time to be obtained. Examples of this development
are the direct measurements of 10Be and 26Al con-
centration proRles in sea water in the principal
oceans; and proRles of 10Be concentrations in marine
sediments and in manganese nodules which opened
up a new Reld of investigation in marine beryllium
geochemistry.

A new Reld, the study of P-biodynamics in surface
waters using cosmogenic 32P and 33P surfaced in the
late 1980s. This tracer application was not held up
for want of a technique. In this case, it was not
realized that these short-lived nuclides (half-lives,
14.3 and 25.3 days) in fact had about the appropri-
ate half-lives for studying timescales of exchange of
phosphorus between dissolved inorganic P, organic
P and plankton. Concurrently, technical advances
were also being made to measure short-lived
radionuclides in ocean waters, where the AMS tech-
nique does not offer any gain in detection sensitiv-
ity, e.g. 32P (half-life, 14.3 days), 33P (half-life,
25.3 days) and 32Si (half-life, 150 years). By using
a standard liquid scintillation counting system to
simultaneously measure both 32P and 33P activities,
much higher sensitivity is attainable than by using
low-level counters, especially for samples of low
speciRc radioactivity.
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Examples of Oceanic Data Derived
Using Cosmogenic Tracers

With this foreground what has been learnt about the
oceanic processes using cosmogenic tracers is now
brieSy examined. We are obviously interested in
learning about cycles of principal nutrient elements,
and processes by which the ocean chemistry evolves
(as regulated by aeolian and Suvial Suxes from the
land, biogeochemical cycles within the oceans, and
large-scale oceanic circulation). This problem can be
approached in bits and pieces only, and then the
interconnections and feedbacks examined. A com-
prehensive mosaic of all the interactions and con-
trols may or may not be achieved. The records of
present day ocean biogeochemical processes are
recorded in the sediments. It is therefore important
to study the chronology and the makeup of ocean
sediments to get a comprehensive picture of the
temporal evolution of ocean chemistry and climate
through aeons. The suite of tracers listed in Table
3 has provided sufRcient information on oceanic
processes in four broad Relds.

1. Biogeochemical cycling of nutrients and trace
elements

2. Chronology of marine sediments and manganese
nodules

3. Principal features of large-scale oceanic circula-
tion

4. Biogeochemical and ocean circulation controls
on climate.

In each of these studies, the task is complemented
by the availability of radiotracers belonging to the
U-Th series. It should be stressed that tracers each
have some particular unique features for studying
critical problems in oceanography. All tracers are
not created equal: some are more equal than others.
This social expression also Rnds a rightful place in
the realm of oceans. This can be illustrated by citing
unique features of two of the cosmogenic nuclides,
14C (half-lifem, 5730 years) and 10Be (half-life,
1.5 My), which have a special status among all
natural tracers.

The great ‘virtues’ or attributes of 14C are that (1)
it is a carbon isotope, and is introduced in to the
carbon cycle reservoirs as carbon dioxide in the
earth’s atmosphere, and (2) its half-life is well suited
to study late Quaternary events and processes,
including dating of sediments and timing of deep
and bottom water formation.

In the oceans, 14C does not behave as a conserva-
tive tracer, since carbon (and its compounds) is not
distributed uniformly in the oceans. But this does

not present any problems; rather its studies allow
determination of carbon Suxes within the ocean. In
fact, if 14C was a conservative tracer, it could not
have been used to date marine sediments. It has
been added in signiRcant amounts to the atmosphere
as a result of nuclear weapons tests during the 1950s
and 1960s. Consequently, 14C can be used both as
a ‘steady-state’ and as a ‘transient’ tracer.

The second most attractive ocean tracer is the
cosmogenic 10Be, which serves to delineate pathways
of particle active elements through the water col-
umn, and is useful for dating sediments and in
manganese nodules to about 10 My BP. The particle
active nature of 10Be leads to its preferential depos-
ition in the coastal regions of the oceans. Recent
studies have demonstrated that using special chem-
ical techniques, the activity of cosmogenic 26Al can
be measured in the oceanic environment, and it
has been suggested that it should be a useful tracer
for studying changes in the past biological produc-
tivity of the oceans. This application arises from
the higher chemical reactivity of 26Al, compared
to 10Be. If this suggestion is borne out from
future studies, 26Al would constitute an invaluable
tracer for studying temporal and spatial variations
in biological productivity. Its studies would comp-
lement the information obtained using the cos-
mogenic 10Be.

Recent measurements of cosmogenic 32P (half-life,
14.3 days) and 33P (half-life, 25.3 days) in surface
ocean waters have opened up new possibilities of
quantifying P-biodynamics with complementary
information on eddy diffusivity in the waters, based
on the cosmogenic 7Be (Table 3). A wealth of new
32P, 33P data have been added on the distribution of
cosmogenic 32P and 33P in the surface ocean waters,
and in plankton.

Epilogue

A large number of cosmogenic tracers are available
for oceanic studies, and the use of these tracers has
steadily increased to date. But of course, tracers are
not the complete answer to the mysteries of the
ocean. It is necessary to learn how to use tracers,
how to model them, how to combine them with
other tracers, singly and multiply, etc. The useful-
ness and application of a tracer cannot be discussed
on an absolute basis, because such an approach
would result in a largely academic discussion.
A tracer may have the appropriate physical and
chemical attributes, but its source strength may be
too weak, or its source function may not be known
at the present time. Tracer suitability has therefore
to be evaluated periodically as frontiers of
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knowledge expand. With the freedom in thinking
about what type of tracer measurements can be
made, a great deal of valuable information will
probably be derived from it; however, one has to
think about applying it within practical constraints.
An important constraint is the number of measure-
ments, which can be made within a reasonable peri-
od, and within available Rnancial resources. Today,
the principal constraint is the inadequacy of spatial
and temporal coverage of the tracer data. With
more synoptic data, tracer modeling could also be
reRned. Any shortcomings in these foil the goal of
these studies. We are now in the mode of under-
standing details of ocean circulation and chemistry;
not just the integrated overall features. In the ear-
liest applications of cosmogenic tracers just a few
measurements of radiocarbon in the oceans were
sufRcient to show that the upper ocean had a turn-
over time of about 600 years. In the case of the
atmosphere, the mean time for removal of aerosols
was similarly learned very quickly from the ob-
served fallout of nuclear weapons tests-injected
radioactivities (90Sr, 3H, etc.) and from the fallout of
cosmogenic 22Na, 7Be and 32P. With continued ap-
plications of these tracers, it has been shown that
oceanic processes are indeed complex, especially at
the interfaces (air}sea, mixed layer}intermediate
waters}deep waters, and water}sediment), and in
the polar oceans, which determine formation of
bottom}deep waters. Thus, our hasty perception of
these tracers being a panacea quickly changed, even
back in the 1970s.

What is the basic nature of large-scale oceanic
circulation? The radiochemists used the Kw model
in its simple one-dimensional form; K denotes the
eddy diffusivity, and w the advection velocity. At
this time a stimulating discussion of essential math-
ematical approaches for treating the tracer data was
presented. Simple material balance calculations by
Lal showed that an appreciable amount of carbon
was added to the dissolved carbon inventory (J-Sux)
at depths by sinking biogenic particles. This impor-
tant aspect of resetting the 14C clock in the deep sea
by J-Sux is now being examined on a global basis
under WOCE experiments, and constitutes a critical
parameter in climatic feedback processes. Sub-
sequently, tracer data showed that an important
transfer of oceanic properties occurred across
pycnoclines. Modeling of tracer data in fact reveals
model inadequacies and fosters development of
more appropriate physical models. There are
several very basic issues that are recognized, but
not well understand. For example, what are the
roles of tides and internal waves in large-scale ocean
circulation? These questions have been asked several

times, but not yet attacked properly due to
our present limitations. Today, we are far from
a synthesis of comprehensive models which are ca-
pable of providing an interactive atmosphere}ocean
coupled model which can respond to changes in
climate, or predict climatic changes as the model is
run.

There are several academic and technical issues
which we are confronting today:

1. complexity of the ocean system; variable re-
sponse at different time and space scales;

2. lack of three-dimensional tracer data;
3. lack of information on temporal and spatial

changes in tracer distribution;
4. lack of understanding of physical, chemical, and

biological processes.

However, there are proven methods based on 14C,
10Be, 26Al, 39Ar, 32Si, 7Be, 33P and 32P. Improved
tracer modeling will emerge only with further ad-
vances in techniques for their measurement, and
with a better understanding of the atmospheric and
oceanic circulation, mixing, and biogeochemical
processes. On the question of ease of measurement,
the radionuclide 39Ar is an important case in point
here. It is a conservative tracer, ideally suited for
studying vertical mixing in the oceans, but to date
very few measurements have been made, since they
are very time consuming. Another example is that
of 32Si. Although it has been measured at several
stations in the Atlantic, PaciRc and Indian oceans,
these measurements are not currently precise enough
to make detailed mixing and transport models to
deRne the silica cycle in the oceans. They are, how-
ever, useful to determine vertical J-Suxes, one-
diemnsional K/� ratios, and the latitudinal invento-
ries of 32Si in the oceans.

Physical oceanography provides the theoretical
basis for oceanic mixing and circulation, but the
experimental data necessary to understand the
nature of this circulation must be based on present
day and proxy observations of chemical composi-
tion of sea water in space and time. Directed global
scale coordination between scientists to study
important oceanic processes, such as physical and
biological controls on biological production, and
export of carbon, are rapidly providing new insights
and accelerated developments of realistic models.
An example is the coordinated US Joint Global
Ocean Flux Studies (JGOFS) in the Equatorial
PaciRc Ocean in 1992, during a four-month period
which coincided with the maximum intensity of the
warm El Nin� o event, and another three-month
period during well-developed cool surface-water
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conditions. The combined physical/chemical and
biological data produced, which included 234Th
concentrations of sinking particulates, led to
new insights about the roles of dissolved organic
carbon, microzooplankton grazing, nutrient and
CO2 Suxes, and highlighted the importance of phys-
ical, in contrast to biological, processes in this re-
gion, where net carbon Suxes out of the system are
very small as a result of highly efRcient biological
cycling.

This discussion would not be complete without
mention of the ‘purposeful tracer experiment’
carried out as a component of WOCE, using SF6

released in the open ocean. The results conRrmed
the earlier estimates of very low diapycnal diffus-
ivity, of the order of 0.1 cm2 s�1, implying that heat,
salt, and tracers must penetrate the thermocline pri-
mary by transport along, rather than across, density
surfaces.

Clearly, understanding of the large-scale ocean
circulation will come from multiple approaches,
with directed research to simultaneously understand
transfer and mixing of ‘properties’ and ‘substances’
and their relationship to climatic changes. It has
taken Rve decades to develop techniques to make
relevant oceanographic measurements, and one
should expect rapid advances in our knowledge of
oceanic processes as a result of innovative research,
and international observational programs such as
Tropical Oceans and the Global Atmosphere
(TOGA) and WOCE.

It must be realized that a state must be reached
where experiments and theory go hand in hand,
leading to the development of better (more realistic)
models, and acquisition of critical tracer data. In the
absence of a knowledge of the processes involved,
models employed often yield very erroneous results.
Thus, whereas even a few tracer data are quite
informative (since a few data points can be treated
only with zero order models), any attempts to
understand oceanic processes in detail pose a serious
challenge. A few examples are considered here,
where tracer data have contributed to the develop-
ment of realistic models. As mentioned earlier,
simple one-dimensional models were developed
earlier on using two parameters K and w, to con-
sider vertical transfer of tracers through an oceanic
column. Even today these are used, in the absence of
better alternatives, and in reality, because of a lack
of tracer data in the three-dimensional space. The
result is that as yet the general validity of the K-w
models in space is not known or their dependence
on climate. The latter arises because there are
experimental tracer data for ocean waters only
during the Holocene.

The recent signiRcant developments in oceanic
general circulation are a result of transient tracer
experiments, and order of magnitude improvements
in a number of Relds, including orbit dynamics,
gravity Reld estimation and atmospheric variability.
High accuracy data on ocean surface elevation by
satellite altimetry is leading to hopes of complete
theee-dimensional time-evolving estimates of ocean
circulation, which would also improve estimates of
oceanic heat, and several property Suxes.

There has been proliRc growth in the Reld of
tracer oceanography within the last two decades,
but there are acute limitations in providing a consis-
tent picture of the interrelationships between phys-
ical, chemical, and biological processes, which are
needed to develop a coupled atmosphere}ocean
model that responds to climate in an interactive
manner. It is not clear how this will be achieved in
the near future.

Finally, it is gratifying to see that the cosmogenic
radiotracer Reld has evolved highly from an
academic curiosity in the 1950s and 1960s to its
present-day form, wherein it aims to become an
integral part of realistic atmosphere}ocean global
atmosphere and ocean circulation models.

See also

Carbon Cycle. Carbon Dioxide (CO2) Cycle. Phos-
phorus Cycle. Radiocarbon. Stable Carbon Isotope
Variations in the Ocean.
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Introduction

Oceans and marginal seas in high latitudes are
seasonally or permanently covered by sea ice. The
understanding of its growth, movement, and decay
is of utmost importance scientiRcally and logisti-
cally, because it affects the physical conditions for
air}sea interaction, the large-scale circulation of at-
mosphere and oceans and ultimately the global cli-
mate (e.g., the deep and bottom water formation) as
well as human activities in these areas (e.g., ship
trafRc, offshore technology).

Coupled sea ice}ocean models have become valu-
able tools in the study of individual processes and
the consequences of ice}ocean interaction on re-
gional to global scales. The sea ice component pre-
dicts the temporal evolution of the ice cover, thus
interactively providing the boundary conditions for
the ocean circulation model which computes the
resulting water mass distribution and circulation.

A number of important feedback processes be-
tween the components of the coupled system can be
identiRed which need to be adequately represented
(either resolved or parameterized) in coupled sea
ice}ocean models (see Figure 1):

� ice growth through freezing of sea water, the
related brine release and water mass modiRcation;

� polynya maintenance by continuous oceanic
upwelling;

� lead generation by lateral surface current shear
and divergence;

� surface buoyancy loss causing oceanic convection;
and

� pycnocline stabilization in melting regions.

Not all of these are equally important every-
where, and it is not surprising that numerous vari-
ants of coupled sea ice}ocean models exist, which
differ in physical detail, parameterizational sophisti-
cation, and numerical formulation. Models for stud-
ies with higher resolution usually require a higher
level of complexity.

The main regions for applying coupled sea
ice}ocean models are the Arctic Ocean, the waters
surrounding Antarctica, and marginal seas of the
Northern Hemisphere (e.g., Baltic Sea, Hudson
Bay). A universally applicable model needs to in-
clude (either explicitly or by adequate parameteriz-
ation) the speciRc mechanisms of each region, e.g.,
mainly seasonal variations of the ice cover or the
presence of thick, ridged multiyear ice.

This article describes the philosophy and design of
large- and mesoscale prognostic dynamic}thermo-
dynamic sea ice models which are coupled to primi-
tive equation ocean circulation models (see General
Circulation Models). The conservation principles,
the most widely used parameterizations, several
numerical and coupling aspects, and model evalu-
ation issues are addressed.

Basics

Sea water and sea ice as geophysical media are quite
different; whereas the liquid phase is continuous,
three-dimensional, and largely incompressible, the
solid phase can be best characterized as granular,
two-dimensional and compressible. Both share
a high degree of nonlinearity, and many direct feed-
backs between oceanic and sea ice processes exist.

Today’s coupled sea ice}ocean models are Euler-
ian; granular Lagrangian models, which consider the
Soe}Soe interaction explicitly, exist but have so far
not been fully coupled to ocean circulation models.
Originally designed for use with large-scale coarse
resolution ocean models, sea ice in state-of-the-art
models is treated as a continuous medium. Follow-
ing the continuum hypothesis only the average effect
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