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Abstract
We report helium isotope data collected in the central Indian Ocean, from the
Arabian Sea to the Southern Ocean, during a Japanese GEOTRACES cruise in 2009
- 2010. We found hydrothermal helium-3 plumes and confirmed that 3He/4He ratio anomalies were almost the same as those observed in WOCE cruises conducted
in 1990s, which indicates the hydrothermal activity and abyssal currents have not
changed largely for the last few decades. Maximum δ3He value over 14% was observed at mid-depth (2000 - 3000 m) in the northern part (north of 30°S) in the central
Indian Ocean, whereas lower δ3He was found in the southern part at the same depth,
where δ3He is defined as the percent deviation of the helium isotopic ratio relative
to the atmospheric standard. The vertical distribution of δ3He shows a similar trend
with dissolved iron and manganese distributions in the hydrothermal plume. Lateral
δ3He distribution at mid-depth using our GEOTRACES data together with WOCE
data suggest that the helium-3 plume in the central Indian Ocean derived from the
Central Indian Ridge around 20°S. It does not flow northward along the ridge but
flows eastward as previously reported. The source of the helium-3 plume observed
in the region adjacent to the Indian subcontinent might be in the Gulf of Aden as
inferred from water properties. The δ3He distribution could reveal clockwise deepwater circulation in the Arabian Sea.

1. Introduction
Since the Indian Ocean is one of the three major oceans
and has a mid ocean ridge in the center of the oceanic basin, it plays an important role for the global deep ocean circulation and for biogeochemical cycling of trace elements.
However, useful data of trace elements for comprehensive
understanding for the abyssal circulation are limited because
the projects to observe geochemical properties in deep ocean
were less frequently organized in the Indian Ocean. Further,
the Arabian Sea is not safe in those days. It is also difficult
to distinguish water masses in the deep ocean because water
properties variations, such as temperature and salinity, are
very small compared to those in shallower seawater. As we
discuss below, the isotopic ratio of helium (3He/4He) dissolved in Indian Ocean seawater is at its maximum value at
mid-depth rather than in the bottom waters due to 3He input
* Corresponding author
E-mail: ntaka@aori.u-tokyo.ac.jp

from the Indian Ridge because the ridge crest where mantle
gases are emitted is shallower than seafloor in other regions.
So excess helium-3 can be used for tracing movement and
mixing of different water masses in these oceanic regions.
The 3He/4He ratio of the atmosphere is 1.4 × 10-6, and
it is considered to be constant on a global scale within an
experimental error of 5% (Sano et al. 2013). The 3He/4He
ratios of mantle-derived samples, such as those from midocean ridge basalts and volcanic gases in island arcs, are
relatively high at about 1 × 10-5, whereas those from granitic rocks and continental natural gases are low, with ratios
of < 1 × 10-7 (Lupton 1983; Mamyrin and Tolstikhin 1984;
Sano and Wakita 1985). The 3He/4He ratio is one of the most
sensitive and conservative tracers in chemical oceanography (e.g., Jenkins et al. 1972; Craig et al. 1975; Sano et al.
1995) owing to its primordial signature, rapid mobility, and
chemical inertness of helium. During the GEOSECS (Geochemical Ocean Sections Study) expedition in 1977 - 1978,
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Östlund et al. (1987) discovered a striking intensity and lateral extent of excess δ3He relative to air-saturated seawater in the deep Indian Ocean at 20°S on the Central Indian
Ridge. This plume-shaped 3He anomaly, which was originated from volcanic activity on the ridge, spread eastward
by abyssal currents at the depth of the crest. After the GEOSECS survey, the Indigo Cruises (Jamous et al. 1992) and
the WOCE (World Ocean Circulation Experiment) cruises
(Srinivasan et al. 2004) obtained helium isotope data in a
large area of the Indian Ocean. The WOCE was the largest internationally coordinated oceanographic program and a
comprehensive global hydrographic survey of physical and
chemical properties during the 1990s. They also reported excess δ3He of more than 10% at mid-depth (2000 - 3000 m)
in the central Indian Ocean. Jean-Baptiste et al. (1992) and
Kawagucci et al. (2008) found hydrothermal plumes with
δ3He higher than 30% in the area of 18 - 20°S on the Central
Indian Ridge, near the Rodriguez Triple Junction with anomalies of methane isotopes. Moreover, Gamo et al. (2001)
found high temperature (360°C) fluids near the Rodriguez
Triple Junction and reported a very high 3He/4He ratio of
7.9 Ra of the vent fluid, where Ra is the atmospheric 3He/4He
ratio of 1.4 × 10-6. This value is identical to that of the upper
mantle (8 ± 1 Ra; e.g., Graham 2002). These observations
imply that mid-ocean ridges in the Indian Ocean are very
active just as in the Pacific Ocean. The δ3He maps have been
used to infer abyssal currents based on the spreading of the
mantle helium-3 signal because helium is a passive tracer.
Isopycnal maps made by Reid (2003) based on hydrographic data (i.e., temperature, salinity, oxygen, and silica)
suggested abyssal currents in deep layers of the Indian
Ocean. However eastward-spreading current inferred from
the helium-3 plume observed at 20°S is not identical with
that figured in Reid’s map. Moreover, Reid’s map suggests
an anti-clockwise flow in the deep layer of the Arabian Sea,
whereas Schlitzer (2007) estimated a clockwise flow, based
on hydrographic and tracer data such as radiocarbon and
chlorofluorocarbons. To precisely understand the deep circulation at mid-depth (2000 - 3000 m) in the Indian Ocean,
it is important to investigate the water mass structure from
different approaches: for example, from the perspective of
chemical oceanography as well of that of physical oceanography. In recent years, helium isotopes have been increasingly used to validate oceanic current models (Dutay et al.
2004, 2010). To confirm the hydrothermal plume and verify
abyssal currents, we have characterized new distributions of
3
He/4He ratios in seawater collected from the central Indian
Ocean. We further estimated deep-sea circulation patterns
at mid-depth in an area poorly known because of the scarce
helium data available.
2. Experimental method
Seawater sampling was conducted during a cruise

onboard of the Hakuho Maru research vessel of the Japan
Agency of Marine-Earth Science and Technology (JAMSTEC) in the central Indian Ocean (Japanese GEOTRACES
cruise, KH-09-5, November 2009 to January 2010). Stations visited were ER2 (Bay of Bengal), ER5 to 8 (Arabian
Sea), ER9 to 12 (central Indian Ocean), and ER14 (Southern Ocean). Figure 1 shows the sampling points. Samples
for helium isotope measurements were collected from 4 11 depths at each station with a CTD (Conductivity Temperature Depth profiler) carousel system equipped with
Niskin-X bottles. Details are shown in Table 1. Seawater
was transferred without exposure to the atmosphere from
the Niskin-X bottles into containers of about 30 cm3 made
of copper tubing for storage (Sano et al. 1989). After connecting to the Niskin-X bottle with tygon tubing, the copper
tubing was flushed with sample water from the Niskin-X
bottle. Also, the tubing was tapped with a plastic hammer to
detach adhered bubbles on the tubing wall. The tubing without bubble was closed at both ends with pinch-off tools.
In the laboratory, each 30-cm3 copper container was
connected to a stainless steel high vacuum line and dissolved gases were extracted from the seawater samples
in vacuo. The dissolved gases were released from a water
sample using an ultrasonic vibrator under vacuum. Water vapor was trapped in a U-shaped tubing held at liquid
nitrogen temperature during extraction. Helium in the exsolved gases were purified with hot titanium-zirconium getters and charcoal traps held at liquid nitrogen temperature.
The 4He/20Ne ratios were measured by an online quadrupole
mass spectrometer. Helium was then separated from neon
by a cryogenic charcoal trap held at 40 K, because a varying
He/Ne ratio in terrestrial samples can affect the measured
3
He/4He ratios by up to 10% (Rison and Craig 1983; Sano
and Wakita 1988). The 3He/4He ratios were measured with a
conventional noble-gas mass spectrometer (Helix-SFT, GV
Instruments). Ion beams of 3He and 4He were measured by a
double collector system. A resolving power of > 550 at 1%
of peak height was used for complete separation of the 3He+
beam from those of H3+ and HD+. The observed 3He/4He
ratios of the samples were calibrated against atmospheric
helium collected in Chiba, Japan. The experimental error
of the 3He/4He ratio was about 0.7% (1σ), estimated by repeated measurements of standard air containing concentrations equivalent to those of the samples and analytical error
of each measurement of a water sample. As an additional
check on the accuracy of the analytical system, we analyzed
air-equilibrated seawater samples taken from a water reservoir in a thermostatically controlled room. The observed
data agreed well with values reported in the literature (Kipfer et al. 2002) within the experimental error. The helium
blank level (the same experimental procedure without the
sample) was less than 1% of the level of the samples and the
blank 3He/4He ratio was atmospheric within analytical error,
and therefore negligibly affected the calibrated ratios.
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Fig. 1. A bathymetric map of the Indian Ocean with sampling sites. Depth of the ocean is contoured with the 2000, 3000, 4000, 5000 m isobaths,
and depths shallower than 4000 m are shaded (light gray: < 4000 m, dark gray: < 3000 m).

Table 1. Location and bottom depth of sampling stations together with sampling depth of central Indian Ocean
water.
Station

Location

Bottom Depth (m)

Sampling Depth (m)

ER2

08°31’N, 86°02’E

3681

10, 600, 1000, 1500, 2000, 2500, 3000, 3500

ER5

16°45’N, 69°00’E

3624

1000, 2000, 2500, 3000

ER6

14°00’N, 69°00’E

4093

10, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4100

ER7

10°00’N, 68°45’E

4510

10, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500

ER8

04°00’N, 69°00’E

4052

1000, 1500, 2000, 3000, 4000

ER9

05°16’S, 67°55’E

3129

1000, 1500, 2000, 2800, 3100

ER10

20°00’S, 72°33’E

4343

10, 600, 1000, 1500, 2000, 2250, 2500, 3000, 3500, 4000, 4300

ER11

30°00’S, 65°00’E

4624

200, 800, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500

ER12

37°45’S, 57°37’E

5296

200, 600, 800, 1000, 1500, 2000, 3000, 3500, 4000, 4500, 5000

ER14

62°00’S, 40°05’E

5202

200, 600, 800, 1000, 1500, 2500, 3000, 3500, 4000, 4500, 5000
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3. Results and Discussion

3.1 3He/4He Ratios in the Central Indian Ocean
Observed 3He/4He ratios are listed in Table 2 in δ3He
notation, that is, the deviation of the helium isotopic ratio
relative to the atmospheric standard, as follows:
d3 He (%) = `63 He

4

He@seawater 63 He

4

He@air - 1j # 100

(1)

Observed potential temperature and salinity are also listed
in Table 2. Potential temperature is defined as the temperature of a water parcel at the sea surface after it has been
raised adiabatically from some depth in the ocean. The δ3He
values of the seawater samples varied from -1.6 to 16.3%.
In general, surface seawater is saturated with atmospheric
noble gases because their exchange rate is rapid. The δ3He
values increased downward, and maxima of about 15% were
observed at mid-depth (2000 - 3000 m); they then decreased
to about 10% in the bottom water. It is well known that at
mid-depth, Indian Ocean waters are affected by mantle helium with a high δ3He value, possibly derived from the Central Indian Ridge (Östlund et al. 1987; Jamous et al. 1992;
Jean-Baptiste et al. 1992; Srinivasan et al. 2004).
Figure 2 shows a vertical cross section of δ3He in the
central Indian Ocean along our sampling stations. It is well
documented that 3He is slightly less soluble (1.2 ± 0.5%) in
water than 4He (Weiss 1971; Benson and Krause 1980). The
δ3He values in surface waters (~10 m depth) in the Indian
Ocean were about -1%; they were consistent with the airsaturated seawater value of -1% within analytical error. The
δ3He values in intermediate water (~1000 m depth) were
lower in the southern part of the Indian Ocean compared
with the northern part, which may indicate the recent intrusion of the surface water with low δ3He values (almost zero)
not including mantle helium, or Antarctic Intermediate Water (Fine et al. 2008), which penetrates into all three oceans;
the Indian, the Atlantic, and the Pacific (Fine 1993).
Maximum δ3He values of > 14% were observed at middepth (shaded area in Fig. 2). These maxima were lower
than those observed at the same depth in the Pacific Ocean
(Lupton 1998). It may be due to the difference of volcanic
activities on the mid ocean ridges. There is a north-south
gradient in δ3He values; higher in the northern part, lower in
the southern part (~30°S) of the central Indian Ocean. This
difference probably reflects a difference in the contribution
of mantle helium, which is emitted from submarine volcanoes and brought by abyssal currents.
3.2 Comparison of Our GEOTRACES Data with
WOCE Data
To draw distribution maps of the δ3He value in the Indian Ocean using our GEOTRACES data together with the

WOCE data, we firstly confirmed that the δ3He value at the
same location has not changed. This was done by comparing
our observation data with the WOCE data obtained about 15
years ago in the same area. We picked out two stations for
comparison. One is station ER10, which is located in open
ocean and largely influenced by mantle-derived helium
from the Central Indian Ridge. The other is ER2, located at
the margin of the Indian Ocean (Bay of Bengal).
Figure 3 shows vertical profiles of the δ3He value in
seawater at ER10 (Fig. 3a) and ER2 (Fig. 3b). Solid circles
with error bars indicate our GEOTRACES data, and broken lines indicate WOCE profiles. All stations illustrated in
Fig. 3a are located at 20°S and we used the closest three
points to ER10 among the WOCE I03 cruise data (CCHDO,
http://whpo.ucsd.edu/). In Fig. 3b, we selected the closest
three stations to ER2 among the WOCE I01 cruise data. As
both figures show, our data are consistent with the WOCE
data within our analytical error, which suggests the δ3He
values in seawater at ER10 and ER2 have not changed for
the last 15 years. It seems that the δ3He values in the deep
Indian Ocean are maintained at steady-state. This means
that hydrothermal activity and abyssal currents have not
changed largely for the past 15 years. This timescale is
much shorter than the overturning rate of the abyssal current. This enables us to draw distribution maps of the δ3He
value in the Indian Ocean from our GEOTRACES data together with the WOCE data to investigate the origin and
extent of the hydrothermal plume traced by δ3He anomalies
mentioned in a later chapter.
3.3 Vertical Distribution of Helium Isotopes Along the
Sampling Sites
As shown in Fig. 2, the relatively smaller increase
of δ3He from the surface to 1000 m depth in the southern
part (ER11 and 12) suggests the presence of the Antarctic
Intermediate Water, which sinks at around 45 - 55°S and
spreads northward at a depth of 1000 - 1800 m. The feature of the Antarctic Intermediate Water was also found
at 1000 m depth by looking at the distribution of the lead
concentration (Echegoyen et al. 2014). On the other hand, a
δ3He maximum was observed at mid-depth at ER10 (20°S).
Gamo et al. (2001) found high temperature (360°C) fluids
with a very high 3He/4He ratio of 7.9 Ra near the Rodriguez
Triple Junction. Jean-Baptiste et al. (1992) and Kawagucci
et al. (2008) found a hydrothermal plume with δ3He higher
than 30% in the area of 18 - 20°S on the Central Indian
Ridge. The hydrothermal plume found at 20°S in our cruise
may be originated from the Central Indian Ridge near the
Rodriguez Triple Junction. This area is one of the most active sources of hydrothermal helium-3 in the Indian Ocean
(Srinivasan et al. 2004).
The region with δ3He values of higher than 14% spreads
at mid-depth (2000 - 3000 m depth) from 20°S northward.
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Table 2. Potential temperature, salinity, and helium isotope ratio of central Indian Ocean water.
Station
ER2

ER5

ER6

ER7

ER8

ER9

ER10

Depth (m) P. Temperature (°C) Salinity δ3He (%)

Station
ER10

Depth (m) P. Temperature (°C) Salinity δ3He (%)

11

28.83

34.624

-1.2 ± 0.6

992

4.57

34.533

9.5 ± 0.7

597

9.13

35.014

8.4 ± 0.6

1486

3.69

34.711

13.1 ± 0.7

992

6.72

34.940

10.7 ± 0.7

1979

2.49

34.723

14.9 ± 0.7

1486

4.44

34.852

13.7 ± 0.7

2250

-

-

16.3 ± 0.7

1979

2.73

34.781

-

2470

1.69

34.723

15.9 ± 0.7

2472

1.95

34.751

14.7 ± 0.7

2962

1.35

34.725

14.5 ± 0.7

2963

1.52

34.733

13.4 ± 0.7

3452

1.16

34.722

12.8 ± 0.7

3453

1.21

34.722

10.8 ± 0.7

3941

1.11

34.720

12.3 ± 0.7

993

8.33

35.303

8.4 ± 0.6

4306

1.10

34.719

-

1980

3.03

34.837

14.7 ± 0.7

198

13.88

35.358

-0.6 ± 0.6

2471

2.06

34.774

14.7 ± 0.7

794

8.57

34.631

2.9 ± 0.7

2961

1.61

34.748

15.0 ± 0.7

992

5.49

34.401

4.2 ± 0.6

10

28.53

36.359

-1.6 ± 0.7

1485

2.94

34.546

-

ER11

992

7.80

35.209

9.8 ± 0.6

1976

2.19

34.694

10.3 ± 0.7

1489

5.00

34.981

12.5 ± 0.7

2469

1.81

34.729

-

1982

2.96

34.830

13.5 ± 0.7

2959

1.51

34.729

12.4 ± 0.6

2472

2.03

34.771

14.9 0.7

3449

1.19

34.721

-

2962

1.59

34.747

12.4 ± 0.7

3936

0.61

34.693

8.2 ± 0.7

3452

1.45

34.739

-

4423

0.37

34.693

7.9 ± 0.6

3940

1.39

34.736

11.9 ± 0.7

198

15.39

35.501

-1.0 ± 0.6

4077

1.39

34.734

-

595

12.15

35.107

-0.1 ± 0.6

10

29.07

36.542

-0.2 ± 0.6

793

9.85

34.787

2.2 ± 0.6

ER12

995

7.83

35.170

8.9 ± 0.7

990

7.61

34.558

3.0 ± 0.6

1489

4.95

34.942

13.2 ± 0.7

1485

3.43

34.437

-

1977

2.95

34.819

13.8 ± 0.7

1977

2.58

34.649

8.2 ± 0.6

2472

2.01

34.767

14.7 ± 0.7

2958

1.76

34.765

8.8 ± 0.7

2965

1.59

34.746

-

3445

1.12

34.736

-

3453

1.44

34.738

11.8 ± 0.6

3934

0.34

34.695

7.7 ± 0.7

3944

1.36

34.736

11.8 ± 0.7

4422

0.12

34.683

-

4427

1.32

34.731

11.6 ± 0.7

4906

0.07

34.681

7.3 ± 0.7

993

6.99

35.024

8.7 ± 0.6

199

1.45

34.600

9.0 ± 0.6

1487

4.50

34.877

12.0 ± 0.8

593

1.30

34.714

10.1 ± 0.6

1981

2.66

34.788

14.4 ± 0.7

791

1.10

34.716

8.6 ± 0.7

2963

1.56

34.744

13.1 ± 0.6

988

0.90

34.711

9.0 ± 0.7

4013

1.39

34.737

11.9 ± 0.7

1481

0.54

34.696

-

ER14

993

6.00

34.800

12.9 ± 0.7

2461

0.03

34.675

-

1486

3.80

34.781

12.9 ± 0.7

2949

-0.16

34.668

6.3 ± 0.6

1980

2.56

34.762

14.9 ± 0.7

3439

-0.32

34.662

5.8 ± 0.6

2767

1.59

34.732

14.9 ± 0.7

3926

-0.44

34.658

6.4 ± 0.7

3125

1.48

34.730

14.7 ± 0.7

4410

-0.54

34.655

5.7 ± 0.6

11

25.38

35.134

-0.6 ± 0.7

4895

-0.61

34.653

4.4 ± 0.6

597

9.49

34.734

0.1 ± 0.7

Note: * Error assigned to the isotopic ratio is 1σ.
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Fig. 2. Vertical distribution of excess 3He (reported as δ3He values in %) along the sampling sites of the central Indian Ocean. The numbers on
the upper x-axis indicate station numbers in our GEOTRACES cruise. Maximum δ3He values are observed at mid-depth in the northern part. The
relatively smaller increase of δ3He near the surface in the southern part suggests that the shallow-water mixing layer is thicker toward the southern
area in the central Indian Ocean.

(a)

(b)

Fig. 3. Vertical profiles of excess 3He (reported as δ3He values in %) at two sampling sites [ER10 (a) and ER2 (b)] together with those at WOCE
stations in the Indian Ocean. Solid circles indicate our GEOTRACES data and broken lines indicate WOCE profiles (the closest three stations to
our sampling sites in I03 and I01 cruises).

In contrast, δ3He values are relatively lower at the same
depth in the southern part. This trend is basically similar
to those along two other meridional sections (WOCE I07:
55°E, I08 and I09: 95°E from the CCHDO web site: http://
whpo.ucsd.edu/), where the δ3He value at mid-depth is also
higher in the northern part, lower in the southern part. However, the δ3He value at 20°S in our section is higher than
those measured along the two WOCE sections. Dissolved
iron distributions indicate roughly similar trends of the hydrothermal plume (Nishioka et al. 2013; Thi Dieu Vu and
Sohrin 2013); their data clearly show that the hydrothermal
plume are distributed over 3000 km distance in the deep

layer which is at an approximate depth of 3000 m, around
the Central Indian Ridge segment.
There are two possibilities to explain the high δ3He in
the Arabian Sea; (1) mantle-derived helium emitted from a
submarine volcano and/or (2) tritiogenic helium produced
from bomb tritium. We measured the tritium concentration
in deep seawater (2000 m depth) at the ER5 by helium-3 ingrowth method in our laboratory. It was very low at < 0.1
T.U. (tritium units) and may not be bomb tritium. If it is
bomb tritium, the present concentration should be higher than
1 T.U. because the concentration in precipitation was higher
than 20 T.U. fifty years ago when atmospheric nuclear tests
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were conducted. Fifty years is equivalent to four half-life of
tritium. Helium-3 produced from natural tritium decay cannot explain the high δ3He value of more than 10% in seawater
because the natural tritium concentration in rainwater is not
so high relative to bomb tritium. Fine et al. (2008) reported
that chlorofluorocarbon concentrations in the WOCE study
were very low and almost the same as the detection limit below 2000 m depth in the Arabian Sea. These lines of evidence
suggest that bomb tritium cannot penetrate into deep layers
below 2000 m depth in the Arabian Sea. Therefore, it is difficult to envisage that tritiogenic helium might have caused
the high δ3He values up to 14% found in deep seawater near
the Indian subcontinent. In order to investigate the source of
the hydrothermal plume found in the Arabian Sea (ER5), we
mapped the lateral distribution of δ3He at mid-depth.
3.4 Lateral Distribution of Helium Isotopes at
Mid-Depth
Figure 4 shows a map of the lateral δ3He distribution in
the Indian Ocean on an isopycnal surface defined by a potential density σθ = 27.78 (about 2000 - 3000 m depth) using
our GEOTRACES data together with the previously reported WOCE data (CCHDO, http://whpo.ucsd.edu/). There are
higher δ3He regions in the part north of 30°S, while lower
δ3He regions in the southern part. Lower δ3He observed in
the southern part seems to be affected by the Circumpolar
Deep Water of the Southern Ocean. This water mass mixes
with other water masses such as the North Atlantic Deep
Water and the Antarctic Bottom Water, in which helium
isotopic ratios (δ3He values) are relatively lower.
The helium-3 plumes were observed in the central part
of the northern Indian Ocean and two possible sources of the
plumes were found in Fig. 4; one is located around 20°S on
the Central Indian Ridge; the other is located in the Gulf of
Aden (Srinivasan et al. 2004). Helium-3 plumes were also
found around 5°N over the Carlsberg Ridge (Ray et al. 2008,
2012) but the plume depth was deeper (> 3000 m depth) than
for the other hydrothermal sites (the Central Indian Ridge
and the Gulf of Aden). Further, we did not identify the plume
at 3000 m depth at ER8 (4°N). Although Murton et al. (2006)
found a hydrothermal event plume at 2500 m depth over the
Carlsberg Ridge, this plume is not so long (70 km) and their
observation sites were very close to the Carlsberg Ridge,
which is far from our observation sites shown in Fig. 1. The
hydrothermal input from the Carlsberg Ridge may not be so
large relative to other sites.
The helium-3 plume detected in deep seawater off the
western coast of the Indian subcontinent seems to be derived
from either the Central Indian Ridge or the Gulf of Aden
where a plume with δ3He of more than 40% was reported
(Jean-Baptiste et al. 1990) together with Mn, Fe, and CH4
anomalies (Gamo et al. 2015). To investigate the source of
the helium-3 plume found in the Arabian Sea (ER5 to 7),
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we inferred deep currents from the lateral δ3He distribution.
Srinivasan et al. (2004) reported that the helium-3 plume
around 20°S seemed to flow eastward at 2000-3000 m depth,
based on the δ3He distribution. In order to check whether
the helium-3 plume apparently flows northward from the
Central Indian Ridge around 20°S to the region adjacent to
the Indian subcontinent, we investigated the relationship between temperature and salinity in deep seawater.
Figure 5b shows that relationship in 2000 - 3000 m
depth between temperature and salinity (T-S) as observed
at the ER5 to 9 stations (this study) together with those at
WOCE stations a - d shown in Fig. 5a. The numbers and
alphabetical letters indicate stations shown in the Fig. 5a.
Lines and Circles indicate our GEOTRACES and the WOCE
data, respectively. Different gray scales in the circles mean
different latitudes at which deep seawater was collected
(white: ~15°N, gray: ~10°N, black: ~5°N). There is a clear
difference between ER9 and the others. Figure 5b indicates
that water mass at the ER9 does not mix with water at the
other stations whereas characteristics of water mass at all
stations except for the ER9 are similar at 3000 m depth. This
may indicate that deep water cannot flow across the equator, thus the helium-3 plume cannot extend from the 20°S
region into the Arabian Sea. Moreover, there are similarities among seawater observed at similar latitude in the T-S
diagram drawn in Fig. 5b. The water properties collected
at ER5 and 6 are similar to that in the Gulf of Aden, while
that at ER8 is similar to that at Station d. This suggests that
the helium-3 plume flows eastward from the Gulf of Aden
to the region adjacent to the Indian subcontinent, and deep
water may flow clockwise in the Arabian Sea. Reid (2003)
estimated an anti-clockwise flow in deep layers from physical water properties such as temperature, salinity and dissolved oxygen concentration. Schlitzer (2007) estimated a
clockwise flow from hydrographic and tracer data such as
radiocarbon and chlorofluorocarbons. Our result inferred
from the δ3He distribution supports the clockwise pattern
estimated by Schlitzer (2007).
4. Conclusions
We investigated helium isotopic ratios of 83 seawater
samples collected in the central Indian Ocean to trace the
source of a hydrothermal helium-3 plume and the figure
out the deep-water circulation patterns at mid-depth (2000
- 3000 m depth). This was done by combining our new observations with literature data from WOCE program. Intermediate water (~1000 m depth) had lower δ3He values in
the southern part, suggesting a ventilation of the Antarctic
Intermediate Water in the south Indian Ocean. High δ3He
values of > 10% were observed at mid-depth in the central
Indian Ocean from 30°S to the region adjacent to the Indian subcontinent. These maxima are lower than those observed in the South Pacific Ocean at the same depth. This
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Fig. 4. Lateral distribution of δ3He (%) in the Indian Ocean on an isopycnal surface defined by potential density σθ = 27.78. The dotted lines indicate
plate boundaries including the mid-ocean ridge. The helium-3 plume observed in the northern region in the central Indian Ocean seems to be derived
from the central Indian Ocean Ridge and/or the Gulf of Aden region.

(a)

(b)

Fig. 5. (a) Lateral distribution of δ3He (%) in the northern Indian Ocean on an isopycnal surface defined by potential density σθ = 27.78 and (b)
temperature-salinity diagrams between 2000 and 3000 m depth at the stations ER5 to 9 together with those at WOCE stations a - d shown in (a).
Whereas the water seems to flow clockwise in the Arabian Sea at 2000 - 3000 m depth, it doesn’t seem to flow northward across the equator from
ER9 to ER8.

Helium-3 Plumes in the Central Indian Ocean

difference probably reflects a difference in hydrothermal
activity of the mid-ocean ridge, or in the helium-3 emission rate. The lateral δ3He distributions at mid-depth together with hydrographic data suggest that helium-3 plume
observed in the region adjacent to the Indian subcontinent
flows from the Gulf of Aden. Deep water may flow clockwise in the Arabian Sea as inferred from δ3He and hydrographic data. The δ3He data obtained by this work could
be used for improvement of deep-water circulation models
estimated by other physical or chemical studies. It may lead
to more comprehensive understanding for oceanic circulation of the region in the future.
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