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Abstract

A total of 61 samples, from six vertical profiles between surface and 1800 m from the Arabian Sea, have been analysed for uranium
concentration to assess its behaviour in oxic and sub-oxic waters. These samples cover a wide range of dissolved oxygen concentration, from
0.14 to 230 µM. Uranium concentration in most of the samples fall in the range of 3.2 ± 0.2 µg l–1. In general, uranium exhibits a conservative
behaviour in the Arabian Sea water column and denitrification processes do not seem to influence its abundance. The mean uranium/salinity
ratio in waters with dissolved oxygen <2 µM is (9.17 ± 0.15) × 10–8 g g–1, nearly identical to the ratio (9.22 ± 0.27) × 10–8 g g–1 in waters with
dissolved oxygen >100 µM, and in waters from other oceanic regions (9.34 ± 0.56) × 10–8 g g–1. In one of the profiles (18°N, 64°E) collected
during summer monsoon (SK115/6; August 1996), two samples from 300 and 600 m have uranium concentration z10–15% lower than that
expected based on salinity. Further studies are needed to confirm these results and to characterize the process(es) contributing to depletion of
uranium at these depths.

© 2003 Éditions scientifiques et médicales Elsevier SAS and Ifremer/CNRS/IRD. All rights reserved.

Résumé

La teneur en uranium de soixante et un échantillons provenant de six profils verticaux entre la surface et 1800 m à l’ouest de la mer d’Arabie
a été analysée de manière à examiner son comportement en zone oxygénée et en zone anoxique, couvrant une large gamme de concentrations
en oxygène (de 0,14 à 230 µM). La concentration en uranium est proche de 3,2 ± 0,2 µg l–1dans la plupart des échantillons. Généralement,
l’uranium présente une évolution conservative dans la colonne d’eau et les processus de dénitrification ne paraissent pas l’influencer. Le
rapport uranium/salinité dans les eaux où la teneur en oxygène est inférieure à 2 µM est de (9,17 ± 0,15) × 10–8 g–1. Elle est voisine dans les
eaux où la teneur en oxygène dépasse 100 µM ainsi que dans les eaux océaniques où elle atteint (9,34 ± 0,56) × 10–8 g–1. Sur un des profils (18°
N, 54° E) récolté durant la mousson d’été, deux échantillons de 300 et 600 m présentent des concentrations en uranium d’environ 10 à 15 %
inférieures à celles qui sont attendues d’après la salinité. Des études complémentaires sont nécessaires pour confirmer ces résultats et pour
caractériser le (les) processus contribuant à la disparition de l’uranium à ces profondeurs.
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1. Introduction

Studies on the marine geochemistry of uranium, particu-
larly the pathways of its removal from seawater, have been a

topic of detailed research during the recent past (Zheng et al.,
2002a, b). In seawater, uranium exists as a stable, soluble,
uranyl-carbonate complex (UO2(CO3)3

4–). Initial studies on
uranium abundance in shelf and anoxic marine sediments
have led to propose that reduction of soluble U(VI) to more
particle reactive U(IV) could be a mechanism contributing to
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its removal from the water column (see for example, Veeh,
1967; Huh et al., 1987). This hypothesis was extended (Veeh,
1967) to suggest that large-scale removal of uranium from
seawater could occur, not only in reducing shelf regions but
also in hemipelagic areas, where high biological productivity
can cause hypoxic/anoxic conditions and a shift in the ura-
nium oxidation state. Subsequent studies on the behaviour of
uranium have generally attested the role of shelf and margin
sediments as a sink for oceanic uranium (Barnes and Co-
chran, 1990; Klinkhammer and Palmer, 1991; Swarzenski et
al., 1999). These studies led to the conclusion that the domi-
nant mechanism of uranium removal from seawater is diffu-
sion of U(VI) from bottom waters to anoxic regions of
sediments where it is reduced to U(IV) and trapped. The
removal of uranium around the oxic–anoxic boundary in
sediments results in a concentration gradient in pore waters
and acts as a “pump” to transfer uranium from oxic bottom
water to sediments (Anderson et al., 1989; Thompson et al.,
1990). The presence of non-lithogenic uranium in settling
particulate matter in the oceans (Anderson, 1982; Anderson
et al., 1989; Zheng et al., 2002b), however, hints at other
pathways of its removal such as biological uptake and
chemical/biogeochemical interactions with settling particu-
late matter. Quantitative significance of these mechanisms
for the removal of uranium from seawater and its marine
budget depends on the behaviour of non-lithogenic uranium,
during its transit through the water column.

Anderson (1987) and Anderson et al. (1989) investigated
the redox chemistry of U in two anoxic marine basins,
namely the Black Sea and Cariaco Trench, to further examine
processes of uranium removal from seawater. In both these
basins, almost all dissolved uranium was found in the U(VI)
oxidation state, though physico-chemical considerations
(long residence times and presence of sulphide) would favour
a valence shift from U(VI) to U(IV) in both these basins.
Similar results were also observed in the sulphidic waters of
Framvaren Fjord (Norway) and in the seasonally anoxic
Saanich Inlet, Canada (McKee and Todd, 1993). These re-
sults argue against rapid reduction of U(VI) in anoxic seawa-
ter and hence its removal from the water column through
such a mechanism. This led to the suggestion that sequester-
ing of seawater uranium by anoxic sediments is the primary
pathway for its removal from these basins (Anderson et al.,
1989; Zheng et al., 2002b). These results also brought out the
role of mineral surfaces in accelerating the kinetics of U(VI)
reduction to U(IV) in the sea.

The Arabian Sea, because of its characteristic chemical
and biological properties, is an interesting basin to study the
geochemical behaviour of uranium. One of the peculiar prop-
erties of the Arabian Sea is the semi-annual reversal of wind
regimes caused by the monsoon. These reversals have sig-
nificant impact on the upper ocean circulation and biological
productivity of the region (Qasim, 1982; Madhupratap et al.,
1996). The structure of the upper layers of the Arabian Sea
(Shetye et al., 1994; Prasanna Kumar and Prasad, 1999) is
dictated by the transport and mixing of the Arabian Sea high

salinity water (ASHW, rh = 22.8–24.5), Persian Gulf water
(PGW, rh = 26.2–26.8) and the Red Sea water (RSW,
rh = 27.0–27.4). Some of the biogenic particles produced in
surface water settle to the interior where they are reminera-
lised. These biogeochemical processes coupled with re-
stricted ventilation contribute to extreme depletion of oxygen
in the intermediate waters (100–1200 m depth). This gener-
ates a widespread oxygen minimum zone (OMZ) with active
denitrification (Naqvi, 1991, 1994) in the intermediate wa-
ters. The redox conditions prevailing in the intermediate
waters of the Arabian Sea significantly influence the distribu-
tion of elements such as Fe, Mn and a suite of others in them
(Saager, 1994). Another characteristic of the Arabian Sea
waters is the supersaturation of CH4 in the water column,
which has been explained in terms of likely occurrence of
reducing microenvironments (Owens et al., 1991; Jayakumar
et al., 2001). Although there is no dissolved H2S in the
intermediate waters, the presence of sulphides as metal com-
plexes has been reported (Theberge et al., 1997).

The chemical composition of sediments also shows the
impact of reducing conditions. Unlike the water column,
sediments from many areas of the Arabian Sea are character-
ized by presence of H2S. Low Mn and high uranium concen-
trations characterize many of these sediments. Moderate to
high concentrations of authigenic uranium in margin sedi-
ments makes this basin one of the potential sites for removal
of U from seawater (Borole et al., 1982; Sarkar et al., 1993;
Somayajulu et al., 1994; Nagender Nath et al., 1997; Pailler
et al., 2002). Based on the study of uranium distribution in a
sediment core in the southeastern Arabian Sea, Sarkar et al.
(1993) had inferred that anoxic conditions prevailed in this
region during the last glacial period.

Thus, the interplay between wind patterns, water circula-
tion and surface productivity makes the Arabian Sea an ideal
basin to study the geochemical behaviour of elements espe-
cially those which are sensitive to changes in redox condi-
tions (Saager, 1994). The unique properties of the Arabian
Sea, viz. oxic surface water, sub-oxic intermediate water
(environments that experience denitrification but no hydro-
gen sulphide production are referred to as “sub-oxic”, Naqvi,
1994), high particulate flux through the water column (Ra-
maswamy and Nair, 1994), have led us to investigate the
abundance and distribution of uranium in the water column
to obtain a better understanding of its geochemistry in re-
gions of changing redox and high particulate flux. Further,
such a study would help to constrain the impact of anaerobic
respiration (denitrification) in influencing the marine
geochemistry of uranium.

2. Sampling and analytical methods

The sampling strategy was designed to assess the behav-
iour of dissolved uranium in oxic and sub-oxic waters during
different seasons. Towards this, vertical profiles of water
samples, spanning oxic and sub-oxic layers were collected
during intermonsoon and SW monsoon periods. The sam-
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pling was done mainly along 64°E transact, between 21°N
and 10°N and a profile from the western Arabian Sea (Fig. 1).
A total of 61 samples from six vertical profiles (depths
ranging from surface to 1800 m) were collected for uranium
concentration measurements. These collections were made
during three cruises, two of them, SK115 (August 1996, SW
monsoon) and SK121 (February 1997, end of NE monsoon)
were conducted onboard ORV Sagar Kanya, as a part of the
Indian JGOFS programme. The third cruise, SS164 (March
1998), was carried out onboard FORV Sagar Sampada. Two
of the profiles, SK121/9 and SK121/9A were collected 5 d
apart from very nearby locations (21°N, 64°E), surface wa-
ters of these profiles were characterized by intense salp
bloom, Pagea Confederata, during the sampling period
(Prasanna Kumar et al., 2001a).

Water samples for uranium measurements were collected
using 30 l GoFlo bottles. The sampling depths for uranium
measurements were based on salinity/temperature and dis-
solved oxygen profiles, measured using a Seabird CTD sys-
tem. During SS164 cruise, dissolved oxygen was determined
following JGOFS protocol (SCOR, 1996). For uranium,
4–5 l of seawater was transferred from the GoFlo bottles,
soon after collection to clean polypropylene containers and
was acidified with concentrated HNO3 to pH z2. This was
followed by addition of z100 mg of Fe carrier (as FeCl3)
and 232U tracer (0.5 ml of 9.0 ± 0.16 dpm ml–1). The solution
was continuously stirred and purged with compressed air to
break the uranyl carbonate complex and also to establish
tracer equilibrium with seawater uranium. After 3–4 h, the
pH was adjusted to 8 by adding concentrated NH4OH and
uranium was co-precipitated with Fe(OH)3. The uranium
from ferric hydroxide precipitate was separated, purified and
assayed by alpha spectrometry following procedures of Sarin
et al. (1992).

3. Results and discussion

The uranium concentration of the samples along with the
salinity and dissolved oxygen data are listed in Table 1, the
errors are ±1r standard deviation derived from counting
statistics and uncertainties in 232U spike calibration. Aver-
age ±1r uncertainty in measurements is ±2.6%. Therefore,
differences in uranium concentration between samples in
excess of z6% can be measured reliably using the tech-
niques used in this study. The uranium concentration versus
depth in SK121/9 and SK121/9A, the two nearby profiles, are
in good agreement (Table 1) attesting to the overall reliability
of the data. The samples analysed cover a wide range of
dissolved oxygen concentration, from 0.14 to 230 µM, with
active denitrification. Although uranium concentrations in
the samples show a significant range, from 2.78 to 3.62 µg
l–1, 52 of the 61 samples have values within a narrow range,
3.2 ± 0.2 µg l–1 covering a salinity of 34.8919–36.5048
(Table 1). The two lowest uranium concentration values
(2.78 ± 0.10 and 2.95 ± 0.08 µg l–1) are from the SK-
115/6 profile collected during SW monsoon; these results
will be discussed later. Regression analysis of data shows an
overall increase in uranium concentration within the salinity
range sampled (Fig. 2), consistent with that reported earlier
for the Arabian Sea and other oceanic regions (Ku et al.,
1977; Sarin et al., 1992, 1994). The mean 234U/238U activity
ratio of the samples is 1.14 ± 0.02 (n = 61) quite similar to
those reported for other oceanic regions (op. cit.).

The distribution of uranium with depth in the six profiles
analysed along with a typical dissolved oxygen profile of the
region is shown in Fig. 3. The data show that, within uncer-
tainties of measurements, the uranium concentrations are
nearly uniform with depth and are independent of dissolved
oxygen concentration. This conclusion is also borne out from
the distribution of the U/salinity ratios in waters with various
levels of dissolved oxygen concentrations (Table 2, Fig. 4).
The mean U/salinity ratio (Table 2) in samples with dissolved
oxygen in the range of 0.14–2 µM (n = 14) is (9.17 ± 0.15) ×
10–8 g g–1, nearly identical to the ratio (9.22 ± 0.27) × 10–8 g
g–1 in samples with dissolved oxygen >100 µM. In fact, the
samples from all the six profiles with dissolved oxygen <5
µM (n = 34), have U/salinity ratio of (9.10 ± 0.34) × 10–8 g
g–1, which is the same as the mean ratio for all the samples.
The mean U/salinity ratio in samples with dissolved oxy-
gen <5 µM also overlaps with the “global” ratio of
(9.34 ± 0.56) × 10–8 g g–1 (Ku et al., 1977). These results
suggest that, in general, there is no measurable change in
uranium concentration in the water column of the Arabian
Sea during the seasons sampled even if dissolved oxygen
levels reach values as low as 0.14 µM and in presence of
denitrification. Thus, there is neither removal of uranium due
to sub-oxic and denitrifying conditions nor addition of ura-
nium resulting from regeneration of biogenic particles in the
intermediate waters of the Arabian Sea.

Two samples from SK115/6 profile (18°N, 64°E) show
exception to this general trend in that they have measurably
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Fig. 1. Location map of seawater profiles (squares) collected for uranium
measurements. Grey circle marks the region of intense denitrification (Na-
qvi, 1991). Location of the sediment trap sample (CAST) deployed at
3000 m depth is indicated as * (Ramaswamy and Nair, 1994).
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lower concentration of uranium than that expected based on
salinity. These samples, from 300 and 600 m depths with
dissolved oxygen: z5 and 3 µM, respectively, have uranium
concentration of 2.95 ± 0.08 and 2.78 ± 0.1 µg l–1 and
U/salinity ratios of (8.00 ± 0.22) × 10–8 and (7.60 ± 0.27) ×
10–8 g g–1, respectively. These are the lowest uranium con-
centrations among all the samples analysed in this study and
plot significantly below the overall trend with salinity
(Fig. 2). The uranium deficit (DU) in these samples
[DU = (Ue – Um), where Ue is expected uranium concentra-
tion based on salinity (Ue = (U/S) × Ssample; U/S is the mean U
to salinity ratio, (9.17 ± 0.31) × 10–8 g g–1 and Ssample is the
sample salinity) and Um is the measured uranium concentra-
tion] are 0.35 ± 0.14 and 0.49 ± 0.15 µg l–1, respectively. The
process(es) contributing to the depletion of uranium from
these samples is difficult to characterize as it (i) seems to be
transient, observed only in two samples collected during one
season and (ii) is only in two discrete depths, samples col-
lected from above, below and in between these two depths
have uranium concentrations which overlap within errors

Table 1
Uranium concentration in samples collected from the Arabian Sea

Depth (m) Salinity Dissolved
oxygen (µM)

U (µg l–1)

SS164, #4016, 19°45.5′N 64°37.2′E, March 1998
101 36.3263 133 3.33 ± 0.09
153 36.0109 11 3.22 ± 0.08
247 36.1325 0.35 3.34 ± 0.07
320 36.1258 1.3 3.3 ± 0.08
378 36.0407 0.64 3.32 ± 0.09
474 35.7965 0.14 3.29 ± 0.07
582 35.6961 0.55 3.36 ± 0.09
700 35.6142 0.66 3.24 ± 0.09
823 35.5254 2.4 3.34 ± 0.08
1008 35.3833 11 3.32 ± 0.09
1275 35.1946 17 3.18 ± 0.08
1785 34.9094 63 3.25 ± 0.08
SS164, #4017, 17°45.5′N 60°40.9′E, March 1998
100 36.0643 36 3.15 ± 0.09
161 35.8575 0.57 3.35 ± 0.09
300 35.8806 0.56 3.28 ± 0.09
400 35.7898 0.87 3.25 ± 0.08
584 35.8622 3.4 3.25 ± 0.09
743 35.561 1.1 3.15 ± 0.09
900 35.438 2.3 3.25 ± 0.10
1207 35.1605 21 3.14 ± 0.08
SS164, #4021, 12°57.9′N 64°29′E, March 1998
82 36.477 174 3.38 ± 0.09
248 35.5897 5.0 3.22 ± 0.09
349 35.4981 – 3.2 ± 0.09
429 35.4945 – 3.28 ± 0.08
498 35.4989 5.9 3.36 ± 0.09
626 35.4704 6.3 3.36 ± 0.09
743 35.4082 12 3.27 ± 0.08
846 35.3522 15 3.27 ± 0.09
1046 35.1741 27 3.16 ± 0.08
1750 34.8919 83 3.34 ± 0.08
SK115/6, 18°N 64°E, August 1996
50 36.2111 201 3.26 ± 0.08
200 35.8873 2 3.24 ± 0.08
300 35.9643 5 2.95 ± 0.08
400 35.6787 5 3.27 ± 0.10
500 35.7485 4 3.08 ± 0.09
600 35.6673 3 2.78 ± 0.10
750 35.5392 7 3.13 ± 0.09
1000 35.3396 10 3.22 ± 0.08
SK121/9, 21°N 64°E, February 1997
5 36.4855 – 3.44 ± 0.09
25 36.4805 230 a 3.39 ± 0.09
50 36.4835 204 a 3.35 ± 0.09
75 36.5567 166 3.47 ± 0.08
100 36.5117 23 3.62 ± 0.09
150 35.9628 1.9 3.37 ± 0.08
200 35.9209 2.3 3.31 ± 0.08
250 36.0171 4.6 3.33 ± 0.08
300 36.007 3.5 3.42 ± 0.08
350 35.8864 2.3 3.32 ± 0.08
400 35.8929 2.8 3.26 ± 0.08
SK121/9A, 21°05.6′N 63°56.9′E, February 1997
5 36.3544 – 3.34 ± 0.08
25 36.357 230 a 3.32 ± 0.07

Depth (m) Salinity Dissolved
oxygen (µM)

U (µg l–1)

50 36.4964 204 a 3.42 ± 0.08
75 36.4647 166 3.41 ± 0.08
100 36.5048 23 3.38 ± 0.08
150 35.8237 1.9 3.31 ± 0.08
200 35.9888 2.3 3.29 ± 0.09
250 36.1663 4.6 3.44 ± 0.08
300 35.9878 3.5 3.37 ± 0.08
350 35.9607 2.3 3.28 ± 0.08
400 35.7859 2.8 3.31 ± 0.08
1179 35.2395 – 3.33 ± 0.08

a Interpolated values based on measurements in adjacent depths.
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Fig. 2. Plot of uranium vs. salinity in seawater samples collected from the
Arabian Sea. Regression analysis of the data shows an overall increase in
uranium concentration with salinity. Two of the samples (encircled) that fall
significantly lower from the overall trend, are from SK115/6 station.
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with typical oceanic value. It may be argued that the low
uranium concentration in these two samples can arise due to
measurement artefacts, such as inadequate equilibration be-
tween spike and sample uranium. However, this seems un-
likely considering that uranium profiles in two adjacent sta-
tions collected a few days apart show good agreement (Sta.
SK121/9 and SK121/9A, Table 1). These samples are from a
profile which was collected during SW monsoon, a period of
relatively higher biological productivity and particle rain
through the water column. During the sampling period, Au-
gust 1996, the column productivity for this profile was

z1000 mg C m–2 d–1 (Prasanna Kumar et al., 2001b). Stud-
ies on temporal variations in particulate flux at z3000 m in
the Arabian seawater column from a location (14°30′N,
64°45′E) near to SK115/6 profile show higher total particu-
late and carbon fluxes during the monsoon season (Ra-
maswamy and Nair, 1994). It is difficult to explain uranium
removal at two discrete, intermediate depths by particle set-
tling from surface. The other options would be to invoke
advective transport of uranium depleted waters or occurrence
of particle layers at these depths, which can facilitate ura-
nium removal. Evidence for the presence of secondary par-
ticle maximum or intermediate nepheloid layers has been
reported near the top of the OMZ in the Arabian Sea (Naqvi,
1994; Morrison et al., 1999). Bacterial activities have been
suggested as the cause for these particle abundance peaks in
the intermediate waters. The role of these particles in seques-
tering dissolved uranium from waters and its removal can
only be assessed when measurements of uranium concentra-
tion in suspended and settling particles from these depths
become available.

The results of this study show that anoxic respiration
(denitrification) does not remove detectable amounts of ura-
nium from the intermediate waters of the Arabian Sea and
that the biogeochemical processes associated with denitrifi-
cation does not influence, to any measurable levels, the water
column geochemistry of uranium in these waters.

It is well recognized, from the elevated concentration of
authigenic uranium in sediments from various regions of the
Arabian Sea (Borole et al., 1982; Sarkar et al., 1993; So-
mayajulu et al., 1994; Nagender Nath et al., 1997; Sirocko et
al., 2000; Balakrishna et al., 2001), that this oceanic region is
a sink for seawater uranium. However, processes contribut-
ing to the supply of authigenic uranium to sediments of the
Arabian Sea are not well understood. Studies from other
oceanic regions (Anderson, 1982; Anderson et al, 1989;
Zheng et al., 2002b) have demonstrated the presence of
non-lithogenic U in settling particulate matter. The fate of
particulate non-lithogenic uranium (PNU) is shown to de-
pend on oxygen content of water through which the particles
transit. It seems to be better preserved and transported to
sediments in regions of low dissolved oxygen, such as the
Santa Barbara Basin, where PNU accounts for a substantial
part of authigenic uranium (Zheng et al., 2002b). Coupled
studies of uranium in dissolved and particulate phases from
the oxic and sub-oxic waters of the Arabian Sea should throw
more light on the processes contributing to the formation and
regeneration of PNU and on the pathways for its removal to
the sediments.

4. Conclusions

Uranium concentration and 234U/238U isotopic composi-
tion of seawater collected from oxic and sub-oxic regions of
the Arabian Sea show that, in general, uranium behaves
conservatively in these regions. The mean U/salinity ratio in
waters with dissolved oxygen <2 µM is (9.17 ± 0.15) × 10–8 g
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Fig. 3. Uranium concentration vs. depth in profiles collected from the Ara-
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Table 2
U/salinity ratio in seawater samples of the Arabian Sea with different
dissolved oxygen concentration

Dissolved oxygen n U/salinity (10–8 g g–1)
<2 µM 14 9.17 ± 0.15
<5 µM 34 9.10 ± 0.34
>100 µM 9 9.22 ± 0.27
0.14–230 µM 61 9.17 ± 0.31
Global average a 9.34 ± 0.56

a From Ku et al. (1977).
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g–1, nearly identical to the ratio (9.22 ± 0.27) × 10–8 g g–1 in
waters with dissolved oxygen >100 µM. Two samples from
300 and 600 m of one profile (18°N, 64°E) collected during
summer monsoon (SK115/6; August 1996) have z10–15%
lower uranium than that expected based on salinity. The
cause for uranium depletion in these two samples is unclear
and needs confirmation. A coordinated study of uranium in
dissolved and particulate phases along with particle abun-
dances and their composition in the water column should
provide better understanding of the geochemical behaviour
of uranium in the Arabian Sea.
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