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INTRODUCTION
The cumulative length of Earth’s ultraslow-

spreading ridges, where the full seafl oor spread-
ing rate is less than 16 mm/yr, is more than 
15,000 km, representing ~20% of the global 
mid-ocean-ridge system (Solomon, 1989). 
Thus, ultraslow ridges constitute a major com-
ponent of Earth’s tectonic plate boundaries and 
the associated heat transfer from the mantle 
to oceans. Because of their remote locations, 
most ultraslow ridges, which include the Gak-
kel Ridge in the Arctic Ocean and the South-
west Indian Ridge (SWIR), have remained 
extremely diffi cult to investigate (Dick et al., 
2003; Edmonds et al., 2003; Baker and Ger-
man, 2004). Only with a signifi cant improve-
ment in underwater technologies, coupled with 
an increasing commitment toward international 
collaboration in the past decade, has signifi cant 
progress in the study of ultraslow ridges begun 
to be made (Snow and Edmond, 2007). The fi rst 
indirect evidence for the presence of hydro-
thermal venting, from water-column anomalies 
overlying the eastern SWIR, was obtained in 
1997 (German et al., 1998). Further evidence 
for additional hydrothermal plumes along the 

western SWIR and recovery of inactive sulfi de 
deposits and/or metalliferous sediments from 
both the eastern and western SWIR followed in 
subsequent years ( Fujimoto et al., 1999; Münch 
et al., 2001; Bach et al., 2002; German, 2003). 

Indications of strong hydrothermal plumes were 
detected along the central eastern SWIR near 
50°E (Lin and Zhang, 2006), leading to the 
investigations in 2007 by D/V Dayang Yihao. 
Subsequently, some hydrothermal fi elds were 
found along the ultraslow-spreading ridges, like 
the Gakkel Ridge in the Arctic Ocean (Peder-
sen et al., 2010) and the Cayman Trough in the 
Caribbean Sea (German et al., 2010).

GEOLOGICAL SETTING
Our study area on the SWIR is centered on 

spreading segments 27–29 between the Indomed 
and Gallieni transform faults (Sauter et al., 2001) 
(Figs. 1 and 2). Geophysical surveys of this 
region (Georgen et al., 2001; Sauter et al., 2001, 
2004; Tao et al., 2009) have revealed that this part 
of the SWIR has experienced a dramatic increase 
in magma supply since 8–10 Ma. The oceanic 
lithosphere younger than this age is associated 
with signifi cantly shallower seafl oor and thicker 
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ABSTRACT
The ultraslow-spreading Southwest Indian Ridge is a major tectonic province, representing 

one of the important end-member mid-ocean-ridge types for its very slow and oblique spread-
ing, and providing the only known route for migration of chemosynthetic deep-sea vent fauna 
between the Atlantic and Indian Oceans. We report the investigation of the fi rst active high-
temperature hydrothermal fi eld found on any ultraslow mid-ocean ridge worldwide. Located 
on Southwest Indian Ridge at 37°47′S, 49°39′E, it consists of three zones extending ~1000 m 
laterally, and it is one of four recently discovered active and inactive vent sites within a 250-km-
long magmatically robust section. Our results provide the fi rst direct evidence for potentially 
widespread distribution of hydrothermal activity along ultraslow-spreading ridges—at least 
along magmatically robust segments. This implies that the segment sections with excess heat 
from enhanced magmatism and suitable crustal permeability along slow and ultraslow ridges 
might be the most promising areas for searching for hydrothermal activities. It is surprising 
that the special vent fauna appear to indicate some complex affi nity to those on the Central 
Indian Ridge, southern Mid-Atlantic Ridge, and the southwest Pacifi c Ocean.
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Figure 1. Location of the study area on the Southwest Indian Ridge (SWIR). A: Study area 
(red box) is in the central eastern part of the SWIR, ~900 km north of the Crozet hotspot 
(satellite gravimetric map). Black stars are the two known active fi elds: Kairei (Hashimoto 
et al., 2001) and Edmond (Van Dover et al., 2001) sites, on the Central Indian Ridge (CIR). 
Circles are the hydrothermal anomalies located along the SWIR, CIR, and Southeast Indian 
Ridge (SEIR) (German et al., 1998; Münch et al., 2001; German, 2003; Fujimoto et al., 1999; 
Bach et al., 2002; Lin and Zhang, 2006; Tao et al., 2009; Herzig and Pluger, 1988; Scheirer et 
al., 1998; Plüger et al., 1990). Red stars and blue triangles are newly found active and inactive 
vent fi elds, respectively. B and C: Close-up maps of the two study areas on the SWIR near 
47°E–55°E (B) and 60°E–65°E (C), respectively (bathymetric map).
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crust than that of older lithosphere (Figs. 2C and 
2D). The 80-km-long segment 27 is magmati-
cally the most robust spreading segment in this 
region. The seafl oor is as shallow as 1700 m at 
the segment center, where the axial rift valley dis-
appears (Figs. 2A and 2D) and the crust is 3 km 
thicker than at the segment ends (Figs. 2B and 
2D). In contrast, the midpoint of the 32-km-long 
segment 28 is at a depth of 3000 m (Fig. 2A). The 
crustal thickness is also very asymmetric across 
segment 28 (Fig. 2B). The high topography south 
of segment 28 is associated with relatively thin 
crust, implying a dynamically uplifted origin as 
inside corner crust. Segment 29 is associated 
with even greater seafl oor depth and thinner crust 
(Figs. 2A and 2B).

HYDROTHERMAL VENTS AT 49°E–53°E, 
SOUTHWEST INDIAN RIDGE

In February–March 2007, during the Chi-
nese DY115–19 cruise, we determined the pre-
cise location of the active vent fi eld at 49°39′E 
using a combination of water-column surveys, 
deep-tow video imaging, and three phases of 
investigation using the autonomous underwater 
vehicle ABE (Autonomous Benthic Explorer). 
Near-bottom water-column anomalies in tem-

perature, turbidity, and methane concentrations 
were detected fi rst, and video images of met-
alliferous sediments were captured. We then 
determined the precise location of three active 
venting areas (areas 1, 2, and 3 in Fig. 3B) in 
the S (southern) zone and completed visual geo-
logical and biological characterization of this 
zone (Fig. 4C) (see the GSA Data Repository1). 
In November 2008–February 2009, during the 
DY115–20 cruise, we identifi ed the M (middle) 
active venting zone, as well as the N (northern) 
zone, where diffuse fl ow at the seafl oor and over-
lying water-column anomalies were observed 
(Fig. 3B). The inactive fi eld toward the center 
of segment 27 (Figs. 2A and 3C) was also dis-
covered at 50°28′E during this later cruise, using 
deep-tow video imaging combined with temper-
ature, redox potential (Eh), methane sensors, and 
TV grab sampling. In addition to the 49°39′E 
active vent site and 50°28′E inactive site, two 
more vent sites (at 51º0.55′E, 37º36.48′S and 
51°43.92′E, 37°27.96′S) and two water-col-
umn anomalies (at 51°24.6′E, 37°25.8′S and 
51°37.2′E, 37°26.4′S) were found in the section 
of the SWIR between 49°E and 52°E during the 
following Legs 5–7 of the Chinese DY115–20 
expedition (Tao et al., 2009) (Figs. 1 and 2A).

The 49°39′E active fi eld is located on the west-
ern fl ank of a north-south−trending topographic 
high abutting and paralleling the nontransform 
offset between segments 28 and 29 (Fig. 2A). 
The vent-hosting topographic high is between 
two areas of relatively thin crust (Fig. 2B). The 
depth of the active vent fi eld is 2760 m. Contours 

of relatively high crustal magnetization appear to 
extend all the way from the center of segment 
28 to the topographic high that hosts the active 
venting (Sauter et al., 2004), implying that this 
north-south−trending ridge-like feature might be 
associated with recent seafl oor volcanism and/
or an anomalously thick layer of high magneti-
zation. The ABE photographic survey of the S 
zone seafl oor revealed abundant basaltic pillows 
along the north-south topography high, as well 
as basaltic talus along the fl anks of the S zone. 
In contrast, the 50°28′E inactive fi eld is located 
at the midpoint of segment 27 in an area of rela-
tively thick crust, with no axial rift valley, and a 
very shallow depth of 1739 m (Figs. 2B and 3C).

The S zone is ~120 m across, based on direct 
evidence from seafl oor photographic observa-
tions of chimney structures and associated fauna 
as well as in situ measurements of water-column 
temperature and turbidity anomalies (Figs. 3A, 
3B, and 4). ABE sensors measured temperature 
anomalies (>2.5 °C) in three discrete venting 
areas (marked 1, 2, and 3 in Fig. 4C). At areas 
1 and 2, photographs from ABE revealed black 
smoke rising from the seafl oor (black ellipses in 
Fig. 4C) in the location of the temperature anom-
alies. No black smoke was imaged in area 3, 
although high-temperature measurements were 
extensive, and sulfi de material was apparent in 
the photographic record (Fig. 4C). We hypoth-
esize that the tops of the venting chimneys rose 
higher than the ABE fl ying height of 5 m from 
bottom, so that the high-temperature fl uid and 
plumes were not imaged by ABE. Sulfi de depos-
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Figure 2. Location of the newly found vent 
fi elds. A: Bathymetric map showing location 
of the active (red star) and inactive (blue 
triangle) fi elds (Tao et al., 2008, 2009). 
B: Map of gravity-derived relative crust 
thickness (modifi ed from Sauter et al., 2004) 
showing that the active fi eld is located at 
a nontransform discontinuity, while the 
inactive fi elds at 50°28′E and 51°0.55′E are 
located in regions of excess and moderate 
crust thickness, respectively. C and D: 
Across-axis profi les showing seafl oor depth 
and gravity-derived relative crustal thickness 
through the active (C) and inactive fi eld (D) 
at 49°39′E and 50°28′E, respectively. Since 
ca. 9 Ma, this region has been experiencing 
relatively robust magmatism as refl ected in 
thickened crust (Sauter et al., 2004).

Figure 3. A: Hydrothermal activity distribution in the active and inactive vent fi elds. 
During its phase I and III dives, the autonomous underwater vehicle ABE (Autonomous 
Benthic Explorer) fl ew at a depth of 2625 m and 5 m from bottom, respectively, while 
redox potential (Eh), temperature, optical backscatter, and ADCP (acoustic Doppler 
current profi lers) data were collected. High-resolution bathymetry and photographs 
were collected in phase II and III dives, respectively. B: Three active venting zones (S, 
M, and N) cover ~1000 m in distance. Red circles mark TV grab sampling positions with 
sulfi des. Labels 1, 2, and 3 indicate the high-temperature areas. C: Sulfi de deposits 
and opal distribution in the inactive fi eld at 50°28′E.
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its and relict chimneys are abundant throughout 
the S zone (green ellipses in Fig. 4C). The sam-
pled chimneys exhibit visible zoning of distinc-
tive mineral composition with outer portions of 
the conduits dominated by pyrite, marcasite, and 
sphalerite, while their interiors consist mainly 
of chalcopyrite. The texture and abundance of 
the chalcopyrite in this chimney material con-
fi rm a high formation temperature at this site 
(Tao et al., 2011). Primary analyses of selected 
sulfi de chimney samples revealed average pre-
cious metal concentrations of Au 2.0 × 10−6; Ag 
70.2 × 10−6; Cu 2.83%; Fe 31.9%; Zn 3.28%; Pb 
0.01%; Co 222 × 10−6; and Ni 2.4 × 10−6.

The M and N zones are located ~550 m 
and 800 m, respectively, north of the S zone 
(Figs. 3A–3B). Within the M zone, images of 
black smoke and fauna were captured using a 
deep-tow video sled. Fresh samples of hydro-
thermal chimney material were also recovered 
at fi ve locations within this zone using TV grab 
(Fig. 3B). Their compositions are dominated by 

pyrite, marcasite, sphalerite, and chalcopyrite, 
while two of the samples included opal. Sig-
nifi cant in situ water-column anomalies were 
recorded along the western fl ank of the north-
south−trending topographic high at 49°39′E, 
demarking the presence of a third, N, zone.

The 50°28′E inactive fi eld was detected by 
deep-tow video imaging and measurements of 
weak Eh, pH, and H2S anomalies, as well as 
sampling from eight TV grab sites. It is ~200 × 
125 m in extent (Fig. 3C), similar to the S zone 
at 49°39′E. Samples collected include sulfi de and 
opal chimneys, metalliferous sediments, basalt, 
and relicts of hydrothermal vent fauna. Sulfi de 
samples were dominated by chalcopyrite, pyrite, 
sphalerite, and crystals of native copper. This fi eld 
appears to have only become inactive recently, 
based on the continuing presence of abundant 
dead bivalve and gastropod shells. No strong tur-
bidity anomalies were recorded in the overlying 
water column, arguing against the presence of 
any nearby, currently active black smokers.

DISCUSSIONS
Our study has revealed the fi rst direct evi-

dence for active venting on the SWIR, pro-
viding strong support for the hypothesis that 
high-temperature hydrothermal circulation is 
widespread along all ultraslow-spreading ridges 
(German et al., 1998; Baker et al., 2004), at 
least in the magmatically robust regions. The 
49°39′E active fi eld is directly comparable, in 
lateral extent (at ~1000 m), to two of the larg-
est known active hydrothermal fi elds from the 
slow-spreading Mid-Atlantic Ridge at TAG 
(26°N) (Rona et al., 1986) and Rainbow (36°N) 
(Charlou et al., 2002). Four hydrothermal sites 
and two hydrothermal anomalies are found 
in the section of the SWIR between 49°E and 
52°E. Taken together, the calculated hydrother-
mal site frequency along this 49°E–52°E section 
is ~2.5 sites per 100 km, similar to that of the 
Mid-Atlantic Ridge at 36°N–38°N, where local 
magmatic supply is also robust (Baker and Ger-
man, 2004). We hypothesize that local magma 
supply and crustal permeability play primary 
roles in controlling the distribution of hydro-
thermal activities. This implies that along slow 
and ultraslow ridges, the sections where excess 
heat is available from enhanced magmatism, but 
where the crust is still of suitable permeability, 
might be the most promising areas for searching 
for hydrothermal activities and sulfi de deposits. 
Such sections could occur at distances of tens to 
hundreds of kilometers from hotspots.

The vent fi elds may provide suitable “step-
ping stone” niche environments that can sustain 
chemosynthetic ecosystems and thus enhance 
the potential for gene fl ow between the slow-
spreading southern Mid-Atlantic Ridge and 
the medium- to fast-spreading ridge crest of 
the Central and Southeast Indian Ridges (Van 
Dover et al., 2002; Tyler et al., 2002). ABE 
photographs reveal abundant fauna in multiple 
locations throughout the S zone, which repre-
sent the vent-endemic taxa known from other 
known vent sites (Desbruyeres et al., 2006). 
Although dedicated biological sampling was 
beyond the scope of this study, organisms iden-
tifi ed from our ABE seafl oor photographic sur-
vey include mussels, scaly footed gastropods, 
stalked barnacles, and sea anemones. The scaly 
footed gastropod is so far known only from 
vents on the Central Indian Ridge (Hashimoto 
et al., 2001; Van Dover et al., 2001). The appar-
ent absence of shrimp, which dominate known 
vents on the Mid-Atlantic Ridge (German et 
al., 2008) and Central Indian Ridge, is surpris-
ing and suggests that we may not have seen the 
full suite of biomass-dominant taxa at this site. 
We also did not observe the large gastropod 
species (Alviniconcha spp., Ifremeria spp.) that 
are characteristic of vents in backarc basins 
of the southwest Pacifi c Ocean (Desbruy-
eres et al., 2006). In that regard, this special 
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fauna identifi ed in our photographic surveys at 
this site appears to indicate a complex affi n-
ity to vent sites on the Central Indian Ridge, 
the southern Mid-Atlantic Ridge (German et 
al., 2008), and the southwest Pacifi c Ocean. 
Clearly, sampling and analysis of these SWIR 
hydrothermal vent fauna will be an important 
priority for any future investigations of this 
active hydrothermal site on an ultraslow ridge.
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