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Abstract
A nutrient- and carbon-rich, oxygen-poor benthic layer is observed in the lower 100 m of the central and western Bay
of Bengal, at depths between 3400 to 4000 m. The observed ratios for the biogeochemical anomalies in the benthic layer
water are similar to those observed for phytoplankton blooms in open oceans and hence suggest that the source of the
high silica, phosphate, nitrate and carbon is likely to be due to decomposition of marine plankton deposited on the
Ganges fan. While similar sediment types are expected to exist across a more extensive area of the Bay of Bengal,
accumulation of nutrients only within a conﬁned pool of bottom water is due to a greater degree of ventilation
elsewhere. To the north of the nutrient-rich benthic pool, in shallower water, inﬂow of water from West Australian
Basin minimizes anomalous benthic properties. To the south, in deeper water, ventilation by bottom water of the
Central Indian Basin lifts the Bay of Bengal nutrient-rich benthic water off the sea ﬂoor. Thus the nutrient-rich benthic
layer occupies zone between better ventilated regions. A counter-clockwise ﬂow of bottom water is suggested for the
Bay of Bengal, with nutrient-rich bottom water ﬂowing westward south of Sri Lanka. r 2002 Elsevier Science Ltd. All
rights reserved.

1. Introduction
Edmond et al. (1979) and Broecker et al. (1980),
using GEOSECS stations 445 (81300 S; 861000 E)
and 446 (121300 N; 841300 E) data obtained in 1974
(Spencer et al., 1982), described a nutrient-rich
benthic layer within the Bay of Bengal. They noted
a sharp increase in silicate, phosphate and nitrate
with an accompanying decrease in oxygen concentration at the sediment–water interface. Total
CO2 and alkalinity also increase as the bottom is
*Corresponding author. Tel.: +1-919-365-8325; fax: +1914-365-8157.
E-mail address: agordon@ldeo.columbia.edu
(A.L. Gordon).

approached. They suggested that the source of the
silica is dissolution of diatomaceous sediments
produced under upwelling conditions of the northern upwelling regions. Edmond et al. (1979)
showed that the Bay of Bengal benthic water
spreads southward over denser Antarctic Bottom
Water, producing a silicate maximum core layer
along the 45.94 s-4 surface, between 3500 and
4000 m. The deep silicate maximum is more
pronounced in the central Indian Basin, suggesting
that southward advection is most intense west of
the Ninety East Ridge. Edmond et al. (1979) also
described a similar condition in the Arabian Sea,
where bottom silicate >160 mmol/kg occurs at the
northern apex of the deep Arabian Sea (Mantyla
and Reid, 1995), serving as the source of a western
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properties and its relationship to bottom circulation.
The Bengal Fan, coverning much of the ﬂoor of
the Bay of Bengal, is underlain by thick sequence
of sediments derived from rivers draining eastern
India and the Himalayas. Presently, more than 1
billion tons of sediment are discharged into the
Bay annually, mostly from the Ganges–Brahmaputra River (Milliman and Meade, 1983). Average
sedimentation rate on the fan is 20–30 cm/1000

Indian Ocean deep silicate maximum near 3500 m.
Mantyla and Reid’s (1995) mapping of bottom
properties shows the Bay of Bengal and Arabian
Sea nutrient-rich benthic features are isolated from
each other.
The World Ocean Circulation Experiment
(WOCE) Indian Ocean hydrographic sections, I1 and I-9 cross the Bay of Bengal high-nutrient
benthic layer (Fig. 1), allowing for further inspection of the nature of the nutrient-rich benthic layer
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Fig. 1. Average silicate in mmol/kg for the lower 100 m of the water column within the Bay of Bengal and surroundings. Station
numbers are shown near select stations including those referred to in the text. Stations with bottom silicate >155 mmol/kg are shown in
dark red; between 150 and 155 mmol/kg in light red; between 145 and 150 mmol/kg in orange; between 140 and 145 mmol/kg in green.
Stations with bottom silicate o140 mmol/kg are shown in black. Bathymetry contour interval is 500 m. The 3300 m isobath is shown in
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years (Wetzel and Wijayananda, 1990). The
sediments in the center and deeper parts of the
Bay are known to be rich in calcareous tests of
organisms. The sediments in the northern part of
the Bay are terrigenous deposits, discharged from
the land by the large rivers that drain the slopes of
the Himalayas. Maximum river discharge occurs
during the southwest ‘summer’ monsoon, and
coincides with the maximum observed ﬂux of
particulate matter. The nutrient input within
the river plumes will increase the primary productivity, which may enhance particle ﬂux to
deep, offshore waters (Ittekkot et al., 1991).
Illite-rich clay material is derived from the
Ganges–Brahmaputra Rivers, whereas smectiterich clay is derived from the peninsular Indian
rivers (Ramaswamy et al., 1997). The central axis
of the Bengal Fan is incised by numerous
‘distribution’ channels cut into the sediment,
which appear to be inactive in recent times
(Heezen and Hollister, 1971).
The WOCE section I-1 obtained in October
1995 along 101N crosses the Andaman Sea (which,
based on the temperature and salinity proﬁles
obtained by that cruise, is isolated from the Bay of
Bengal below a depth of E1400 m); the northern
tip of the West Australian Basin, where it is
constricted by the Ninety East Ridge and the
Andaman Island Arc Ridge; and the northern end
of the Central Indian Basin, over the Bengal Outer
Fan to Sri Lanka. There are also a few I-1 stations
along the WOCE I-8 section at 801E. Section I-8
was obtained in April 1995. WOCE I-9 section of
March 1995 provides two nearly meridional
sections within the Bay of Bengal. The eastern
section runs along the trough of the West
Australian Basin, just east of the Ninety East
Ridge, entering the Bengal Fan at 111N. The
western section runs a diagonal across the center
of the Bay of Bengal. At most WOCE stations
three to four water samples were collected for
chemical analysis in the lower 200 m.
The spatial distribution of the high-nutrient
benthic layer is deﬁned by a bottom silicate
concentration >145 mmol/kg (Fig. 1). Bottom
silicate values >145 mmol/kg occur at stations
267 (sea ﬂoor at 3413 m) to 273 (sea ﬂoor at
3930 m), along the western I-9 section. Along the
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zonal I-1 section bottom silicate >145 mmol/kg is
observed from 87.31E, station 990 (sea ﬂoor
3480 m) to the eastern continental slope of Sri
Lanka, station 972 (3740 m). GEOSECS station
446 (bottom depth of 3316 m) shows that the
>145 mmol/kg bottom silicate values extends well
to the northwest of the WOCE coverage, but the
available hydrographic data do not resolve the full
extent of high silicate to the northwest (no other
archived data for bottom silicate within lower
100 m was found). Bottom silicate >155 mmol/kg
deﬁnes the center (within the limits of station
coverage) of the silicate-rich bottom benthic pool:
at GEOSECS station 445 and at I-1 stations 980–
981 and 985–986 (84.31–85.61E, near 101N) in
3500–3600 m of water. The 3 mmol/kg difference
between the co-located stations I-9 270 and
GEOSECS 445, reﬂects either temporal changes
or measurement uncertainties. South of Sri Lanka
station I-1 965 in 3200 m of water and I-8 stations
283–287 in water depths from 3200 to 4300 m,
have bottom silicate values >140 mmol/kg. This
implies that the nutrient-rich benthic water of the
southwest Bay of Bengal may slip westward along
the sea ﬂoor over the base of Sri Lanka continental
slope.
Within the central region of the silicate-rich
(>155 mmol/kg) benthic layer, potential temperature and salinity values diminish only slightly as
the sea ﬂoor is approached (Fig. 2). A more
dramatic structure is revealed within 100 m of
the sea ﬂoor in the non-conservative parameters,
with a sudden increase in silicate, phosphate,
nitrate, total CO2 and alkalinity, and a decrease
in oxygen. At I-9 station 260 (sea ﬂoor at 2670 m),
the deep silicate proﬁle within the lower 50 m (not
shown) displays two levels where the silicate
concentration is slightly >145 umol/kg, the other
parameters display far less pronounced anomalous
properties relative to the deeper waters to the
south.
A silicate section constructed from I-9 and I-8
data (Fig. 3) shows that the highest bottom
silicate (>145 mmol/kg) is observed from about
3400–4000 m (stations 265–273). South of 51N, the
140 mmol/kg contour deﬁnes the deep-water
silicate maximum (Edmond et al., 1979; Spencer
et al., 1982).
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Fig. 2. Proﬁles of potential temperature, salinity, oxygen, nutrients, total CO2 and alkalinity for the lower 500 m of stations within the
region of highest benthic silicate concentrations.
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2. Regional stratiﬁcation
The regional proﬁles for the water column
deeper than 2500 m show two branches for the
waters deeper than E3400 m (Fig. 4a; there are
also cold benthic layers from 3100 to 3600 m,
discussed below). The colder, fresher branch, with
higher oxygen and lower nutrients, is conﬁned to
the West Australian Basin. The warmer branch
falls within the Central Indian Basin. I-9 stations
268 and 267 within the warmer branch of the
proﬁles mark the northern extreme of the silicaterich benthic layer expression.
Stations 231–239, along the eastern section of I9 in water of 3600–3100 m depth, reveal a thin cold
benthic layer, with relatively high oxygen and
lower nutrient concentration (Fig. 4a). As the
potential temperatureFsalinity (y=S) relationship
is relatively linear (Fig. 4b) this benthic layer is not
a distinct water mass, but rather it represents

shallowing, by about 200–350 m, of relatively wellventilated deep water of the West Australian Basin
onto the eastern Bengal sediment fan. As the I-9
section between 61 and 121N follows the eastern
ﬂank of the Ninety East Ridge, it samples the axis
of the western boundary of West Australian Basin
(Warren, 1981, 1982). Possibly the boundary
current with its relatively well-ventilated water,
rides up to shallower topography at the northern
apex of the basin in response to geostrophic
balance as the ﬂow curls clock-wise into the
interior of the West Australian Basin.
Along the western section of I-9 within the Bay
of Bengal, the cold benthic layer is present but not
as pronounced. A weak expression of colder,
oxygen-rich bottom water is found at stations
264 and 265, near 3300 m. On proceeding southward across the 3400 m isobath to station 267, the
benthic characteristics are abruptly replaced by the
nutrient-rich, oxygen-poor waters, with the most
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extreme benthic values between 3500 and 3700 m
(Fig. 4a) near the 1.151C isotherm (Fig. 4b). It is
suggested that bottom water shallower than
E3400 m is exposed to the slightly better ventilated waters derived from the West Australian
Basin, whereas deeper levels are shielded from
West Australian Basin water by the crest of the
Ninety East Ridge.
The silicate concentrations increase steadily with
increasing depth. Only below 3500 m near the
1.151C isotherm, does the slope reverse, as the
better ventilated Antarctic Bottom Water layer is
encountered. A gradient change of the silicate
versus potential temperature relationship also
occurs near the 400 m deep 121C isotherm (see
insert in Fig. 4b). The lowest silicate values at this
knee are coupled with an oxygen maximum. This
core is associated with the presence of Subantarctic Mode Water introduced into the eastern Indian
Ocean.
The oxygen proﬁle for the whole water column
(not shown) reveals a thick layer of near zero
concentrations (0.04–0.9 ml/l) from 70 to 600 m.
Below that level, closer to 1000 m, phosphate and
nitrate values attain their maximum values. Below
the oxygen minimum layer and phosphate and

nitrate maximum cores, oxygen increases while
phosphate and nitrate decrease with increasing
depth. Only within the Bay of Bengal nutrient-rich
benthic layer do the slopes reverse, producing a
deep oxygen maximum and phosphate and nitrate
minimum at E3300 m. It is likely that this layer is
produced by spreading of slightly better ventilated
West Australian Basin water over the denser
nutrient-rich benthic layer.

3. Benthic layer chemical properties
The concentrations of nitrate, phosphate, silica,
CO2 and alkalinity in the benthic mixed-layer
waters (about 100 m thick) are anomalously higher, and that of oxygen signiﬁcantly lower than
those in the overlying waters. Since the Ganges fan
sediments appear to be the source of silica in the
deep waters of the Bay of Bengal, the chemical
anomalies observed in the benthic layer would
serve to characterize the biogeochemical species
being ﬂuxed out of the sediments into the abyssal
waters. Because the anomalies are centered at a
potential temperature of 1.17+0.011C, the magnitudes of anomalies have been estimated at this
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temperature using the chemical data from 16
stations (WOCE Stations 265–271 and 978–990
and GEOSECS Stations 445 and 446) and are
listed in Table 1. The positive anomaly in TCO2 is
due to the decomposition of soft organic tissues
and the dissolution of CaCO3, which is estimated
on the basis of alkalinity increase. About 45% of
the excess total CO2 was derived from the
decomposition of organic matter, and about 55%
from CaCO3. The silica anomaly is likely from the
dissolution of biogenic opaline silica (Gupta and
Sarma, 1997). The mole ratios for anomalies are
found to be consistent with the remineralization P/
N/Corg/–O2 ratios of 1/15 (71)/106 (74)/(137–
175) for biogenic particulates in deep waters
(Redﬁeld et al., 1963; Takahashi et al., 1985;
Anderson and Sarmiento, 1994). Table 1 also
shows that the silica/organic carbon ratio is
1.5+0.4. This is broadly comparable to the
silica/carbon utilization ratio of 0.66+0.02 observed in the Paciﬁc Sector of the Southern Ocean
67–701S (Rubin et al., 1998) and 0.60–0.65
observed during diatom blooms in the Ross Sea
(Nelson and Smith, 1986; Nelson et al., 1996).
Therefore, the source material for the benthic
anomaly is considered to be a product of marine
phytoplankton blooms rich in diatoms.
Benthic layers with similar chemical anomalies
as the Bay of Bengal are found in the Arabian Sea
(Edmond et al., 1979; Mantyla and Reid, 1995).

The Arabian Sea silicate maximum is observed
(WOCE sections I-1 and I-7 station data) between
sigma-4 of 45.84 (potential temperature of 1.541C,
about 3000 m deep) and 45.76 (potential temperature of 1.401C, about 3500 m deep).

4. Indian Ocean bottom water
The cold end-member of the deep water column
is Antarctic Bottom Water (Fig. 4b). Cold, highly
oxygenated bottom water enters the West Australian Basin directly from the south, within a gap
between the Naturaliste Plateau and Broken Ridge
at 301S. This water is derived from Antarctic
Bottom Water formed south of Australia (Rodman and Gordon, 1982; Mantyla and Reid, 1995).
Bottom water is inhibited by topography from
ﬂowing freely into the southern Central Indian
Basin. Instead the bottom water of the Central
Indian Basin is drawn by density overﬂow from
the West Australian Basin at a saddle in the Ninety
East Ridge near 101S (Warren, 1981, 1982;
Mantyla and Reid, 1995).
The WOCE data provide a more detailed view
of bottom potential temperature (Fig. 5) than
shown by Mantyla and Reid (1995). The coldest
bottom water is found in the West Australian
Basin, with bottom water colder than 0.81C
reaching along the western boundary well into

Table 1
Chemical anomalies observed in the benthic waters of the Bay of Bengal in the area, 7.5–13.01N latitudes and 83–881E longitudes, at
depths of about 3500 m. The mean anomalies have been estimated at a potential temperature of 1.1770.011C based upon the
observations made at 16 stations, and the uncertainties indicated represent one standard deviation
Properties

Mean anomalies

Anomaly ratios

DO2
DTCO2
DAlkalinity
DNO
3
DPO3
4
DSiO2
3

1173 mmol/kg
+1874 mmol/kg
+2375 meq/kg
+0.870.2 mmol/kg
+0.0870.02 mmol/kg
+972 mmol/kg

D(TCO2)org
D(TCO2)cb

+673 mmol/kga
+1272 mmol/kga

DO2/D(TCO2)org
DO2/DPO3
4
3
DNO
3 /DPO4
D(TCO2)org/DPO3
4
D(TCO2)org/DNO
3

DSiO2
3 /DNO3
2
3
DSiO3 /DPO4
DSiO2
3 /D(TCO2)org
DSiO2
3 /D(TCO2)cb
D(TCO2)org/D(TCO2)cb

1.870.7
138751
1073.5
75745
7.574.5
1174
113740
1.570.4
0.870.3
0.570.3

a
D(TCO2)cb is CaCO3 added to the benthic water, and has been computed by the relationship: (Dalkalinity+DNO
3 )/2. D(TCO2)org
represents the amount of CO2 added due to the oxidation of organic matter, and has been computed using (DTCO2D(TCO2)cb).
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the narrowed northern apex of the West Australian Basin. Water colder than 1.21C enters the
eastern Bay of Bengal. Overﬂow into the Central
Indian Basin through the 101S saddle produces a
pool of o1.01C. Comparison of the potential
temperature proﬁles from WOCE I-2 along 81S

indicate an effective sill depth of 3700 m, somewhat shallower than the 3900 m depth suggested
by Warren (1982). The overﬂow water spreads
northward, warmed by mixing to 1.21C upon
reaching the Bay of Bengal silicate-rich benthic
layer. Thus there are two paths for o1.21C bottom
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water to ventilate the ﬂoor of the Bay of Bengal,
both derived from waters of the West Australian
Basin: an eastern path directly from the West
Australian Basin and the overﬂow path via the
Central Indian Basin. The former associated with
a western boundary current over the eastern ﬂank
of the Ninety East Ridge, provides the better
ventilated deep-water masses.

5. Conclusions
Within the bottom water of the southwest Bay
of Bengal, high nutrient and carbon concentrations with diminished oxygen levels are observed in
the WOCE sections I-9 and I-1, a feature ﬁrst seen
by the 1974 stations of GEOSECS (Edmond et al.,
1979; Broecker et al., 1980; Spencer et al., 1982).
Bottom water nutrients are high throughout the
Bay of Bengal relative to the global ocean, with
silicate values in excess of 140 mmol/kg (Fig. 1).
Only in the northern apex of the West Australian
Basin in the southeast Bay of Bengal are values
below 140 mmol/kg. The highest bottom silicate
values are found in the southwest Bay of Bengal,
from 3400 to 4000 m (Fig. 1).
The observed ratios for the biogeochemical
anomalies in the benthic layer water are similar
to those observed for phytoplankton blooms in
open oceans and hence suggest that the source of
the high silica, phosphate, nitrate and carbon is
likely to be due to decomposition of marine
plankton deposited on the Ganges fan. Benthic
layers with similar biogeochemical anomalies have
also been found in the north central Arabian Sea.
The restriction of the nutrient-rich benthic layer to
the 3400–4000 m isobaths in the southwestern Bay
of Bengal may be explained by bottom circulation.
The location of the nutrient-rich benthic layer falls
within a zone of minimum ventilation of the
benthic layer, at the boundary between ventilation
provided from two sources (Fig. 5): West Australian Basin deep water, inﬂuencing the sea ﬂoor
shallower than about 3400 m, north of the
anomalous layer, and Central Indian Basin deep
water, which ventilates the sea ﬂoor south of the
anomalous layer. The nutrient-rich benthic layer
occupies the least ventilated zone, falling at the

junction of long residence time and available
organic sediments. The Arabian Sea does not have
bottom ventilation from two sources, so its
nutrient-rich benthic layer resides at the northern
apex of the deep Arabian Sea.
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