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[1] Indian Ocean ridges north of the Rodriguez Triple Junction remain poorly explored for seafloor
hydrothermal activity, with only two active sites confirmed north of 25°S. We conducted water column
surveys and sampling in 2007 and 2009 to search for hydrothermal plumes over a segment of the
Carlsberg Ridge. Here we report evidence for two separate vent fields, one near 3°42’N, 63°40’E and
another near 3°41.5'N, 63°50’'E, on a segment that is apparently sparsely magmatic. Both sites appear
to be located on off-axis highs at the top of the southern axial valley wall, at depths of ~3600 m or
shallower (~1000 m above the valley floor). At the 63°40’E site, plume sampling found local maxima in
light scattering, temperature anomaly, oxidation-reduction potential (ORP), dissolved Mn, and *He. No
water samples are available from the 63°50’E site, but it showed robust light-scattering and ORP
anomalies at multiple depths, implying multiple sources. ORP anomalies are very short lived, so the
strong signals at both sites suggest that fluid sources lie within a few kilometers or less from the plume
sampling locations. Although ultramafic rocks have been recovered near these sites, the light-scattering
and dissolved Mn anomalies imply that the plumes do not arise from a system driven solely by
exothermic serpentinization (e.g., Lost City). Instead, the source fluids may be a product of both
ultramafic and basaltic/gabbroic fluid-rock interaction, similar to the Rainbow and Logatchev fields on

the Mid-Atlantic Ridge.



1. Introduction

[2] The Central Indian, Carlsberg, and Sheba ridges bisect the Indian Ocean from the Rodriguez Triple
Junction at 25°S to the entrance of the Gulf of Aden at 15°N. Hydrothermal exploration has been
sparse along this lengthy section of slow-spreading ridge, with most investigations concentrated at
ridge segments south of ~18°S [Gamo et al., 1996, 2001; Van Dover et al., 2001; Kawagucci et al.,
2008]. Farther north, Murton et al. [2006] collected 12 light-scattering profiles and one CTD cast
between 5°41'N and 9°58’N in 2003, finding evidence of a massive event plume, CR2003, between
5°41’N, 61°30’E and 6°20’N, 60°33’E. A series of CTD profiles in the same area a year later [Ray et
al., 2008] found evidence of a chronic hydrothermal plume. Neither study was able to provide any
information about the location of seafloor vent sources. Other than these slim results, no other

hydrothermal evidence has been reported from midocean ridges north of 18°S in the Indian Ocean.

[3] Exploration north of the Rodriguez Triple Junction has led to the discovery of only two active
discharge sites: the Kairei field at 25°19.2’S, 70°2.4’E [Hashimoto et al., 2001; Gamo et al., 2001; Van
Dover et al., 2001], and the Edmond field at 23°52.7’S, 69°35.8’E [Van Dover et al., 2001]. This meager
total has profound implications for many aspects of hydrothermal research, most especially the
biogeography of deep-sea vent fauna. Presently, six or seven global biogeographic provinces are
recognized, sometimes including fauna from the Kairei and Edmond field as a separate province [Van
Dover et al., 2002; Ramirez-Llodra et al., 2007], and sometimes including them with a western Pacific
province [Bachraty et al., 2009]. The paucity of available samples from the Indian Ocean is a major
obstacle in resolving the role of the Indian Ocean ridges as migration corridors for hydrothermal vent

fauna.

[4] Here we describe results from two expeditions designed to discover active hydrothermal venting on
the Carlsberg Ridge. In 2007, a continuous water column survey from 62°20’E to 66°20’'E identified
hydrothermal plume signals between 63°30’ and 64°E and collected plume samples using CTD casts.
This area is ~370 km away from the CR-2003 event plume site [Murton et. al., 2006]. A return cruise in
2009 conducted a dense array of vertical casts in the same area. These casts detected plumes with
reduced hydrothermal chemicals in two areas separated by ~15 km. We thus have firm evidence of two
active sites, with location precision sufficient to justify seafloor exploration with a manned or unmanned

vehicle.



2. Geological setting of the survey area

[5] The Carlsberg Ridge in the northwest Indian Ocean defines the plate boundary between the Indian
and Somalian plates [McKenzie et al., 1970]. The Carlsberg Ridge begins at the Owen fracture zone
near 10°N and extends to the Central Indian Ridge near the equator (Figure 1A). The Carlsberg Ridge
is a typical slow-spreading ridge with an average half-spreading rate of 11 to 16 mm/yr, a V-shaped rift
valley, and a wide valley floor. Segments are both magmatic and sparsely magmatic, and
discontinuities are both non-transform discontinuities (NTDs) and well-defined transform faults (TFs)
[Kamesh Raju et al., 2008].

[6] The segmentation pattern of the Carlsberg Ridge between 62°20’E and 66°20'E (Figure 1A) has
been investigated using swath bathymetry and magnetic data [Kamesh Raju et al., 2008]. Swath
bathymetry revealed rugged topography with steep valley walls, geo-morphological structures like
ridge-parallel topographic fabric, and axial volcanic ridges. A mantle Bouguer anomaly low of ~50 mGal
[Kamesh Raju et. al., 1998] indicates focused mantle upwelling and thick crust underneath this
propagating ridge section. Based on tectonic features and valley floor depths, we divided this ridge
section into four segments (Figure 1A). Segment Il (63°10’ to 63°18’E) is the most distinctive segment.
It has the widest (maximum width ~25 km) and the deepest (maximum depth ~4700 m) axial valley

floor, and is characterized by blocky topographic fabric and off-axial highs (Figure 1B).

[7] Seabed samples dredged from different parts of Segment Il consist mostly of fresh basalts; mantle-
derived rocks such as peridotites and serpentinites were found at three locations (Figure 1A) [Mudholkar
et al.,, 2002; Kamesh Raju et al., 2008]. The ultramafic rocks from the valley and flanks contain
serpentine with large (~8-10 mm) ortho-pyroxene crystals [Mudholkar et al., 2002], a hydrated product of
olivine. Anorthosites, also of mantle origin and mostly composed of feldspar, were found in few samples.
Such serpentinized ultramafics or mixture of basalts and ultramafic outcrops are commonly found in
active hydrothermal fields over the slow and ultra-slow spreading Mid-Atlantic Ridge [Rona et al., 1987;
Bougault et al., 1993; Gracia et al., 2000; Da Costa et al., 2008; Marbler et al., 2010], Southwest Indian
Ridge [Bach et al., 2002] and Mid-Cayman Rise [German et al., 2010]. Because of its anomalous
geologic setting, we chose to explore Segment Il for hydrothermal sites using detailed water column

investigations.
3. Survey strategy and methods

[8] In December 2007, we used the RV Sonne (RVS-2 cruise) to conduct a continuous, 440-km-long

tow through the rift valley between 62°20’E and 66°20’E. A combined seabed mapping and plume



survey was carried out using the IMI-30 deep-towed side-scan sonar system and Miniature
Autonomous Plume Recorders (MAPRs). The deep water above the valley floor was surveyed using an
array of six MAPRs clamped on the deep-tow (DT) cable (Figure 2), similar to other investigations
combining side-scan sonar and MAPRs [e.g., German et al., 1998; Baker et al., 2008]. We also
conducted a shorter deep-tow- MAPR (DT-06) survey along the top of the southern valley wall in the
middle of Segment Il (Figure 3). More precise hydrographic data and water samples were collected by
vertical Conductivity-Temperature-Depth (CTD) casts. Our Seabird CTD (SBE 9/11 plus) system
included duplicate light backscattering sensors (WET Labs 634) and 24 acid-washed Niskin bottles
(capacity 10 1). Anomalies in potential temperature (A8) were determined from corresponding
relationships with potential density, og [Lupton et al., 1985; Baker and Massoth, 1987; Thomson et al.,
1992]. Light backscattering is reported as nephelometric turbidity unit (NTU) [American Public Health

Association, 1985]; ANTU is the difference in turbidity of plume water and ambient non-plume water.

[9] Seawater samples between 2500 and 4300 m were analyzed for dissolved manganese (DMn) and
helium isotopes (*He and “He), sensitive tracers for detecting hydrothermal fluids in the ocean [e.g.,
Lupton et al., 1980]. Water samples for helium isotopes were collected in fresh copper tubes using the
cold crimping method described by Young and Lupton [1983]. Helium isotopes were analyzed on a
dual-collector noble gas mass spectrometer [Lupton, 1976] at the Helium Isotope Laboratory,
NOAA/PMEL, Newport, Oregon, USA. The presence of excess dissolved *He in water samples is
expressed as 5°He(%)= (R/Ram-1)X100, where R and Rum represent the *He/*He ratio in the seawater
sample and the atmosphere respectively [Lupton, 1998]. The 1-sigma uncertainty in the *He/*He ratio is
about 0.2%. DMn in seawater was analyzed following the method described by Danielsson et al.
[1978]. Onboard, seawater samples were filtered through 0.45 pm filters and acidified with ultra-pure
HNO; to pH ~2.0. DMn was extracted using sodium dodecyle-dithio-carbamate, trihydrate (SDDC) and
methyl-isobutyl-ketone (MIBK), and then back extracted in a 2.0% ultra-pure HNO3; medium_ Those
extracted solutions were analyzed on a Graphite Furnace-AAS, at NIO, Goa, India with analytical

precision of ~3.0%.

[10] Seawater samples were also collected for suspended particulate matter analyses. A 10 | seawater
sample from each depth was filtered through a single 0.45 um filter paper, rinsed with distilled water,
dried, and kept in separate petriplates. Filtered particles were studied with a scanning electron
microscope (SEM) and assessed for qualitative chemical composition with an energy dispersive X-Ray

spectrometer (EDS).



[11] A second expedition to the same region was undertaken in April-May 2009, onboard MV Akademik
Boris Petrov (BPR-1 cruise). During this survey, 23 MAPR hydrocasts were planned around the
location where plume signatures were observed in 2007. No CTD casts or water sampling occurred
during this expedition. In 2009, we used a new version of MAPRs equipped with an oxidation-reduction
potential (ORP) sensor as well as the standard high-precision temperature and light back-scattering
sensors. ORP values [E (mV)] are highly sensitive to short-lived reduced chemicals in hydrothermal
plumes, such as Fe?" and H,S, and generally occur as a sharp decline in E followed by a gradual
recovery [Nakamura et al., 2000; Walker et al., 2007; Baker et al., 2010]. Unlike hydrographic, light
backscattering, and many hydrothermal chemical (e.g., Mn, *He) anomalies, E-anomalies (AE)
disappear quickly as reduced chemicals oxidize. Depending on local current speed, significant E drops
are only observed within a radius of ~1.0 km of an active hydrothermal source [Walker et al., 2007;

German et al., 2008], and so are especially valuable in determining source location.
4. Results and discussion
4.1. The 2007 cruise

[12] During the first expedition, the axial rift valley of four segments (Figure 1A) in the study area was
investigated for plume signatures. ANTU values in the axial valley along Segments [, Ill and IV were
minimal, but on DT-04 the shallowest MAPR detected a weak signal near 03°45.7'N, 63°37’E in
Segment Il. CTD casts at S6, S8, S9 and S10 (Figure 3) subsequently revealed a 100-150 m thick
ANTU layer between 3200 and 3300 m (Figure 4). Because this plume was found 800-1000 m above
the valley floor, its most likely source location was on an off-axis high on the rift valley wall. Based on
these observations we conducted another deep-tow-MAPR track (DT-06, Figure 3) along the southern

wall of the rift valley.

[13] DT-06 imaged a plume stretching from 63°39’E to 63°46’E, between 2900 m and 3300 m, with
maximum ANTU anomalies of ~0.035 near 63°44.5’E (Figure 5). The constant plume height of ~200 m
indicates that the particles originated from a hydrothermal source rather than by resuspension from the
seafloor. Two CTD (with MAPR) casts (S16 and S17, Figures 3 and 5, Table 1) collected hydrographic
data and water samples around the plume ANTU maximum. S17 showed a maximum ANTU of ~0.01
between 3000 and 3150 m (Figure 6F). This backscatter layer had average temperature anomaly, A8,
of ~0.005°C (Figure 6E). The plots of potential temperature, 8, versus potential density, o, (Figure 7A)
and salinity (Figure 7B) of the water column at S17 clearly indicate the effluent layer between 3040 and
3200 m.



[14] We further verified the hydrothermal origin of this layer by analyzing seawater for DMn and He
isotopes. Samples from the plume layer at both the CTD stations showed significant enrichment of DMn
(2.4 - 2.7 nmoles/l, Table 2) relative to either the local background concentration (1.2+0.3 nmoles/I) or
average Indian Ocean deep waters [0.08 to 1.8 nmoles/l, Saager et al., 1989]. All water samples were
also analyzed for He-isotopes, the most definitive chemical tracer for hydrothermal activity.
Hydrothermal venting is considered to be the source of this excess *He in the deep ocean as part of the
processes generating new oceanic crust [Craig and Lupton, 1981; Jean-Baptiste et al., 2008]. Samples
from the effluent layer of S17 have a small but distinct excess of *He (maximum &°He = 16.4%, *He =
6.8X10™"* cc STP/g at 3060 m, Table 2) compared to that in waters immediately above and below the
effluent layer (Figure 6G). The 5°He-profile at CTD station S16 also had a consistent enrichment of *He
(maximum 3°He=16.9%, *He=6.9X10™"* cc STP/g at 3200 m) at the depths ranging between 3050 and
3200 m (Figure 6C, Table 2). The highest 5°He value in the present study is slightly higher than in the
surrounding waters (5°He=14-15%) and also higher than values from earlier records of Indian Ocean
deep water between the equator and 6°N [5°He= 11 to 14%, Srinivasan et al., 2004]. The overall
vertical distribution of DMn and &°He co-vary and closely follow the ANTU and A8 profiles at CTD S17
(Figure 6). CTD S16 exhibited a prominent increase in DMn and 3°He but no detectable ANTU or A8

signature.

[15] We used SEM to investigate suspended particulate matter collected from different depths on CTD
S17 to identify the mineralogy as well as the chemistry of the particles. Filtered material from seawater
immediately above (2600, 2800 and 2900 m) and below (3320 and 3400 m) the backscatter layer
appeared as a uniform mass of extremely fine (~1.0 ym) particles, whereas material from the
backscatter layer (3060 m) included several large (~40-300 um) black particles in addition to fine
particulates. SEM images of 16 of such large particles revealed that most of them have rough vesicular
surfaces (Figures 8A to 8D) while the rest have a well-defined smooth, platy texture (Figures 8E and
8F).

[16] EDS results show that vesicular particles are quite rich in Si (SiO, ~49-73%), Fe (FeO ~9-15%), Al
(Al,O3 ~2-13%) and Ca (CaO ~1.1%). Although it is difficult to identify such micron-sized particles
based only on external texture and qualitative chemical composition, these particles are likely Fe-Mg-
smectite or related clays, commonly found with hydrothermal sulfides [Dekov et al., 2008] or sediments
[Fortin et al., 1998; Lackschewitz, 2006]. In contrast, particles with platy layers (Figures 8E and 8F) are
enriched with Si (SiO; ~60%) and Mg (MgO ~32%) but low in Fe (FeO <0.9%). The composition of Mg-
Si-rich particulates showed a molar ratio of Mg:Si:0::03:04:12. Therefore, based on texture and

chemistry, we propose that these multi-layered particles are magnesium-silicate minerals, probably talc



(Mg3SisO40(OH),), which normally forms by low-grade metamorphic changes in ultramafic rocks [Van
Gosen et al., 2004] during hydrothermal alteration. Dymond and Roth [1988] also identified talc and

smectite particulates in hydrothermal plumes over the Endeavour segment of the Juan de Fuca Ridge.
4.2. The 2009 cruise

[17] During the 2009 cruise we conducted a series of MAPR hydrocasts around the 2007 track of DT-06
(Figure 3), concentrating on the location of maximum ANTU anomalies (Figure 5). Of 19 MAPR casts
(stations 8 to 25 and 32), none showed a ANTU anomaly as intense as seen on S17 in 2007 and none
showed an E-anomaly indicating a nearby source. Most anomalies appear as a broad ANTU increase

below ~2900 m that corresponds to the depth of the 2007 plume (Figure 9).

[18] Four MAPR casts (36-39 in Figure 3) near the end of DT-06 track, however, all found robust ANTU
plumes and distinct or subtle AE values, centered between 3100 m and 3400 m (Figure 10). Three
casts detected ANTU anomalies greater than any seen in 2007. The largest AE (~5.0 mV) occurred at
station 36 (03°41.72°'N, 63°40.22’E); other casts showed weaker deflections or simply changes in the
vertical gradient of E. Because the weakest ANTU and AE were at station 37, the most southeasterly of
the four, we predict the source to be closer to the station 36-38-39 grouping. Conducting these four
stations occupied ~24 hrs, and during that period the depth of the plume anomalies steadily shallowed.
This variability was most likely caused by tidal-current-induced plume bending, as observed over the
TAG field [Rudnicki et al., 1994].

[19] In addition to our survey at the edge of an off-axis high at 63°40’'E, we also made an exploratory
cast (station 26) at a similar off-axis high at 63°50’E (Figure 3, Table 1). This MAPR station exhibited a
complex profile with two prominent ANTU peaks at 2930 and 3120 m (Figure 11). The upper plume was
shallower than any seen near 63°40’E, whereas the lower plume was in the same depth interval as
those plumes. Both plumes showed clear AE anomalies, with the upper plume having the largest
anomaly (AE ~17 mV) recorded during the entire cruise. The strength of the AE anomaly ensures that
the corresponding seafloor source is on the 63°50'E promontory, distinct from the sources found near
63°40’E. The multi-plume profile also implies multiple sources in this area, either in the same vent field

or at different locations.
4.3. Vent source possibilities

[20] The chemical and physical characteristics of the plumes over both off-axis highs provide important

clues to the nature of the vent sources. At both sites, plumes have substantial ANTU and AE



anomalies. Chemical analysis of the 63°40’E plume also found clear anomalies in DMn. The ANTU and
DMn anomalies indicate that the source fluids cannot be products of a vent system driven solely by the
exothermic serpentinization of ultramafic rocks. At the type example for such systems, the Lost City
field on the Mid-Atlantic Ridge, metal-free (and thus virtually particle-free) fluids of low temperature
(<~75°C) form a low-rising, almost invisible plume [Kelley et al., 2001]. These Carlsberg vents may be
more similar to the Rainbow and Logatchev vent fields on the Mid-Atlantic Ridge. As with the plumes
we discovered, those fields lie near the intersection of the axial valley and a non-transform
discontinuity. At Rainbow and Logatchev, vent fluid chemistry and temperature points toward
interaction with basaltic/gabbroic material as well as interaction with peridotite [Janecky and Seyfried,
1986; Wetzel and Shock, 2000; Douville et al., 2002; Schmidt et al., 2007; Seyfried et al., 2011]. Both of

these rock types have been collected within Segment Il (Figure 1A) [Kamesh Raju et al., 2008].
5. Conclusions

[21] We have identified hydrothermal plumes from unknown active vent(s) near 3°42'N, 63°40E and
3°41.5'N, 63°50E on the Carlsberg Ridge. Prominent optical backscatter and thermal anomalies
coupled with chemical (e.g. AE, *He, Mn) signatures in seawater demonstrated the existence of
hydrothermal sources on off-axis highs on the south wall of the Carlsberg Ridge. Pronounced
backscatter anomalies and anomalous DMn concentrations suggest a high temperature hydrothermal
source for the plume. The newly discovered submarine plumes have a maximum thickness of ~200 m
and maximum rise height of about 400 m from seafloor, resembling a typical chronic hydrothermal
plume rather than the apparent event plume discovered on the Carlsberg Ridge by Murton et al. [2006].
Pronounced AE anomalies imply that the vent field locations are within a radius of a few kilometers or

less from the cast sites.

[22] The coincidence of AE and ANTU anomalies on cruises two years apart confirms active venting in
the study area and is the first record of a chronic plume over the Carlsberg Ridge. The geographic
specificity of the anomalies is enough to justify further investigations with autonomous under-water or

remotely operated vehicles to locate the first active vent on the slow-spreading Carlsberg Ridge.
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Figure captions:

Figure 1. Swath bathymetric map of the survey area over Carlsberg ridge modified after Kamesh Raju
et al, 2008. (A) Map showing four ridge segments (I to 1V) with different tectonic settings: transform fault
(TF), fracture zone (FZ) and off-axial highs. Among the four segments, Segment |, Ill and IV have a
mega-structure of ridge parallel off-axial highs and shallow rift valley, while Segment Il is characterized
with scattered smaller highs but a deep axial valley. Segment IV has an offset with a prominent
transform fault. The square symbols denote the dredging locations; red indicates recovery of mantle
rocks and green shows recovery of basalts (Kamesh Raju et al, 2008). During BPR-1 cruise in 2009
one more dredge location (3°41.5’N, 63°50E) on an off-axial high near CTD 26 was found with
ultramafic outcrops [Mudholkar et al., 2009]. (B) Enlarged seafloor map of Segment Il. The pink lines
indicate deep tow (DT) tracks. The water column within the box (black dashed line) in Segment Il was

explored extensively.

Figure 2. Schematic diagram showing the array of six MAPRs attached along the cable used during the
deep-tow survey. The IMI-30 system was towed at altitudes ranging from 400 to 500 m above the
seafloor and thus three MAPRs attached below the depressor acquired near-bottom water column data.

During the deep-tow survey, ship speed was maintained at 2.0 knots.

Figure 3. Bathymetric map of a portion of Segment Il showing two deep-tow tracks (DT-04 and DT-06,
pink lines). Pink circles show the CTD stations of the first expedition (S6 to S10 and S14 to S17)
onboard RV Sonne (2007-cruise) and yellow diamonds show MAPR hydrocast locations for the water

column survey during the second expedition onboard MV Akademik Boris Petrov (2009-cruise).

Figure 4. Optical backscatter anomaly (ANTU) profiles for the CTD hydrocast stations S6, S8, S9 and

S10. The hydrothermal plume layers are shown by the arrows.

Figure 5. Contour plots showing the optical backscatter signature obtained from four MAPRs attached
with DT-06. Black dotted lines show the tracks of four MAPRs with respect to the seafloor. The tracks of
MAPR-5 and MAPR-6 are not shown in this plot. The indentified backscatter layer has a maximum
ANTU 20.03. The vertical black lines show the CTD hydrocast (S16 and S17 of 2007 cruise) locations.

Figure 6. Vertical profiles of A8 (A and E), ANTU (B and F), 3°He (C and G) and dissolved Mn (D and
H) against water depths at CTD station, S16 and S17. The profiles reveal a 200-250 m thick anomalous
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layer of higher temperature, ANTU, excess 5°He(%) and dissolved manganese within the water column
between 2950 and 3200 m.

Figure 7. Plot of (A) potential temperature 8 versus potential density og and (B) 6 versus salinity in
deep water (depth >2750 m) at the CTD station, S17. In these plots the effluent layer is marked by
excess 0g and salinity of water between 3040 and 3190 m, relative to linear trends in ambient seawater

above and below the same layer.
Figure 8. Six selected Scanning Electron Microscope (SEM) images (A-F) of filtered particulates in
seawater collected from the backscatter layer (depth 3060m) at the CTD station, S17. The chemical

composition of each particles determined with EDS are shown in the table below. ND= Not detectable.

Figure 9. Vertical MAPR profiles of in situ temperature (red line), ANTU (blue line) and E (green line) at
four stations (8, 9, 24 and 32) from the 2009 cruise near CTD S17.

Figure 10. Vertical MAPR profiles for in situ temperature (red line), ANTU (blue line) and E (green line)
at MAPR stations 36, 37, 38 and 39 from the 2009 cruise.

Figure 11. Vertical MAPR profiles for in situ temperature (red line), ANTU (blue line) and E (green line)
at MAPR station 26 from the 2009 cruise.
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Figure 4

Figure 5
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Figure 6

Figure 7
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Figure 8

Comp.(%)| FeO MnO MgO CaO | Al0s3 SiOz
A 15.6 1.04 3.1 1.08 13.6 48.9
B 14.9 ND 1.37 1.03 1.84 1.2
c 1.9 ND ND 1.21 1.97 155
D 8.89 ND 1.24 1.42 1.75 74.3
E 0.86 ND 33.0 ND 8.76 57.3
F 0.41 ND 31.3 ND ND 68.2

19




Figure 9
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Figure 10
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Figure 11
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Table 1: Locations, date of operation and water column depths of (A) CTD stations of RVS-2
and (B) MAPR-hydrocast stations of BPR-1 cruises.

CTD/MAPR Date Latitude Longitude Depth
station (N) (E) (m)
A. CTD stations of the first expedition onboard RV Sonne
S6 04.11.2007 03°45.23 63°37.25 4240
S8 04.11.2007 03°47.00 63°38.58 3954
S9 05.11.2007 03°46.01 63°38.50 4192
S10 05.11.2007 03°46.55 63°37.06 3976
S14 11.11.2007 03°41.50 63°39.40 3398
S15 11.11.2007 03°39.00 63°44.80 3606
S16 11.11.2007 03°40.01 63°45.59 3292
S17 12.11.2007 03°40.00 63°44.80 3553

B. MAPR stations of the second expedition onboard MV Akademik Boris Petrov

8 11.05.2009 03°39.98 63°44.81 3554
9 15.05.2009 03°39.97 63°45.57 3416
24 17.05.2009 03°41.06 63°42.44 3581
26 17.05.2009 03°41.51 63°49.98 3429
32 20.05.2009 03°41.19 63°42.60 3615
36 21.05.2009 03°41.99 63°40.01 3585
37 22.05.2009 03°41.72 63°40.22 3529
38 22.05.2009 03°42.05 63°40.00 3585
39 22.05.2009 03°41.88 63°39.99 3612

23




Table 2. Properties of seawater sample from the CTD stations S16 and S17. The shaded

portions indicate the anomalous data correspond to the plume layer.

Depth Potential Salinity 5°He DMn
(m) temperature (psu) (%) (nmoles/l)
(°C)
CTD S16

2800 1.697 34.7428 - 1.66
2900 1.673 34.7419 15.11 1.7

2950 1.668 34.742 15.62 1.61
3000 1.663 34.7412 15.94 2.21
3050 1.661 34.7407 16.67 1.33
3100 1.658 34.7404 16.6 1.12
3150 1.630 34.74 16.53 2.68
3200 1.635 34.7398 16.85 1.74
3250 1.634 34.74 15.76 1.20
3300 1.633 34.7401 15.9 0.98
3400 1.626 34.7397 14.07 1.09
3450 1.624 34.7396 15.33 1.52

CTD S17

2600 1.813 34.748 14.16 1.54
2800 1.705 34.7431 14.35 1.52
2900 1.676 34.7421 14.9 1.67
3060 1.649 34.7408 16.45 2.38
3130 1.634 34.7405 16.17 2.0

3180 1.629 34.7399 14.97 1.67
3200 1.627 34.7398 15.17 1.68
3320 1.624 34.7394 15.48 1.41
3400 1.623 34.7396 15.33 1.27
3480 1.623 34.7397 15.19 1.25
3500 1.622 34.7395 15.5 1.66
3530 1.621 34.7394 14.84 1.42
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