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Abstract. The present review deals with the distributions of dissolved trace metals in the
Indian Ocean in relation with biological, chemical and hydrographic processes. The literature
data-base is extremely limited and almost no information is available on particle processes
and input and output processes of trace metals in the Indian Ocean basin and therefore
much research is needed to expand our understanding of the marine chemistries of most
trace metals. An area of special interest for future research is the Arabian Sea. The local
conditions (upwelling induced productivity, restricted bottom water circulation and suboxic
intermediate waters) create a natural laboratory for studying trace metal chemistry.
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1. Introduction
Modern trace element chemistry has been rooted firmly in the field of chemical
oceanography for over fifteen years now. Ultraclean methods both at sea and in the
laboratory, as well as highly sensitive analytical techniques have proven to be essential
in order to obtain reliable and oceanographically consistent trace element data (Boyle
et al 1976; Martin et al 1976; Bruland et al 1979; Schaule and Patterson 1981; and
reviews by Bruland 1983; and Burton and Statham 1990). Whether an element is to
be regarded as a major, a minor or a trace element is to a large degree arbitrary.
Here, trace elements are defined as having maximum dissolved concentrations below
1 #mol/kg in normal seawater.
This review deals with the distributions of trace elements in the Indian Ocean, an
area which, thus far, has received much less attention than the other oceans. In many
respects the Indian Ocean is a unique ocean basin. Surface waters of the northern
Indian Ocean are extremely productive and in the Arabian Sea, the remineralization
of the settling organic particles consumes so much oxygen that intermediate waters
have become suboxic. These conditions have a strong effect on watercolumn chemistry
with implications for the entire Indian Ocean. Secondly, the combination of this with
a complex bathymetry, dividing the Indian Ocean into various separate basins, creates
a pronounced oceanographical asymmetry, unrivalled by the other oceans. In terms
of global oceanic circulation, the Indian Ocean takes an intermediate position between
the Atlantic and Pacific Oceans, so that it is important to study the effects of regional
processes occurring in the Indian Ocean on global oceanographical processes.
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Another point of interest is the fact that the Indian Ocean is bordered by countries
with low industrial activities at present. In contrast to e.g. the north Atlantic Ocean
the Indian Ocean experiences little direct anthropogenic input. This situation is likely
to change in the near future, however, as several countries in the region are currently
in a phase of fast economical growth. It is important to obtain a clear picture of the
distributions of trace elements in a still pristine marine environment, in order to be
able to forecast, interpret and hopefully avert the effects of increasing industrial and
urban activities in this area.
For the near future, the scientific isolation of the Indian Ocean will be alleviated.
Both the Joint Global Ocean Flux Studies programme (JGOFS) and the World
Ocean Circulation Experiment programme (WOCE) have planned expeditions in the
Indian Ocean in the nineties (at the moment of publication, JGOFS has already
carried out several cruises in the North-West Indian Ocean). In addition, the Indian
Ocean Marine Affairs Cooperative (IOMAC) is currently developing long-term
collaborative marine research projects, aimed at management of the marine
environment and marine resources of the Indian Ocean. It is against this background
that the present paper intends to give a state-of-the-art review on the biogeochemistry
of trace elements in the Indian Ocean. The literature database of trace elements in
the Indian Ocean is extremely small (about 20 references). Therefore this review will
also pay attention to topics of future interest.
For the Indian Ocean, our present knowledge of the distributions of trace elements
is virtually restricted to dissolved trace metals. Almost no information is available
about sources to and sinks in the Indian Ocean. The recent (and only) study of the
chemical composition of atmospheric particles in the Indian Ocean (Chester et al
1991) allows tentative flux estimates of trace metals to surface waters. The few studies
on the elemental composition of rivers in this area do not allow the calculation of
a net flux of dissolved or particulate components into the Indian Ocean. Most of the
published data for the open Indian Ocean have been obtained from four cruises. The
first data were obtained during the Soviet expedition on board R.V. 'Akademik
Kurchatov' in April-June 1976 (Danidsson 1980). During the Indian Ocean GEOSECS
expeditions of 1977-1978 the distributions of Sr (Measures et al 1983), Ba (unpublished)
and the natural radiotracers 226Ra, 21~ and 21~ were studied (Cochran et al
1983; Chung 1987a, b; Chung and Finkd 1988). During the Dutch 'Sndlius-II'
expedition on board R.V. 'TYRO' (1984-1985), the distributions of transition elements
have been studied in waters off Java (Hoede et al unpublished results; Nolting et al
1989). The distributions of transition elements, germanium (Ge) and the rare earth
elements (REE) have been studied during the U.K. 'Charles Darwin' expedition in
the late summer of 1986. This cruise visited the west equatorial Indian Ocean (hereafter
WEIO) and also studied the suboxic waters of the northwest Indian Ocean or Arabian
Sea (hereafter N W l O or Arabian Sea) (Frodich et al 1989; Jacinto and Van den Berg
1989; Saager et al 1989; German and Elderfidd 1990; Saager et al 1992; Bertram and
Elderfield 1993; Morley et al 1993; Lund and Statham, in preparation). In addition,
there have been a few studies in coastal waters (Fowler et al 1984; Nolting et al 1989).
The distributions of trace elements in these coastal waters are largely determined by
local processes and it is difficult to interpret them in relation to open ocean processes.
Therefore, they will be ignored in the present review.
Below, the general oceanic distributions of dissolved trace elements shall be
summarized. Then, the hydrography of the Indian Ocean will be briefly discussed,
followed by a discussion on the distribution of trace dements in the Indian Ocean
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in relation to biogeochemical processes. Lastly, points of future interest will be
mentioned with special reference to the next oceanographical expeditions to this area.

2. The distributions of dissolved trace dements in seawater

In his comprehensive review of trace elements in sea-water, Bruland (1983) showed
that the oceanic distributions of dissolved trace elements could be readily explained
in terms of well-understood biological, chemical and physical processes. At that time,
however, our knowledge of marine trace element chemistry was in the main restricted
to a qualitative understanding of the dissolved fraction of trace elements (operationally
defined by the 0.2-0-5/zm filter). Since then, the field has much progressed and several
gaps in our understanding of marine trace element chemistry have been filled. Major
advances have been made on the interactions between dissolved trace elements and
particulate matter. This includes processes such as metal-biota interactions (a good
review was provided by Sunda 1988/1989) as well as particle scavenging and transport
of trace elements out of the water column (Spencer et al 1978; Collier and Edmond
1984; Jickells et al 1984; Sherrell and Boyle 1992). Also, our knowledge of boundary
processes, although still limited, has greatly increased. These processes determine
the nature and rates of sources and sinks of trace elements in seawater and yield
important information concerning the reactivity of trace elements in the oceans. In
this respect, studying the natural radioactive trace metals has proven invaluable. This
is due to their well-known half-lives, providing us with an absolute time reference,
and the fact that their analysis generally is not hampered by contamination. A good
review of the marine chemistry of radiotracers was given by Bacon (1988).
Interpreting the influence of all these processes on trace element distributions has
been increasingly facilitated by the construction of a theoretical framework, based
on the intrinsic thermodynamic and kinetic properties of trace elements in a seawater
medium (Millero 1977; Baes and Mesmer 1981; Turner et al 1981). On the other
hand, laboratory e~periments under controlled conditions, as well as field measurements
allow the construction of such models. For example, in this way, we now know that
dissolved Cu in surface waters is very strongly complexed by dissolved organic
molecules, keeping the free ionic Cu concentration 3-4 orders of magnitude below
its total dissolved concentration (Turner et al 1981; Coale and Bruland 1988; Coale
and Bruland 1990).
For most elements the dissolved phase makes up more than 90% of the total
concentration (Bruland et al 1979; Sherrell and Boyle 1992). For some elements,
however, this situation is different. In deep waters, the concentration of dissolved Mn
is of the same older as its particulate concentration (Martin et al 1985; Landing and
Bruland 1987). In surface waters, dissolved and particulate Cd concentrations are
similar (Sherrell 1989; Sherrell and Boyle 1992). For Fe it has been suggested that
the particulate fraction makes up most of its total concentration, the remainder
probably existing as colloidal Fe (Landing and Bruland 1987). In spite of the fact
that the dissolved fraction dominates the total concentration, all elements display a
certain degree of interaction with particulate matter and for many elements particle
transport constitutes the ultimate removal process out of the watercolumn. The nature
and extent of these interactions vary strongly between elements and eventually
determine their dissolved oceanic distributions.
Important particle interaction processes are electrostatic attraction (e.g. cation-
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exchange), surface adsorption by complexation of a dissolved ion with ligands on
the surface of particles, precipitation as solids and active biological uptake by elementspecific bio-molecules (such as siderophores, which are thought to be responsible for
Fe-uptake by phytoplankton). As particle concentrations in sea-water are extremely
low (on the order of micrograms to milligrams per litre of sea-water), electrostatical
interaction is of minor importance, with the possible exception of benthic nepheloid
layers and the sediment-water interface. Trace elements which are predominantly
influenced by this process behave conservatively in sea-water and their concentrations
are mainly a function of salinity. Any involvement in the biological cycle apparently
does not influence their distributions within analytical precision. These elements will
not be discussed here.
The remainder of the trace elements have traditionally been divided into nutrienttype elements and reactive, or scavenging-type elements (refer Burton and Statham
1990; Chester 1990). Nutrient-type elements show a dissolved distribution very similar
to those of the nutrients (NO 3, PO4, Si), which suggests that their distributions are
dominated by biological processes. In the euphotic zone the trace elements become
associated with phytoplankton during primary production. After the plankton has
died, it is in some way transported out of the euphoric zone, most likely by fecal
pellets or 'marine snow' (Asper 1986). Large sinking particles make up only a small
fraction of marine particulate matter (~< 5~o), but they are responsible for most of
the transport of particles out of the watercolumn (McCave 1975; Lal 1977; Bishop
et al 1980). On its descent, organic material is remineralized by microorganisms and
the nutrients, together with the trace elements, are released back into the water
column. As a result, concentrations inclease with depth. Opal and calcium carbonate
frustrules mainly dissolve on the seafloor, leading to a dissolved flux of Si, alkalinity
and associated trace elements from the sediments into overlying waters.
Scavenging-type elements are very particle reactive and their dissolved distributions
are determined by input into surface waters and output by the continued adsorptive
(hydrolytical and/or oxidative) removal onto particulate matter throughout the
watercolumn. Consequently, dissolved concentrations often have a maximum in
surface waters and decrease strongly with depth.
This nomenclature is however somewhat misleading as it implies some mechanistic
link between the requirement of an element by biota and its oceanic distribution.
From the chemical composition of marine phytoplankton it has become apparent
that in fact all elements are incorporated by plankton during primary production
(Collier and Edmond 1984; Jickells et a11984; SherreU and Boyle 1992). As an example
Cd, for which as yet no (or almost no, refer Price and Morel 1990) biological function
has been demonstrated, is strongly enriched in phytoplankton and its dissolved
distribution is very similar to those of the nutrients P O , and NO 3. On the other
hand, some elements which have a well-defined biological function, such as Mn, do
not show this nutrient-type behaviour at all. It therefore seems that the intrinsic
chemical adsorption affinity of a metal for marine particulate matter determines
whether the metal stays in solution after remineralization of the particle, or is to
some degree readsorbed by the remaining particles (e.g. Fe, Mn-oxyhydroxides, clay
minerals, skeletal material or refractory organic matter). The oceanic distribution of
a trace element eventually results from both its requirement by the biota and its
chemical adsorption reactivity. This reactivity is controlled by the competition
between dissolved ligands (e.g. carbonate ions, organic ligands) and surface ligands
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on particles. Therefore, in the open ocean, one observes a range of distributions from
elements displaying virtually 'perfect' nutrient-type profiles (e.g. Cd, Zn, Ni) to
elements which show both nutrient-type behaviour and scavenging (e.g. Cu, REE,
Fe) to elements with a distinct scavenging type distribution (such as Mn, Ce and AI).
It has been demonstrated that the rate of adsorption is a function of particle concentration (Honeyman et al 1988). High particle concentrations are often associated
with primary production, resuspension of bottom sediments and atmospheric dust
fluxes. Consequently, particle-reactive elements such as 2~~ or 234Th often have
low dissolved concentrations in productive areas- provided there is no strong
continental i n p u t - and high concentrations in oligotrophic gyres (Bacon 1988).
Elements which appear to be incorporated mainly by living phytoplankton, such as
Zn, Cd or Ni, show an opposite behaviour with lowest concentrations in oligotrophic
gyres and highest concentrations in upwelling waters (Bruland 1980; Martin and
Gordon 1988).
In addition to sources and sinks associated with particle adsorption and biological
recycling (both in the watercolumn and from the sediment), atmospheric input (BuatMrnard and Chesselet 1979; Duce et al 1983; Arimoto et al 1985, 1987; Dulac et al
1987; Chester et al 1991), input by rivers (Boyle et al 1982; Martin and Whitfield
1983) and hydrothermal input (Von Damm et al 1985; German 1991) may lead to
local maxima in the dissolved distributions of trace elements. Hydrothermal systems
may also act as a sink for many trace elements (German 1991). This is the result of
adsorption of trace elements onto Fe-oxides, which rapidly precipitate upon mixing
of the hydrothermal fluid with the surrounding sea-water. This process has been
shown to be so effective for the REE, that hydrothermal systems are now believed
to be a sink for REE in sea-water, despite the fact that dissolved REE-concentrations
in the pure hydrothermal fluids are extremely high in comparison with sea-water
(Klinkhammer et al 1983; German 1991). Sediments may also act as a sink for trace
elements. In reducing, sulphidic sediments underlying productive surface waters, many
trace elements are precipitated as solid sulphides (Luther et al 1980, 1986).
Lastly, redox processes may strongly affect the distributions of trace elements. For
example, in normal sea-water, Mn is metastably present as a divalent cation, Mn(II).
Upon adsorption onto particles it is oxidized to its tetravalent state, Mn(IV), which
forms an oxide (MnO2) of extremely low solubility, and is thus permanently removed
from the watercolumn. This process could explain the distribution of dissolved Mn,
as Mn(II) is not a very particle reactive element. It has been demonstrated that this
oxidation process is predominantly microbially mediated (Tebo 1991). Sunda and
coworkers (Sunda and Huntsman 1983, 1988) showed that in the euphoric zone, this
microbial oxidation is photochemically suppressed and that existing Mn-oxides are
photochemically reduced to Mn(II). This process may be important in maintaining
high levels of dissolved Mn in surface waters, which is characteristic of its distribution.
The most distinctive manifestations of redox processes are encountered in suboxic
and anoxic waters. In such waters consumption of oxygen during the remineralization
of organic matter exceeds supply, so that NO3, Fe, Mn-oxyhydroxides and finally
SO4 are microbially reduced to continue this process. Suboxic waters contain neither
dissolved oxygen nor dissolved sulphide and are poised by the intermediate electron
acceptors (i.e. NO3, Fe and Mn oxyhydroxides). Anoxic waters are more strongly
reducing and sulphide is present. Under these conditions, many trace elements change
their oxidation state, which is mostly accompanied by a dramatic change in solubility.
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For example, the concentration of dissolved Mn in deep open ocean waters is about
0.2 nmol/kg. In the anoxic waters of the Black Sea, Mn reaches concentrations of
8/~mol/kg, an increase of more than 4 orders of magnitude! (Spencer and Brewer
1971; Haraldsson and Westerlund 1988; Lewis and Landing 1991). In the presence
of sulphide, both redox and non-redox elements are removed by precipitation as
solid sulphide minerals (Jacobs et ai 1987; Landing and Lewis 1991; Saager et al
1993). This process is not observed in the Indian Ocean and will not be discussed
here. However, suboxic conditions do occur in the Arabian Sea and their influence
on the distributions of trace elements will be discussed in the following sections.

3. Hydrography of the Indian Ocean
Taking as its southern limit the Subtropical Convergence located at about 40~
(Tchernia 1980), the Indian Ocean is the smallest of the four large ocean basins with
a surface of approximately 50.106km 2. The bathymetry of the Indian Ocean is fairly
complex. The central ridge system divides the Indian Ocean into a western and an
eastern basin, each of which is fragmented into several subbasins. This system strongly
influences the circulation of deep water.
Climatically, the Indian Ocean is strongly asymmetric. The southern part is
dominated by a more or less regular anticyclonic circulation with SE-trade winds
blowing between 30~ and 10~176 not dissimilar to the situation in the south Atlantic
and south Pacific Oceans. In the northern Indian Ocean, seasonal variation is very
large due to the changing monsoon system. From November to January an atmospheric
high is formed over most of the Asian continent, whereas low pressures are found
over most of the Indian Ocean. The Indian Ocean is largely protected against the
ensuing cold, dry north-east winds by the great mountain ranges of the Himalayas,
the Hindu Kush and Iran. Therefore, the NE-monsoon is relatively moderate with
cool, dry air blowing over the northern Indian Ocean, leading to cooling and
evaporation of surface waters. From May to September meteorological conditions
reverse, with a distinct atmospheric low centred at Pakistan. The resulting
south-western monsoon winds are much more pronounced and create cold, very
humid conditions over the Arabian Sea with little precipitation, but give rise to
excessive rainfall on the Indian subcontinent and the shores of the Bay of Bengal.
The general surface water circulation (figure la, b) is strongly related to these
meteorological conditions. In the southern Indian Ocean, a great anticyclonic gyre
extends northward to about 5-10~ where a pronounced hydrographic front is
located (figure 2). This gyre is similar in nature to those in the Atlantic and Pacific
Oceans, although it experiences slightly more seasonal variability. Also, its eastern
boundary current is remarkably weak compared to those in the other oceans. Just
south of the equator one finds the prominent South Equatorial Current, which is a
year-round feature. This current transports low-salinity waters originating in the wet
eastern tropical Indian Ocean to the western equatorial Indian Ocean. Surface
circulation in the northern part is dominated by the monsoons. During the NEmonsoon, the South Equatorial Current is pushed to its southernmost extension
(figure la). A strong west-flowing North Equatorial Current is found just north of
the equator and between these westward currents is the eastward Equatorial Counter
Current. In the Bay of Bengal, circulation is anticyclonic and in the Arabian Sea
currents are weak, without showing a very distinct pattern.
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Figure la. Schematic surface water circulation in the Indian Ocean during the NE-monsoon
(after Tchernia 1980).

Figure lb. Schematic surface water circulation in the Indian Ocean during the SW-monsoon
(after Tchernia 1980).
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Figure 2. Verticalsection of the western Indian Ocean showing the major hydrographic
properties and someimportant watr
(after Tchernia 1980).

During the SW-monsoon, the South Equatorial Current branches near the African
continent, its northern branch forming the strong Somali current (figure lb). This
current flows parallel to the Somali coast, thereby inducing upwelling, which results
in low temperatures and high nutrient concentrations in surface waters. At about
10~ this current branches eastward and forms the Drift Current of the SW-Monsoon.
This current entrains outflow-waters from the Arabian Sea and flows eastward.
Circulation in the Bay of Bengal is cyclonic. In the Arabian Sea, surface currents
now follow the contours of the coasts in an anticyclonic way. Currents flow parallel
to the Arabian Coast, resulting in strong upwelling of waters from 100-200 meters
depth east of 55~ Surface water temperatures drop and nutrient concentrations rise,
thus fueling very high primary productivity (up to 2 gC m-2 d-1, Qasim 1982). The
large export of organic matter effectively consumes all oxygen in intermediate waters.
Renewal waters at intermediate depth levels probably derive from the South Equatorial
Current (Swallow 1984) and already carry low (but variable) oxygen concentrations
(100-200 #mol/kg). It is the latter fact that probably causes oxygen deficient conditions
rather than poor ventilation of intermediate waters as suggested previously (Slater
and Kroopnick 1982). In fact, it is believed that strong ventilation of intermediate
waters prevents the Arabian Sea from going entirely anoxic (Somasundar and Naqvi
1988). Oxygen concentrations drop to very low values (down to 1-10/zmol/kg)
between 50 and 1200 meters depth. At these concentrations, reduction of nitrate and
Mn-oxides takes place. It has been suggested that the Arabian Sea may experience
up to 30~o of the average world's annual denitrification (Naqvi 1987).
The deep circulation is depicted in figure 3. A hydrographic front located at about
5-10~ divides the Indian Ocean into a northern and a southern part. In the southern
part, the vertical watercolumn is stratified into five water-masses. Antarctic Bottom
waters enter the Indian Ocean at two locations (figure 3), one branch filling the
western basin and one the eastern basin. This bottom water moves northward, entering
the other basins by fractures and gaps in the Central Indian Ridge system. As a result
of the complex bottom topography, deep waters in the North-East Indian Ocean are
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Figure 3. Schematic deep water circulation of the Indian Ocean. Basin contours are 4000 m
isobaths. Antarctic Bottom Water enters the Indian Ocean at two different localities as
indicated by the solid arrows (after Tchernia 1980).
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younger than in the North-West Indian Ocean and, consequently, have lower nutrient
concentrations (Edmond et al 1979; Broecker et al 1980). Overlying this water-mass
is North Indian Deep Water derived from North Atlantic Deep Water. This is overlain
by the low-salinity Antarctic Intermediate Water mass, situated at about 1000m
depth. This water-mass gradually loses its characteristics near the hydrographic front
at 10~ and also shoals northward. Immediately influenced by the anticyclonic surface
water circulation one finds South Indian Central Water between 100 and 700 m depth.
In the northern Indian Ocean, deep water circulation is dominated by the presence
of high-salinity water masses originating in the Arabian Sea and adjacent Red Sea
and Persian Gulf. These waters form one homogeneous watermass between the surface
and about 2000 m depth, delineated by a salinity of 34.80 (figure 2). Originating in
the NWlO, these waters create a W - E asymmetry on top of the N - S asymmetry
already discussed. The low-salinity water-mass found in the NWIO at a depth of
about 600 m probably originates from the South Equatorial Current. It has also been
suggested that intermediate and thermocline waters in the Arabian Sea are derived
from Subantarctic Mode Water (Prunier et al 1991).
The general characteristics of the northern and southern watermasses are very
distinct. North Indian Deep Water carries low oxygen concentrations (50/zmol/kg)
and high nutrients (figure 4), whereas South Indian Deep Waters have high oxygen
concentrations (225/~mol/kg) and low nutrient concentrations (figure 4).

4. Trace metals in the Indian Ocean

Due to the very small database, distributions of trace elements will be discussed per
element in the order of the periodic table. Preceding its distribution in the Indian
Ocean, the general oceanic distribution of each element will be briefly summarized.
Average concentrations of trace elements and nutrients in the Indian Ocean are given
in table 1.
4.1 Aluminium
Aluminium (AI) is a particle reactive element. Consequently, its dissolved distribution
in the oceans is strongly influenced by local sources and sinks. Surface water concentrations increase in the presence of landmasses due to the importance of atmospheric
A1 fluxes (Chester 1982; Maring and Duce 1987). Concentrations decrease with depth
as a result of adsorptive scavenging but increase towards the seafloor, indicating a
flux of dissolved A1 from underlying sediments, in combination with advection of
other watermasses (Measures et al 1986). Deep water concentrations decrease with
the age of the deep water, from about 25 nmol/kg in the north Atlantic Ocean (Hydes
1979; Measures et al 1986) to about 1-2nmol/kg in the northeast Pacific Ocean
(Orians and Bruland 1986). Its deep water residence time therefore is much less than
the mixing time of deep ocean circulation ( ~ 1000 years; Stuiver et al 1983), but A1
is less particle reactive than Mn, Pb or Th.
Shortly, the first data for the Indian Ocean will become available (figure 5 after
Lunel and Statham, in preparation). Surface water concentrations appear to be a
strong function of atmospheric input into surface waters, the importance of which.
increases to the northern Indian Ocean (Chester et al 1991), as well as of adsorptive
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Table 1. Average trace metal and nutrient concentrations for three major basins in the
western Indian Ocean. n.m. is not measured. Units are in molar notation, #M = wnol/kg etc.

Element

I.O Basin
(see figure 3)

Reference

0-50 m

10002000 m
100
100
50

30005000 m

Si
(~M)

Arabian
Somali
Madagascar

(Weiss et al 1983)

5
0
0

PO 4
~M)

Arabian
Somali
Madagascar

(Weiss et al 1983)

0-5
0
0

3"0
2"6
2"3

2-5
2-4
2-25

Al
(nM)

Arabian
Somali
Madagascar

-(Lunet and Statham, in
(preparation)

n.m
2
4

n.m.
4
1.5

n.m.
4
2

V
(nM)

N.E. Indian

Hoede et al (unpubl. res.)

Mn
(aM)

Arabian
Somali
Madagascar

(Saager et al 1989)
(Morley et at 1993)
(Morley et al 1993)

Fe
(nM)

Arabian
Somali
Madagascar

(Saager et al 1989)
(Morley et al 1993)
(Morley et al 1993)

Ni
(nM)

Arabian
Somali
Madagascar

(Saager et

al 1992)
(Morley et ai 1993)
(Morley et al 1993)

Cn

Arabian
Somali
Madagascar

(Saager et al 1992)
(Morley et al 1993)
(Morley et al 1993)

3
1
0-8.

1-5
2
1.5

(nM)

Arabian
Somali
Madagascar

(Saagar et a/1992)
(Morley et al 1993)
(Morley et al 1993)

~<2
~<0-4
~<0-4

Gr
(pM)

Somali
Madagascar

(Froelich et a/1989)
(Froelich et al 1989)

As
(riM)

N.E. Indian

Hoede et al (unpubl. res.)

Sr
(nM)
Cd

N. Indian/
S.Indian
Arabian
Somali
Madagascar
Arabian
Somali
Madagascar
Arabian
Somali
Madagascar
Arabian
Somali
Madagascar

Measures et al (1983)

(nM)
Zn

(pM)
Be
(riM)
La

(pM)
Ce
(pM)

150
130
125

35.6
4
t
1
0-3-2
~<1"5
~<1-5

5
0-25
0-25

0-2
0-2
0-2

5
~< 1"5
~< 1-5

1"5
~< 1"5
~< 1-5

2

8

2
2

7
6

11
7.5
6-5

n.m.
2

8
5
5
40
70

2-5
3
3
10
7.5
7-5
95
95
22-5

0.5

(Saager et al 1992)
(Morley et al 1993)
(Morley et al 1993)

10-80
5
5

(Ostlund et al 1987)

2"0

2"0

1100
700
600

800
700
650

40
40
35

95
95
95

125
115
110

(Bertram and
Elderfield 1993)

13
8'5
10

,23
25
18

(Bertram and
Elderfield 1993)

12
5
8

5-15
5
3

n.m.
45
42
5
6
6
(Continued)
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Table 1. (Continued)
1.O Basin
(see figure 3)

Element

~/b
~pM)

h~a~oiaa
Somali
Madagascar
Somali
Madagascar
Arabian
Somali
Madagascar

Pt
(pM)
226Ra
(drop/
100 kg)

Reference

0-50m

0~r
aaa
E~6effteXa~993)

2
2
2
1"5
1-5
7
7
7

(Jacinto and Van den
Berg 1989)
(Ostlund et al 1987)

10002000m

30005000m

4-5
6.~
5"5
0.4
0-2
15
20
12

7"5
if4
0-2
30
27
23

0 PersG. I A r . ~ ~
-1000

(~--

FledSea

m~cJrnurn

-2000

0

-3OOO'

-4ooo, " ~ o
~

;

AI
;o

~'~

~o

AI (nmol/~g)

Figure5. Verticaldistribution of dissolved AIin the WEIO: Sta. 1507,N of the hydrographic
front (Lunel and Statham in preparation). Note the presence of the pronounced subsurface
maximum and the influences of the water masses originating in the Persian Gulf, northern
Arabian Sea and Red Sea.
removal onto particulate matter, which is mainly related to primary productivity
patterns (Krishnaswami et al 1981). As a result, the AI inventory is larger in the upper
watercolumn north of the hydrographic front than that south of it, but concentrations
in the very surface waters are lower. Just below the surface, in the upper thermocline,
AI concentrations show a pronounced subsurface maximum. This was also observed
at some stations in the Pacific Ocean, but there it was much less developed (Orians
and Bruland 1986). It could not be discerned from Atlantic profiles (Hydes 1979;
Measures et al 1986). This subsurface m a x i m u m is probal~ly caused by release of AI
during remineraliza.tion of organic matter, implying that here the remineralization
of AI is more rapid t h a n readsorption onto remaining particulate matter. AI concentrations continue to decrease with depth and intermediate and deep water concentrations
(2-4 nmol/kg) are intermediate between Atlantic and Pacific values.
At a station north of the hydrographic front, pronounced A1 maxima are found
(figure 5), which are attributed to the presence of northern watermasses (Lunel and
Statham, in preparation). Apparently, the source areas of Red Sea Water, Persian
Gulf Water and Arabian Sea Surface Water experience large surface input of AI.
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Already during the NE-monsoons, atmospheric A1 fluxes amount to 3/~mol cm- 2 y- 1
whereas winds are weakest during this time of the year (Chester et al 1991).
Atmospheric AI fluxes in the tropical and south Indian Ocean are probably about
two orders of magnitude lower (Chester et al 1991).
The dissolved anomalies and the subsurface maximum underline that AI is less
particle reactive than Ce and Mn, as the Mn and Ce-maxima of the Arabian Sea are
no longer observable in the Somali Basin (to be discussed below).
4.2 Vanadium
In normal seawater, vanadium(V) is thought to occur as a pentavalent (5 § oxyanion
(HVO 2- , H2VO 4 , NaHVO~-, Turner et al 1981). Consequently, it will exhibit little
reactivity to marine particles (Whitfield and Turner 1987). The oceanic distribution
of V shows only minor variability with depth or location and only in productive
waters, there is evidence of a small surface depletion due to uptake by primary
producers (Collier 1984; Jeande11987; Jeandel et a11987). As a result of its involvement
in the biological cycle, deep-water V concentrations show a small nutrient-type
increase from the North Atlantic (32.6 nmol/kg; Middelburg et al 1988) to the Pacific
Ocean (36-4 nmol/kg; Collier 1984). There is some uncertainty as to this interoceanic
fractionation, because of reported interlaboratory bias (Jeandel et al 1987), but as
the trends for the world ocean reported by three different labs are oceanographically
consistent this bias will here be ignored. The average deep water V increase is correlated
with that of PO4 with a mean AV/APO4-ratio of 2.4.10- 3 (Middelburg et al 1988).
The datasets for the Indian Ocean have not yet been published and will only be
mentioned briefly. Profiles for the South Indian Ocean show slight surface depletion
and uniform deep water concentrations, which are significantly higher than the above
mentioned values (Jeandel 1987). This discrepancy can only be solved upon thorough
intercalibration of future measurements. Average concentrations in the North-East
Indian Ocean (35-6 nmol/kg; Hoedeet al unpublished results, cited in Middelburg et
al 1988) are intermediate between Atlantic and Pacific levels, and thus seem oceanographically consistent.
4.3 Manoanese
Manganese (Mn) is a very particle-reactive element and its distribution is determined
by input into surface waters and oxidative scavenging throughout the watercolumn
(Klinkhammer and Bender 1980; Landing and Bruland 1980, 1987; Martin and
Knauer 1982, 1983, 1984, 1985; Martin et al 1985; Statham and Burton 1986). Surface
water concentrations strongly increase in the presence of landmass due to the
importance of fluvial and atmospheric sources (Chester 1990). Mn has an active redox
cycle which is strongly biologically mediated. It has been demonstrated that high
surface water concentrations are maintained by photochemically induced reduction
of Mn-oxides in combination with photochemically suppressed Mn-oxidation by
microorganisms (Sunda et ai 1983; Sunda and Huntsman 1988). This photochemical
cycle is not unique to Mn, also for Fe (Finden et al 1984) and Cu (Moffett and Zika
1987) the importance of this process has been demonstrated.
The different hydrographic conditions of the WEIO and the Arabian Sea greatly
influence the distribution of Mn in the Indian Ocean (figure 6 after Saager et al 1989;

250

Paul M Saager

.1000

84

. h o _ o

~

9

0

1

2

3

4

M n (nmol/kg)

Figure 6. Verticaldistributionof dissolvedMn in the Indian Ocean. WEIO: open circles,
sta. 1506,N of hydrographicfront (Morleyet al 1993). ARABIANSEA:closedcircles, Sta.
1608 (Saager et al 1992).The solid bar indicatesthe verticalextent of the oxygenminimum
zone. Note the strong influenceof Persian Gulf water on the dissolved Mn-maximumin
the suboxiczone.

Morley et ai 1993). In the WEIO, surface water concentrations are low (0.7-1.1 nmol!
kg) and show r~o distinct geographical pattern. In the Arabian Sea, the proximity of
the Arabian continent is felt. Surface water concentrations are two to four times
higher than in the WEIO and strongly increase towards the coast (Saager et a11989).
Concentrations rapidly decrease over the upper thermocline and reach low values
in deep waters, typical of open ocean waters ((H-if3 nmol/kg). In the Arabian Sea,
however, the distribution of Mn is strongly influenced by the oxygen minima in
intermediate waters (Saager et a11989). A pronounced Mn maximum is found between
100 and 1200m depth (figure 6), indicative of reductive dissolution of Mn-oxides. An
almost identical distribution was reported for the suboxic waters of the east equatorial
Pacific Ocean (Martin et ai 1985; Landing and Bruland 1987). In the vicinity of the
Persian Gulf, a distinctly negative Mn anomaly is observed at the density surface of
Persian Gulf Outflow waters (a0 = 26.6). These waters probably carry higher dissolved
oxygen concentrations, which cause the oxidation and subsequent adsorptive removal
of Mn. As no information on particulate Mn is available, nor of dissolved fluxes from
the sediment, it is not possible to determine if the dissolved Mn maxima are caused
by in situ reduction of settling Mn-oxides, or by advective transport of a benthic flux
(Watson 1989). Mn is so particle reactive that the dissolved Mn maxima of the
Arabian Sea are eroded by oxidative scavenging and are no longer observable in the
WEIO (Morley et al 1993).
4.4 Iron
The oceanic distribution of iron (Fe) has only been recently elucidated (Gordon et al
1982; Landing and Bruland 1987; Martin and Gordon 1988; Martin et al 1989, 1990,
1993; Bruland et al 1991). Contamination during sampling and analysis is still a
major problem in. obtaining reliable data. Fe has long been viewed as a particle
reactive element with external inputs exerting a strong influence on concentrations
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F i p r e 7. Vertical distribution of dissolved Fe in the central Arabian Sea: sta. 1607 from
Saager et a1(1992). The solid bar indicates the vertical extent of the oxygen minimum zone.

in surface waters. In the open ocean, remote from continental sources, surface water
concentrations are very low (0.05-0.1 nmol/kg Martin et al 1990; Bruland et al 1991).
However, in contrast to typically particle reactive dements (Landing and Bruland
1987), concentrations increase with depth in a manner largely similar to the concentration increase exhibited by the major plant nutrients (Martin and Gordon 1988).
Deep water concentrations in the Pacific Ocean (Martin and Gordon 1988) are
comparable to those in the Atlantic Ocean (Martin et al 1993). The combination of
strong nutrient-type behaviour in a vertical profile and the lack of pronounced
interoceanic differences is unlike that of any other element and is yet to be satisfactorily
explained.
In the Indian Ocean, information on dissolved Fe is extremely limited (figure 7
after Saager et al 1989). In the Arabian Sea, surface water concentrations are low
(0.3-2 nmol/kg), but not extremely low, probably as a result of large atmospheric
input (Chester et al 1991). In the oxygen minimum zone, a dissolved concentration
maximum is present at the same depth as the maxima of Mn, Ce (see below) and
the minimum of NO 3. As with Mn, it is not clear if this is caused by in situ dissolution
of settling Fe-oxides or by advective transport of Fe derived from reducing sediments
(Watson 1989). Deep water concentrations are generally low (1-2 nmol/kg), but are
higher than recently reported for other oceans (Martin and Gordon 1988; Martin
et al 1990, 1993; Bruland et al 1991). For the WEIO, no profiles are available, but
upper concentration estimates are of order 1.5 nmol/kg (Morley et al 1993).
4.5 Nickel
The oceanic distribution of dissolved nickel (Ni) suggests its involvement in a shallow
regeneration cycle characteristic of organic material and a deep regeneration cycle
reflecting the dissolution of skeletal material. This behaviour was inferred from its
distributions in the Pacific Ocean, which showed a tight correlation between Ni and
PO4 in the upper 1000 meters of the watercolumn and another good correlation
between Ni an~dSi in deeper waters (Sdater et a11976; Bruland 1980). The contribution
of deeply regenerated Ni increases with the age of deep water (as does, obviously, its
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total concentration). In fact, the correlation between Ni and Si is not significant in
the Atlantic Ocean and onl? a moderate correlation exists between Ni and PO4
(Bruland and Franks 1983; Jickells and Burton 1988). Going from the north Atlantic
to the Antarctic Ocean (Westerlund and Ohman 1991), Ni concentrations increase
from 4nmol/kg to 6-6.5nmol/kg. In the WEIO deep water concentrations are
7 nmol/kg (Morley et al 1993). In the Arabian Sea, deep water concentrations are
9-12 nmol/kg (Saager et al 1992), of similar level as those in the deep Pacific Ocean
(Bruland 1980).
In surface waters, Ni is never depleted to very low concentrations. In oligotrophic
areas, surface water concentrations never drop much below 1-2nmol/kg, but in
upwelling areas, surface water concentrations increase along with increasing nutrient
concentrations (Bruland 1980; Boyle et al 1981). It is not clear what prevents the
efficient removal of Ni by primary producers. One possibility may be related to the
reportedly very slow exchange kinetics for Ni-uptake by phytoplankton (Sunda 1988/
1989). Ni is an important co-factor in urease, an enzyme responsible for uptake of
nitrogen by phytoplankton. Ni-uptake may be kinetically determined by the activity
of inorganic Ni-species, which are possibly kept low due to complexation by organic
ligands (Nimmo et al 1989).
The Indian Ocean yields an interesting contribution to the complex biogeochemistry
of Ni (figure 8). The dissolved distribution of Ni in the WEIO is more similar to that
of PO4 than to that of Si or alkalinity (Morley et al 1993). The contribution of deeply
regenerated Ni to its total concentration is only about 1-2 nmol/kg, about 20% of
its total surface-to-deep enrichment. In the Arabian Sea, however, the distribution
of Ni does not resemble that of PO4 at all, but is very similar to those of Si and
alkalinity (Saager et al 1992). The high Ni concentrations in the Arabian Sea are
accompanied by similarly high values for Si and alkalinity (Edmond et al 1979;
Broecker et al 1980). The extreme productivity of surface waters in this upwelling
environment results in large fluxes of biogenic particles to the sediment, which upon
remineralization release Si, alkalinity and refractory trace metals back into solution.
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Figure 8. Vertical distribution of dissolved Ni. WEIO: open circles, sta. 1503, S of the
hydrographic front (Morleyet al 1993).Arabian Sea: closedcircles, sta. 1608(Saager et al
1992). Also inserted are (drawn lines), Sargasso Sea station in the north Atlantic Ocean
(Bruland and Franks 1983)and, sta. H77 in the northeast Pacific Ocean (Bruland 1980).
Note the pronounced Ni maximum in bottom waters of the Arabian Sea.
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The first data for Ni in the Indian Ocean (Danielsson 1980) also showed a good
correlation with Si, but were about 50-100% higher than later reports. It therefore
seems that these data are on the high end, possibly as a result of some contamination
or analytical problems. Ni concentrations in the EEIO (Nolting et al 1989) are similar
to Ni levels in the WEIO.
From the oceanic distribution of dissolved Ni it is clear that an important fraction
of its regenerative input derives from dissolution of particles at the sediment water
interface. As pelagic sediments are mostly completely oxygenated, Mn-oxides are
probably not important carriers. Dissolution of opal does not seem to contribute
significantly either, because of two reasons. Firstly, the strong concentration increase
of Si of almost 100 #mol/kg (600%) between North Atlantic Deep Water and Antarctic
Bottom Water is not matched by a similar increase of Ni (only 50%). On the other
hand, deep water Si-concentrations increase by only 30% from the Antarctic to the
northeast Pacific Ocean, whereas Ni concentrations increase by more than 80%.
Secondly, the composition of plankton also shows that most of the Ni is associated
with organic matter and not with opal (Collier and Edmond 1984). The concentration
increase of dissolved Ni in deep waters is quite similar to that of alkalinity (Takahashi
et al 1981), possibly hinting at association of Ni with calcium-carbonate frustrules.
Ni would then have to be present adsorbed onto these particles, because clean calcium
carbonate particles contain almost no Ni (Collier and Edmond 1984). As in open
ocean waters, there is evidence of a tight coupling between the vertical flux of organic
matter and that of calcium carbonate (Brummer and Van Eijden 1992), the correlation
may not be mechanistic but fortuitous. In that case Ni is most likely transported by
organic matter escaping remineralization in the upper water column.
Surface water Ni concentrations are very similar (2.0-2.5 nmol/kg) in the WEIO
(Morley et al 1993) and Arabian Sea (Saager et al 1992) and show no systematic
geographic trend, despite order of magnitude higher atmospheric Ni concentrations
in the Arabian Sea (Chester et al 1991). This may be explained by the fact that
estimated atmospheric deposition of Ni to the Arabian Sea (Chester et al 1991) is
one to two orders of magnitude less than input by upwelling (see Cd for estimates
of upwelling rates). Atmospheric particles in the tropical and south Indian Ocean
have more than one order of magnitude lower Ni concentrations, so that atmospheric
input of Ni to the WEIO will be even less important.
4.6 Copper
The oceanic distribution of dissolved copper (Cu) (Boyle et al 1977; Moore 1978;
Bruland 1980; Bruland and Franks 1983; Jickells and Burton 1988; Nolting et al
1991; Westerlund and Ohman 1991) is determined by its involvement in the biological
cycle, by local inputs, and by scavenging. In the open ocean, surface water concentrations are low (0.5-1.0 nmol/kg) and decrease from the Atlantic via the Indian to the
northeast Pacific Ocean, in accordance with decreasing fluvial and atmospheric input
(Chester 1990; Duce et al 1991). In upwelling waters, concentrations are higher and
seem to be correlated with PO4 (Bruland 1980; Boyle et al 1981). Concentrations
increase only gradually with depth and especially in the thermocline, the concentration
gradient is much less steep than those of the more labile trace elements, Ni, Cd and
Zn. Maximum values are observed near the seafloor, indicating a diagenetic source
from the sediment, probably from remineralization of organic matter (Klinkhammer
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1980; Heggie et al 1986). This downward concentration increase often shows a
pronounced negative curvature with respect to linear mixing, indicating removal of
Cu by scavenging onto particulate matter (Boyle et al 1977). Deep water concentrations
gradually increase from the North Atlantic Ocean (1-2nmol/kg, although Moore
(1978) reported concentrations of 4 nmol/kg in the northeast Atlantic), to the northeast
Pacific Ocean (about 4-5 nmol/kg, Boyle et al 1977; Bruland 1980).
The first Cu data for the open Indian Ocean showed high surface water concentrations (3.5-4.5 nmol/kg; Danielsson 1980), a distinct subsurface minimum (1.5-2.5 nmol/
kg) and a concentration increase with depth with maximum values of about 4-5 nmol/kg.
Although in accordance with the general oceanic distribution of Cu, later data for
the WEIO showed concentrations that were 0.5-2nmol/kg lower throughout the
watercolumn (Morley et al 1993). Lower concentrations were also reported for the
Arabian Sea (Saager et al 1992). These recent data are more in line with the global
pattern of Cu. Concentrations (3 nmol/kg) are intermediate between Atlantic and
Pacific values (figure 9).
In the WEIO, surface water concentrations vary between 0.7 and 1.0 nmol/kg and
do not reveal a clear geographic trend. Concentrations remain low in thermocline
waters and only increase below this depth, supporting the idea that a very significant
proportion of Cu is remineralized at the seafloor. In the Arabian Sea, surface water
concentrations are significantly higher (2 nmol/kg) and strongly increase towards the
Arabian continent, reflecting an important continental input on top of input by
upwelling, possibly in combination with an advective flux from shallow shelf sediments
(Heggle et al 1987). At these stations, Cu concentrations decrease with depth and
reach a minimum at about 1000m depth (figure 9), most likely due to adsorption
onto organic material deriving from the productive surface waters. This is supported
by increasing concentrations in intermediate waters towards the centre of the Arabian
Sea, where primary productivity is lower (Saager 1994).
Deep water concentrations south of the hydrographic front (figure 2) reach maximum
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values near the seafloor, but north of this front the maximum is located at 3000 m
depth. This suggests a hydrographic control on the distribution of Cu in deep waters.
The same mechanism was proposed for the REE (see below). In the Arabian Sea,
average deep water concentrations are very similar to those in the WEIO and only
the deepest samples show a strong anomaly (Saager et al 1992). This trend is different
from those of Si, alkalinity, Ni and Zn (see below) and reflects the more particle~
reactive nature of Cu.
4.7 Zinc
The oceanic distribution of dissolved zinc (Zn) is characterized by low surface water
concentrations, a gradual increase with depth, and maximum values in deep waters
(Bruland et ai 1978b; Bruland 1980; Bruland and Franks 1983; Martin and Gordon
1988; Martin et al 1990). This indicates a predominantly deep regeneration cycle and
its vertical distribution generally resembles those of silicate and alkalinity. Deep
waters of the Atlantic Ocean have four times lower concentrations than deep Pacific
waters. The contribution of deeply regenerated Zn increases from the Atlantic to the
Pacific Ocean, as is reflected by the correlation between Zn and Si which improves
in the same direction. Although the distribution of Zn closely resembles those of Sj
and alkalinity, it is not clear which particle phase is responsible for transport of Zn
through the watercolumn. From phytoplankton analyses it is clear that Zn is not
incorporated into the crystal lattices of either opal or calcium-carbonate, but
uncleaned opal and calcium carbonate had Zn/Si, resp. Zn/Ca ratios that were quite
similar to their regenerative ratios in seawater (Collier and Edmond 1984). However,
as with most metals, organic material most likely dominates the transport of Zn.
Zn is very sensitive to contamination during sampling and analysis, which probably
explains why the very low surface water values reported for the Pacific (Bruland et al
1978b; Bruland 1980) and Atlantic Oceans (Bruland and Franks 1983; Martin et al
1993) were not observed in the Indian Ocean. Surface water Zn concentrations in
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the WEIO are below 1 nmol/kg (Morley et al 1993). For the Arabian Sea, upper
estimates are 2 nmol/kg, reflecting a larger input into surface waters by upwelling
(Saager et al 1992) and atmospheric deposition (Chester et ai 1991).
In the WEIO, deep water Zn concentrations follow the global deep water pattern
and are intermediate between Atlantic and Pacific values (figure 10; Morley et al
1993). Deep water concentrations are about 1-2 nmol/kg higher than Antarctic values
(Westedund and Ohman 1991), indicating some regenerative input of Zn in this part
of the deep water trajectory. Concentrations in the deep Arabian Sea are significantly
higher (figure 10, after Saager et al 1992) and are similar to concentrations found in
the Pacific Ocean (Bruland 1980). These high Zn concentrations are accompanied
by similar high deep water concentrations of Si, alkalinity and Ni (Edmond et al
1979; Broecker et al 1980). The mechanisms for this enrichment are probably similar
to those responsible for the deep water Ni anomalies, but otherwise are equally poorly
characterized.
4.8 Germanium
Germanium (Ge) shows a nutrient-type distribution which is very similar to that of
Si (figure lla) (Froelich and Andreae 1981; Froelich et al 1985, 1989). Surface water
concentrations are similarly depleted as those of Si. In contrast with Ni and Zn, the
correlation between Si and Ge appears to be the direct result of uptake and release
of both elements by siliceous organisms (mainly diatoms and further radiolarians
and dinoflagellates), whose silica uptake mechanisms do not seem to discriminate
between the nearly identical sizes and chemistries of Ge and Si.
Deep water concentrations increase from about 15 pmol/kg in the North Atlantic
Deep Water mass to 90-100 pmol/kg in Antarctic Bottom Waters and the Northern
Indian Ocean, 110-115 pmol/kg in the North-West Pacific Ocean and reach maximum
values in the Bering Sea (170pmol/kg) (Froelich et al 1989). The distribution of
dissolved Ge is strongly correlated with that of Si (figure 1lb, c). The average deep
water Ge/Si-ratio is about 0.7pmol/#mol. Froelich et al (1989) demonstrated that
the positive Ge-intercept at zero Si is statistically significant. This was explained by
biological fractionation between Ge and Si by diatoms and radiolarians who preferentially incorporate Si into their opal skeletons. It was supported by the composition
of diatoms and radiolarians from plankton tows, showing a lower Ge/Si-ratio than
ambient water. This fractionation should result in high Ge/Si-ratios in surface waters
and decreasing deep water ratios along the flow of abyssal water (because of dissolution
of opal with low Ge/Si). The positive intercept is very small, however, so that this
three-dimensional variability of the Ge/Si-ratio (figure lib) is perhaps only just
statistically significant. Recently, Froelich and Mortlock (1992) have revoked biological
fractionation, based on culture experiments with live diatoms. It is not immediately
evident, however, that the authors should have relied more on these culture experiments
than on the non-zero intercept and the composition of natural plankton. Since opal
dissolves congruently, fractionation during remineralization of opal frustrules is not
expected (Froelich et al 1989). Also, the two external sources of Ge and Si would
push the ratio in the opposite direction. River waters generally carry low Ge/Si-ratios
(~ 0.58 pmol//~mol), while hydrothermal waters have high ratios (~ 7pmol//mlol).
This would lead to low surface water Ge/Si-ratios and increasing deep water ratios
towards the Pacific, in contrast with observations. The Indian Ocean data (Froelich
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et al 1989) show no anomalies in the behaviour of Ge or in the Ge/Si-ratio and the

trends nicely plot between the Atlantic, Antarctic and Pacific trends (figures l la-c).
The Arabian Sea has not yet been sampled. Since biogeochemical processes are so
important in this highly productive upwelling area, the Arabian Sea may be an
interesting study site to explore the fractionation mechanism between Ge and Si in
more detail.
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4.9 Arsenic
Similar to e.g. vanadium and phosphorus, arsenic (As) forms oxyanions in seawater
(Turner et al 1981) and is therefore expected to exhibit little particle reactivity
(Whitfield and Turner 1987). In normal seawater, As(V) is the thermodynamically
stable species (present as HAsO~-), but in the euphotic zone biological processes
lead to the production of metastable As-species, As(III) or arsenite and various organic
As-compounds (Andreae 1978). These species disappear with depth and age of the
water due to oxidation to As(V). Because of its interaction with biological processes,
As shows (slight) nutrient-type distribution with a small, but significant surface water
depletion and the characteristic interoceanic fractionation. Deep water concentrations
increase from the Atlantic (19 nmol/kg; Middelburg et al 1988) to the Pacific Ocean
(24nmol/kg; Andreae 1979).
The datasets for the Indian Ocean have not yet been published and are not
depicted here. Average deep water concentrations in the North-East Indian Ocean
(22.5 nmol/kg; Hoede et al unpublished results, cited in Middelburg et al 1988) are
intermediate between Atlantic and Pacific values. The deep water increase of As is
correlated with that of PO+, the AAs/APO+-ratio of about 2.5-10 -3 being in good
agreement with the ratio found for marine algae (Andreae 1979).
4.10 Selenium
Selenium (Se) shows nutrient-type distribution (Measures et al 1983). The marine
chemistry of selenium is very complicated. Se occurs in three oxidation states (2 - ,
4 + and 6 +), of which only Se(VI) or selenate (SeO~-) is thermodynamically stable
in normal seawater (Turner et al 1981). However, the oxidation of Se(IV) (or selenite;
SeO~- ) is so slow that it makes up some 30% of total Se in deep water. Dissolved
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organic selenium (as selenide) is probably more labile, but in the mixed layer formation
of selenide during remineralization is more rapid than oxidation of Se(IV), resulting
in concentrations up to 1 nmol/kg, about 80% of total dissolved Se (Cutter and
Bruland, 1985). Clearly, Se appears to be actively involved in the biological cycle in a
complex manner (Cutter and Bruland 1985).
Cutter and Bruland (1985) have unravelled the most important processes controlling
the marine distribution of Se. It is thought that in surface waters, Se(VI) is reducrively
incorporated by phytoplankton, where it is probably incorporated as selenide in
amino-acids. Thus, Se is being transported to deeper water mainly as selenide in
organic matter. During remineralization, Se is first released as dissolved organic
selenium (selenide). Subsequently, selenide is oxidized to Se(IV), selenite. As selenite
is the biologically most reactive Se-species, Se(IV) concentrations in surface waters
are mostly below detection. The rapid remineralizarion of organic matter in the upper
thermocline (Martin et al 1987) leads to a strong decrease of the production rate of
dissolved organic Se with depth. Consequently, removal of selenide by oxidation to
Se(IV) starts to exceed production by remineralization and concentrations of dissolved
organic Se rapidly decrease with depth (figure 12a). Below the euphoric zone, Se(IV)
is no longer involved in biological processes, so that concentrations increase with
depth (figure 12). Se(VI) concentrations also increase with depth due to oxidation of
Se(IV). Deep-water Se (total Se, Se(IV) and Se(VI)) increases from the Atlantic (Setotal ~ 1-6nmol/kg; Measures et al 1983) via the Indian Ocean (2 nmol/kg; Measures
et al 1983) to the Pacific Ocean (~2-2-2-4nmol/kg; Measures et al 1983; Cutter
and Bruland 1985), in accordance with its nutrient-type behaviour.
For the Indian Ocean (figure 12b from Measures et al 1983), selenate and dissolved
organic Se had not yet been analytically distinguished. Therefore, surface water
selenate concentrations have probably been overestimated, thus preventing an
accurate interpretation of the distribution of Se and its species. Surface water concentrations of Se(IV) are below detection limit ( ~ 10pmol/kg) in accordance with its
high biological reactivity. In thermocline and deep waters, the distribution of both
Se(IV) and Se(VI) is primarily determined by advection of watermasses (Measures
et al 1983). In the North Indian Ocean, negative Se(VI) anomalies are present between
600 and 1400 m depth, which are correlated with the strong oxygen minimum derived
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Figure 12a. Vertical distribution of dissolved Se (total Se, Se(2-), Se(4 +) and Se(6 +))
in the East Equatorial Pacific Ocean (Cutter and Bruland 1985).
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from the highly productive Arabian Sea. The Se(VI) minima were tentatively attributed
to microbial Se-reduction, a process called deselenification analogous to denitrification
(Measures et al 1983).
4.11 Cadmium
The oceanic distribution of dissolved cadmium, Cd, (figure 13a) is typified by low to
very low surface-water concentrations, a strong concentration increase in the thermodine and relatively constant concentrations in the deep ocean (Boyle et al 1976;
Bruland et al 1978a; Bruland 1980; Bruland and Franks 1983; Martin et al 1989).
Intermediate and deep water concentrations increase with the age of the water from
the Atlantic Ocean (0.2-0.3 nmol/kg; Bruland and Franks 1983) to the northeast
Pacific Ocean (1.0-1.1 nmol/kg; Bruland 1980). Surface water concentrations are
highest in upwelling areas, whereas low picomolar concentrations are typical of
oligotrophic gyres (Bruland 1980). The general distribution of Cd is very similar to
those of PO 4 and NO 3, indicative of its involvement in the biological cycle. As yet,
it is not clear why phytoplankton take up Cd so effectively. The only indication of
a biological function of Cd has been demonstrated under laboratory conditions. Price
and Morel (1990) showed that at very low ambient Zn activities Cd could stimulate
the growth of two marine diatoms. Implications for field situations have yet to be
demonstrated. Passive adsorption has also been suggested as a mechanism for
removing Cd from surface waters (Kremling 1985). However, from thermodynamic
reasoning (Turner et al 1981) Cd is not expected to exhibit strong hydrolytic
scavenging. This implies that adsorption would have to take place onto Cd-specific
surface groups, typical of fresh phytoplankton. Another possibility is that
phytoplankton actively take up Cd during formation of polyphosphate bodies (Jensen
et al 1982). Dissolved Cd has an extremely high affinity for forming polyphosphate
complexes (Bobtelsky and Kertes 1955; Wolhoff and Overbeek 1959).
The first reports of dissolved Cd for open Indian Ocean waters (Danielsson 1980)
confirmed the global trend of low surface water concentrations (0.07-0.18 nmol/kg)
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and higher deep water concentrations, as well as a general correlation with PO4.
Deep water values (0"4-0.7 nmol/kg) were intermediate between those of the Atlantic
and Pacific Oceans. Average deep water concentrations south of the hydrographic
front were about 0.65 nmol/kg, whereas in the northern Indian Ocean they were
significantly lower at 0.4-0.5 nmol/kg. More recently, improved analytical precision
and lower detection limits revealed a more detailed picture (figure 13a; Saager et al
1992; Morley et al 1993). Surface waters in the WEIO have Cd concentrations below
20 pmol/kg showing no geographical trend (Morley et al 1993). In the Arabian Sea,
surface water concentrations increase with increasing upwelling intensity, from about
10pmol/kg in the open Arabian Sea to 90pmol/kg in the area with maximum
upwelling (Saager et al 1992). For both studies, samples were collected in August and
September. At this time of the year the thermocline shows a marked gdographical
trend with the sharpest temperature gradient in waters north of the hydrographic
front, located at 10~ (Wyrtki 1971). The concentration increase of Cd (and nutrients,
figure 4) follows this trend very pronouncedly (figure 13a). According to Wyrtki's
charts, this pattern is a seasonal phenomenon. It is therefore to be expected that
future Cd measurements show significantly seasonal variability in surface and upper
thermocline waters.
The only reliable flux estimate of an external Cd source to the Indian Ocean is
for atmospheric deposition. Chester et al (1991) estimated an annual atmospheric Cd
deposition for the Arabian Sea of about 0.1 nmol cm -2 y-1. If we take upwelling
rates of 1 to 5 x 10-3cms -1 (Smith and Bottero 1977) and Cd concentrations in
the upper thermocline of 350 pmol/kg (Saager et al 1992), input by upwelling is about
two orders of magnitude higher than that by atmospheric deposition. This situation
is similar to that in the N.E-Pacific Ocean (Bruland 1980).
Deep water Cd concentrations in the WEIO (figure 13a) and the northeast Indian
Ocean just off Indonesia (Nolting et al 1989, not shown) are very similar to those
for the Southern Ocean (0.6-0.7 nmol/kg) and show little geographical trends. This
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is quite remarkable in view of the fact that A 14C values of deep waters decrease by
about 25To between the Crozet Basin and the Somali Basin (Stuiver and Ostlund
1983). This may indicate that small concentration increases are obscured by the
analytical precision of the data, but may also pose restrictions to the idea that concentrations of nutrients and nutrient-type trace metals gradually increase with the
age of the deep water. In that case, regional inputs may be more important than
hitherto assumed. In the Arabian Sea, concentrations are significantly higher (Saager
et al 1992) and are probably related to intensive recycling of the large amounts of
organic matter sinking out of the productive surface waters. Concentrations for the
northern Indian Ocean are higher than reported earlier (Danielsson 1990) and appear
more consistent with the global trend.
The distribution of Cd is very similar to that of PO4. Both tracers show increasing
concentrations with the age of the deep water, but the atomic Cd/PO4-ratio increases
as well (Bruland 1983; Saager and De Baar 1993; De Baar et al in press). Cd/PO4-ratios
are usually low in surface waters and increase strongly over the upper thermocline
(Saager and De Baar 1993). This suggests fractionation by phytoplankton who seem
to incorporate Cd more efficiently than PO4 relative to seawater (Saager and De Baar
1993; De Baar et al in press). In addition, PO4 may be preferentially remineralized
in the upper thermocline (Saager 1994). At all stations in the Indian Ocean, Cd/PO4ratios in surface waters (0.05-0.2 nmol//zmol) are lower than in deep waters (0"3 nmol/
/zmol). In the Arabian Sea, surface water ratios increase with the intensity of upwelling
(figure 13b). Deep waters of the Indian Ocean have Cd/PO4-ratios of 0"29 + 0.02 nmol/
#tool, a value intermediate to those observed in the Atlantic and Pacific Ocean
(figure 13b). In the northernmost Arabian Sea, ratios are much higher, and are even
higher than those in the northeast Pacific Ocean (Bruland 1980; De Baar et al in
press). The latter is probably driven by very intensive recycling of the large flux of
organic material enriched in Cd relative to PO4.
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Figure13b. VerticaldistributionofdissolvexlC_xl/PO4-ratios.WEIO:opencircles,sta. 1503,
S of hydrographicfront (Morleyet al 1993). Arabian Sea: closedcircles,sta. 1608(Saager
et al 1992).Alsoinsertedare (drawnlines),north AtlanticOcean(Brulandand Franks 1983)
and, sta. H77 in the northeastPacificOcean(Bruland 1980).The Arabian Sea has veryhigh
Cd/PO4-ratios (see text).
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4.12 Barium

Barium (Ba) has an oceanic distribution similar to those of Si, alkalinity and 226Ra
(Chan et al 1976, 1977; Fanning et al 1988). In surface water, Ba is removed
by phytoplankton and in deep waters and on the seafloor Ba is released during
remineralization or dissolution of its carriers. Surface water concentrations are about
30 to 50 nmol/kg and deep water concentrations increase from the Atlantic Ocean
(50nmol/kg) to the Pacific Ocean (150 nmol/kg),
The Ba dataset for the Indian Ocean has not yet been published. Summarizing the
results published in the GEOSECS Atlas no. 7 (Ostlund et al 1987), the distribution
of dissolved Ba in the Indian Ocean is generally similar to those observed in the
other ocean basins. Deep water concentrations (110-130 nmol/kg) are intermediate
between Atlantic and Pacific values. Analogous to Si, alkalinity, Ni, Zn and 226Ra,
positive Ba anomalies of 10-20nmol/kg were observed in the Arabian Sea and the
Bay of Bengal. The possible mechanism for these anomalies was discussed with Ni.
4.13 Rare earth elements
The rare earth elements (REE) constitute a group ofcbemically very coherent elements.
Chemical properties of the individual REE gradually vary along the series. In seawater
all but one REE (Ce) are present as trivalent cations. Ce can be present as a trivalent
and tetravalent cation. It is believed that upon adsorption onto particulate matter,
Ce(III) is oxidized to Ce(IV), which forms an oxide of extremely low solubility (CeO2).
Under reducing conditions Ce(IV) is reduced to Ce(III), having a solubility similar
to those of the other REE.
The REE are complexed by inorganic ligands and possibly by organic ligands as
well, but for the latter no information is available. The degree of complexation
increases from La to Lu (low to high atomic number). As it is generally believed that
the rate of adsorptive removal by particles is determined by the free ionic activity of
an element, the adsorption affinity of the REE decreases from La to Lu. Hence, the
light REE (LREE) are more particle reactive than the heavy REE (HREE) and in
seawater, the HREE are therefore enriched relative to the LREE. This is usually
depicted by normalizing REE concentrations with respect to a standard (for seawater
usually shales), so that relative rather than absolute concentration differences can be
studied. For more details concerning the marine geochemistry of the REE the reader
is referred to Elderfield (1988) and Schijf (1992).
The general oceanic distributions of dissolved REE bear similarity with those of
Si and alkalinity (Elderfield and Greaves 1982; De Baar 1983; De Baar et al 1985).
The vertical distributions of the trivalent REE (i.e. excluding Ce) show a pronounced
surface to deep water enrichment. Surface water concentrations are low due to removal
by phytoplankton. Deep water concentrations gradually increase from the Atlantic
to the Pacific Ocean, reflecting the continued addition of REE released by remineralization of organic and perhaps skeletal carriers. The distribution of Ce is markedly
different. Ce is very particle reactive and is removed from the water column by
oxidative scavenging. Therefore, the vertical distribution of Ce is characterized by
high surface water concentrations, which decrease with depth. Deep waters of the
Atlantic Ocean have higher concentrations than deep waters of the Pacific Ocean,
reflecting the continuous adsorptive removal of dissolved Ce from the watercolumn.
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In the Indian Ocean, the different hydrographic regimes of the W E I O and the
Arabian Sea greatly influence the distributions of the dissolved REE (figures 14a-c).
In the WEIO, the shapes of the REE profiles are similar to those in the other oceans
(Bertram and Elderfield 1993). Deep water concentrations are intermediate between
those in the Atlantic and Pacific Oceans, in accordance with the nutrient-type
behaviour of the REE. South of the hydrographic front, the concentration gradient
in the thermocline is less steep than north of it, similar to the shape of the thermocline
itself. This indicates a hydrographic control on REE patterns in thermocline waters.
Surface concentrations north of the hydrographic front are higher than south of it.
South of the front, deep water concentrations reach a maximum near the bottom,
whereas north of the front the maximum is located at about 3000 m depth, Deep
water distributions are dominated by hydrographic processes (Bertram and Elderfield
1993). In contrast with the more typically nutrient-type elements, deep water concentrafions in the W E I O are higher than in the Arabi.an Sea (figure 14a-c). At present,
this would be best explained by intensified REE scavenging in the more productive
waters of the Arabian Sea. This trend then reflects the more particle reactive behaviour
of the REE. Note that Cu, which is more reactive than e.g. Ni, Zn or C d showed
little systematic difference between the WEIO and the Arabian Sea. This would place
the particle reactivity of Cu between those of the trivalent REE and the divalent
nutrient-type elements, in accordance with theoretical expectations (Turner et al

1981).
In intermediate waters of the Arabian Sea (50-1000 m depth), oxygen Concentrations
are very low and manganese and nitrate reduction occur (see above). These conditions
exert a strong influence on the distributions of REE (German and Elderfield 1990).
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Figure 14a. Vertical distribution of La, a light REE, in the Indian Ocean. WEIO: open
circles, sta. 1507, N of the hydrographicfront (Bertram and Eldertleld 1993).Arabian Sea:
closed circles,sta. 1605 (German and EIderfield1990).Note the conspicuous La-maximum
in the upper watercolumn of the Arabian Sea at the top of the suboxic zone. Note that La
is lower in the Arabian Sea than in the WEIO. This trend differsfrom those of the 'real'
nutrient-typeelements.The differencedecreasesfrom La to Lu in accordancewith increasing
nutrient-type behaviour through the REE-series,due to increasing degree of eomplexation,
hence increasing degree of particle reactivity.
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Figure 14b. Vertical distribution of dissolved Ce in the Indian Ocean. WEIO: open circles,
sta. 1507, N of the hydrographic front (Bertram and Eldertield 1993). Arabian Sea: closed
circles, sta. 1605 (German and Eidedield 1990). Note the large Ce-maximum in the oxygen
minimum zone of the Arabian Sea. The trends for Ce and Mn, both redox sensitive elements,
show subtle yet distinct differences between various Arabian Sea stations, probably related
to their intrinsically different redox behaviour and particle reactivity. A more detailed
explanation, being beyond the scope of this paper, is given in Saager (1994).
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Figure 14r Vertical distribution of Yb, a heavy REE, in the Indian Ocean. WEIO: open
circles, sta. 1507, N of hydrographic front (Bertram and Eldertield 1993). Arabian Sea: dosed
circles, sta. 1605 (German and Eldertield 1990).

The pronounced concentration maximum for Ce is most likely caused by reductive
dissolution of Ce-oxides (figure 14b). Although the other REE are not directly subject
to redox-reactions, small concentration maxima are observed at the top of the oxygen
minimum zone (see figure 14a for La). These observations are in good agreement
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Figure 15. Schematic representation of the involvement of the REE in the redox cycling
of Mn. See text for explanation (from De Baar et al 1988).

with data for the Cariaco Trench, an anoxic basin in the Carribean Sea (De Baar
et al 1988). For the Cariaco Trench, it was suggested that cycling of the REE was
coupled with cycling of Mn (figure 15). In this model, Mn-oxides settle into suboxic
(or anoxic) waters where they are reductively dissolved from Mn(IV) to Mn(II). As
a result of the ensuing concentration gradient between oxic and suboxic (anoxic)
waters, Mn diffuses back to oxygenated waters, where Mn(II) is re-oxidized to Mn(IV)oxides. Mn-oxides are well-known scavengers of other trace elements and the REE
are believed to be removed by these freshly precipitated oxides. Upon dissolution of
the settling Mn-oxides, the adsorbed REE are dissolved concomitantly. In this way,
a similar concentration gradient is created for the REE, leading to a small dissolved
maximum just below the oxic-suboxic interface (figure 14a). This was only observed
for the REE and not for Cu, Zn, Ni, or Cd, reflecting the higher particle reactivity
of the REE.
In addition to dissolved REE, Bertram and Elderfield (1993) also determined suspended
particulate REE distributions and dissolved Nd-isotope ratios (143Nd/144Nd-ratio,
more typically expressed as eNd(0):
eNd(0) = {((Ratio==,,,.JRatiO,ta,~,d) - 1) x 104}, (Wasserburg et a11981).
Particulate REE distributions resemble dissolved distributions, except for Ce (figure 16).
Concentrations are low in surface waters and increase with depth due to adsorption.
Dissolved/particulate ratios are 30-60 for the LREE to 100-400 for HREE and
increase with depth, but ratios are only 4-20 for Ce and decrease with depth. This
illustrates that LREE are more particle reactive than HREE and further shows the
very particle reactive behaviour of Ce.
The Nd-isotope ratio, or eNd(0), increases from the Atlantic to the Pacific Ocean
(Piepgras and Wasserburg 1979, 1980) with intermediate values in the Indian Ocean
(figure 17). This is compatible with an external input (mainly rivers) from increasingly
more radiogenic crustal sources with less negative eNa(0) values in this direction. The
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from its more particle reactive behaviour.
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(Bertramand Elderlield1993).Also given are averageAtlanticand Pacificvalues.The reader
is referredto Bertramand Eldertield(1993) for a reviewon the systematics of Nd-isotopes
in the Indian Ocean and other oceans.
strong isotopic differences between the three ocean basins indicate a very short
residence time for Nd (less than 103 years), in apparent conflict with the long residence
time indicated by its nutrient-type distribution (of order 104 years). With the use of
a simple box-model, Bertram and Eldertield (1993) demonstrated that this discrepancy
can only be reconciled by invoking significant isotopic change between particles and
water. The latter mechanism is similar to the one previously invoked to explain the
distributions of Th (Bacon and Anderson 1982) and Pb-isotopes (Sherrell et a11992).
For an extensive discussion of the global marine geochemistries of the REE, the
reader is referred to Bertram and Elderfield (1993).
4.14 Platinum
The oceanic distributions of the platinum elements (Ru, Rh, Pd, Os, Ir, Pt) are gradually
becoming resolved (Lee 1983; Hodge et al 1985, 1986; Jacinto and Van den Berg

268

Paul M Saager
Pt (pmol/kg)
o

o,o. o;2. o4. o,6. o?. ~,o6~,2,114 , lo8, ~s, 2o
-9
o

o&

o

9
&

oaelf~

9

o

&?

&
o
o

o

-3000

9

&

WEIO

o
o
o
o
-NxI<3

o

pl

9o

Figure 18. Vertical distribution of dissolved Pt in the West Equatorial Indian Ocean
(Jacinto and Van den Berg 1989;small open circles, sta. 1504, south of the hydrographic
front, large open circles,sta. 1507,N of the front) and N.E. PacificOcean (dosed triangles;
Hodge et al 1985).Question marks (from the author) are data falling off the trend.
1989). Here, only Pt will be discussed for lack of data on the other Pt-elements
(Jacinto and Van den Berg 1989). In the Pacific Ocean, the distribution of Pt (figure 18)
shows nutrient-type behaviour and bears similarity to those of Si, palladium, Pd, and
Ni (Lee 1983; Hodge et al 1985, 1986). Concentrations are depleted in surface waters
( ~ 0.5 pmol/kg) and gradually increase to about 1.0-1.5 pmol/kg in deep waters. This
distribution implies a diagenetic source at the sediment-water interface, hence a
relatively long residence time and fairly low particle reactivity. The Pt/Pd-ratio of
Pacific seawater is about 3, that of ferromanganese sediments is a few orders of
magnitude higher (30-1000, Hodge et al 1985). The relative enrichment of Pt over
Pd in these sediments was explained l~y the irreversible oxidation of Pt(II) to Pt(IV),
which is more particle reactive. This mechanism is similar to the one proposed for
Mn (see above), Ce (see above) and Co (Knauer et al 1982), elements which are also
enriched in ferromanganese sediments and depleted in seawater. However, it is not
compatible with platinum's nutrient-type distribution and its enrichment over Pd in
seawater. It is therefore interesting to see that in the Indian" Ocean, Pt exhibits a
scavenging-type distribution (figure 18, Jacinto and Van der Berg 1989). Surface water
concentrations are relatively high at 1.5 pmol/kg, deep water concentrations are low
at 0-2-0-4 pmol/kg. This trend is more in line with the thermodynamic properties of
Pt, i.e. its proposed oxidative removal by particles and its enrichment in ferromanganese
sediments. However, if Pt would behave as a scavenging-type element, than, analogous
to e.g. Ce (see above) and AI (see above), deep water concentrations would be expected
to decrease between the Indian and Pacific Ocean.
It will be obvious that here lies a problem. Probably, the difference is at least partly
attributable to differences in analytical procedure. The Pacific data was obtained by
anion exchange chromatography and was measured with flameless atomic absorption.
This method is quite laborious and reported extraction yields were low and variable
(35-90~; Hodge et al 1985, 1986). The detection limit is 0.15 pmol/kg. The extraction
depends on the assumption that all dissolved Pt is present as negatively charged
chloride complexes. However, this method will underestimate surface water concentrations in case a substantial fraction of Pt in surface waters is organically complexed
(refer Cu, Zn and Cd, see above). Organic complexation of a metal that is strongly
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complexed by chloride ions is not a priori expected. Yet Cd, which is also strongly
complexed by chloride ions (Turner et al 1981; Byrne et al 1988) appears to be
organically complexed for 70% in surface waters (Bruland 1992). For deep waters,
the difference between both oceans remains unexplained, but spectral interference of
heavy rare earth elements (Lu, Yb) during atomic absorption spectrophotometry may
be one reason. The REE may have been extracted together with Pt, as they also form
negatively charged (carbonate) complexes in seawater, accounting for 70-80% of their
inorganic complexation (Schijf 1992). REE-concentrations (De Baar et al 1985) are
about one to two orders of magnitude higher than those of Pt and increase with
depth (see above), so that any interference would also increase with depth. The Indian
Ocean data was obtained by cathodic stripping voltammetry (Van den Berg and
Jacinto 1988), which is a simpler and more sensitive method. Recovery yields were
not reported. Any organic ligands that could complex Pt were first broken down by
UV-irradiation. More research is clearly called for to settle the above mentioned
discrepancy and to advance our understanding of the marine chemistries of Pt and
the other Pt-elements.
4.15 Radiotracers
The oceanic distributions of radioactive tracers is of special interest to the marine
sciences due to their well-known half-lives, spanning a range from a few days to
millions of years. They thus serve as clocks for studying various processes such as
particle scavenging, new production and advective transport of watermasses. They
provide very important constraints for models studying the nature and timescales of
processes operating in the oceans.
The isotopes discussed here all derive from the uranium and thorium decay series
(Broecker and Peng 1982). The oceanic distribution of dissolved U shows conservative
behaviour and its concentration is uniformly about 14 nmol/kg (Ku et al 1977). Th
is very particle reactive with a short residence time in the deep ocean (,~, 50 years)
and is rapidly transported out of the watereolumn to the sediment. For this reason,
(grand)daughters of U have a totally different input-function than (grand)daughters
of Th. In addition, the various (grand)daughters all have very different chemical
reactivities and different half-lives. For the Indian Ocean, there is only data on
dissolved 226Ra, 21~ and 21~ (Cochran et al 1983; Chung 1987a, b; Chung
and Finkel 1988). 22~Ra has a distribution similar to those of Si and alkalinity and
shows a surface to deep enrichment. Its granddaughters 2t~ and 21~ are very
particle reactive and show adsorptive removal throughout the watercolumn, most
notably in productive surface waters and the benthic nepheloid layer. In addition
to a source from the decay of 22eRa, ~t~ has an atmospheric input from the decay
of ~22Rn (a gas). Radioactive disequilibrium between the various pairs of isotopes
originates from differential scavenging between both elements and different sources
into the watercolumn. An extensive discussion of the complex geochemistry of the
radiotracers is beyond the scope of this paper and a good review was given by Bacon
(1988).
In the Indian Ocean, the general trends of absolute concentrations and of disequilibrium between the couples 2~~176
and 2~~
are similar to those
observed for the Atlantic and Pacific Oceans (figures 19a, b; 20). In surface waters,
the 2~~176
ratio is smaller than 1 due to atmospheric input of 2~~ and
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Figure 19a. Vertical distribution of dissolved 22~Ra in the Indian Ocean. Western Indian
Ocean (Chung 198To), open circles, GEOSECS sta. 427, S of hydrographic front; open
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preferential scavenging of the more reactive 2t~ by phytoplankton. In the central
and eastern Indian Ocean, surface water 21~
are lower than in the
north Atlantic and north Pacific Oceans (Cochran et al 1983), indicating lower
atmospheric fluxes for this part of the Ocean (Chester et al 1991; Ducr et al 1991).
Surface water values in the Arabian Sea were higher (Cochran et al 1983; Chung
1987a) in accordance with much higher atmospheric deposition rates in this part of
the Indian Ocean (Chester et al 1991).
In the thermocline, 2t~176
increase to values higher than 1 due to
remineralization of organic matter with excess scavenged 210po (figure 20, compilation
by Cochran et al 1983). Below this depth, the ratio is very close to 1, indicating that
in deep waters, fractionation between both elements due to preferential scavenging of
21~ is of minor importance. In the benthic nepheloid layer, increased scavenging
of 21~ leads to low 2t~176
For 21~
(figure 19b), the same
processes apply: an excess surface input of 2~~ followed by preferential scavenging
of 2t~ in the euphotic zone and the benthic nepheloid layer.
On top of these general distributions, significant deviations from the general
patterns have been reported for specific areas in the Indian Ocean. In coastal waters,
particle concentrations are generally higher than in the open ocean, so that scavenging
is more intensive than in the open ocean (so-called boundary scavenging, see review
by Bacon, 1988). Since 2t~
21~ and 226Ra have different particle reactivities,
these tracers are fractionated from each other during scavenging. In addition to the
vertical fractionation just discussed, boundary scavenging thus creates a horizontal
gradient not only in absolute concentrations of 2t~
2t~ and 226Ra, but also in
the 2~Opo/ZtOpb and 2~~
ratios. Extensive scavenging was observed
in the productive waters of the Arabian Sea and the Bay of Bengal. Other sources
of increased scavenging were resuspension of bottom sediments on the continental
slope of Somalia and the Central Indian Ridge.
Lastly, bottom waters of the Arabian Sea appear to be a strong source for 22~Ra,
and vertical profiles in this area are unique for the world ocean (Chung 1987b)
(figure 19a). Similar anomalies had been reported for Si, alkalinity and associated trace
elements Ni, Zn and Ba. The deep water 226Ra anomaly is transported out of the
Arabian Sea and could be traced into the Somali and Mascarene Basins. Within the
analytical precision of the data, this could not be demonstrated for Ni and Zn.

5. Discussion, topics of future interest
Even the present small dataset shows that regional conditions in the Indian Ocean
exert a strong influence on the global patterns of dissolved trace elements. In this
respect, the Arabian Sea appears to be of special importance. This is related to the
presence of a high salinity watermass, dominating the entire northern Indian Ocean,
its very productive surface waters and the suboxic conditions in intermediate waters.
In addition, atmospheric trace element fluxes are one to two orders of magnitude
larger than in the tropical and southern Indian Ocean.
In the Arabian Sea, surface water concentrations of trace elements are significantly
higher than in the WEIO, reflecting higher inputs by upwelling (Cd, Zn, Ni) and/or
atmospheric deposition (notably particle-reactive trace elements such as Mn, A1, Ce,
2t Opo' 2lOpb and Cu). In addition to higher fluxes and higher dissolved concentrations,
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it appears that also particulate trace element concentrations in the Arabian Sea are
significantly higher than in the (sub)tropical Indian Ocean (Krishnaswami et al 1981).
Particulate trace element concentrations followed the general primary productivity
patterns and therefore appear to be predominantly associated with biogenic
components such as organic carbon and possibly opal and calcium carbonate. The
combination of high primary productivity and a restricted deep water ventilation
results in positive anomalies of many elements in deep waters of the Arabian Sea.
Although the present dataset allows resolving of some important processes
determining the dissolved distributions of trace elements in the Indian Ocean, it is
clear that more research is called for. The most serious caveat is a lack of quantitative
knowledge of the interactions between dissolved trace elements and marine particulate
matter. In this respect, a more mechanistic understanding of the uptake process of
trace elements by phytoplankton is crucial, as phytoplankton plays a key role in the
cycling of trace elements in seawater. The seasonally changing monsoons in the
Arabian Sea yield an ideal natural laboratory to study the uptake and recycling of
trace metals under different nutrient supply, hence different primary production rates.
Thus far, trace element studies were performed during the SW-monsoon and almost
no information is available for the NE-monsoon. Fractionation between trace
elements, as well as between trace elements and nutrients, during the remineralization
of organic matter, could be studied under more extreme conditions, for instance in
the suboxic intermediatewaters of the Arabian Sea. In order to get a better insight
into the processes of trace element cycling, it would be valuable to measure a suite
of trace dements, ranging from 'nutrient-type metals' (Cu, Cd, Ni, Zn), to reactive
elements such as Mn, Fe, A1 and the natural radiotracers 21~
21~ and the
Th-series. Due to their chemical coherence and the fact that they exhibit a p~/rticle
reactivity intermediate between 'nutrient-type elements' and 'scavenging elements',
the REE also yield important information in this respect.
On a purely biological level, the Arabian Sea is an interesting study area for much
the same reason. Many trace elements strongly influence the biological functioning
of phyto- and zooplankton. It has been demonstrated that the free ionic activities of
trace elements are the rate-determining factor for uptake by living plankton (Sunda
1988/1989). In the Arabian Sea, the speciation of trace elements has not been studied.
It is likely that the unique hydrographic conditions in the Arabian Sea lead to a
speciation of many trace elements which is entirely different from that in a normal
open ocean environment. For example, in open ocean surface waters dissolved Cu
and Zn are almost completely complexed by organic ligands (CoMe and Bruland
1988, 1990; Bruland 1989; Donat and Bruland 1990). The degree of complexation
decreases dramatically with depth, so that during upwelling, high concentrations of
free ionic Cu and Zn will be transported to the surface. Mn usually shows an opposite
behaviour. In surface waters, high dissolved Mn-concentrations may be maintained
by photochemical processes (Sunda and Huntsman 1988). Concentrations generally
decrease sharply with depth as a result of oxidative scavenging. In the Arabian Sea
however, Mn concentrations strongly increase at a depth of 150-200 meters due to
reductive dissolution of Mn-oxides in the oxygen minimum zone. Consequently,
during upwelling, high dissolved Mn concentrations are transported to the surface.
The complicated biological interactions of these various trace elements may strongly
influence the succession of plankton species throughout the year.
Also, little is known about sources and sinks in the Indian Ocean. Almost no
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information is available about particle transport (see above), net atmospheric deposition
rates, fluvial and hydrothermal input and interaction of dissolved trace elements with
interstitial waters in underlying sediments. Trace element signatures of the different
watermasses in the Indian Ocean have only partly been characterized. A more detailed
charting of the Indian Ocean would yield important information about regional
effects on the general distribution of trace elements in the Indian Ocean.
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