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Abstract

Polymetalic sulfide is the main product of sea-floor hydrothermal venting, and has become an important sea-floor
mineral resources for its rich in many kinds of precious metal elements. Since 2007, a number of investigations
have been carried out by the China Ocean Mineral Resources Research and Development Association (COMRA )
cruises (CCCs) along the Southwest Indian Ridge (SWIR). In 2011, the COMRA signed an exploration contract of
sea-floor polymetallic sulfides of 10 000 km2 on the SWIR with the International Seabed Authority. Based on the
multibeam data and shipborne gravity data obtained in 2010 by the R/V Dayang Yihao during the leg 6 of CCCs
21, together with the global satellite surveys, the characteristics of gravity anomalies are analyzed in the Duanqiao
hydrothermal  field (37°39′S,  50°24′E).  The “subarea calibration” terrain-correcting method is  employed to
calculate the Bouguer gravity anomaly, and the ocean bottom seismometer (OBS) profile is used to constrain the
two-dimensional gravity anomaly simulation. The absent Moho in a previous seismic model is also calculated.
The results show that the crustal thickness varies between 3 and 10 km along the profile, and the maximum
crustal thickness reaches up to 10 km in the Duanqiao hydrothermal field with an average of 7.5 km. It is by far the
most thicker crust discovered along the SWIR. The calculated crust thickness at the Longqi hydrothermal field is
approximately 3 km, 1 km less than that indicated by seismic models, possibly due to the outcome of an oceanic
core complex (OCC).
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1  Introduction
A new oceanic crust is generated at the mid-ocean ridge

(MOR) by decompression melting, upwelling and cooling of the
underlying mantle (Plank and Langmuir, 1992; Asimow and
Langmuir, 2003). The spreading process is accompanied by vol-
canic, seismic and hydrothermal activities. Hydrothermal vent-
ing occurred along MOR is a thermodynamic process of interac-
tion among magmatism, tectonism (Tucholke et al., 1998; Okino
et al., 2004; Escartín et al., 2008) and biogeochemistry (Lowell,
2008; Liu et al., 2011). The polymetallic sulfides, enriched in pre-
cious metal elements such as copper, zinc, plumbum, gold, and
argentum, are commonly associated with active hydrothermal
vents near or at a mid-ocean ridge, island-arcs and back-arc
basins (Baker and German, 2004), and are considered as another
ocean resources with broad prospects for the development be-
sides the polymetallic nodules and cobalt-rich crust (Galley,
1993; Ding et al., 2009).

Most MORs in a seabed area are located far away from con-
tinent with complicated geological structure (Alt, 2003; Stein and
Stein, 1994; Tivey, 2007; Martin et al., 2008; German and Lin,
2004). Relative to thousands of meters of the depth, it is difficult to
determine the geophysical characteristics of the decameter-scale
hydrothermal sulfide vents (Tivey and Dyment, 2010), therefore
most of the researches mainly focus on the activity and origin of
hydrothermal vent systems (Yao et al., 2011; Tao et al., 2012).

From 2005 to 2015, the China Ocean Mineral Resources Re-
search and Development Association organized eight cruises, in-
cluding 23 legs, to investigate sea-floor hydrothermal activity. In
2007, during the 19th CCC, the first active hydrothermal vent (the
Longqi) (Tao et al., 2012) was discovered at 49.6°E of the ul-
tralslow spreading SWIR. During 2008–2009, the R/V Dayang Yi-
hao detected other hydrothermal fields at 49°–52°E by the pres-
ence of a turbidity anomaly including the Duanqiao (Tao et al.
2009, 2012). The presence of these hydrothermal fields dis-  
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covered along the SWIR, however, is not very consistent with the
proposed relation between the MOR spreading rates and the as-
sociated hydrothermal activity (Baker et al., 1996). Tao et al.
(2012) hypothesize that local magma supply and crustal per-
meability play primary roles in controlling the distribution of hy-
drothermal activities. On the basis of the multi-beam data and
shipborne gravity data obtained by the R/V Dayang Yihao, com-
bined with the multibeam data and OBS data, we studied the
deep structure of the Duanqiao hydrothermal field.

2  Regional geological setting
The ultra-slow spreading ridges, principally include the

Southwest Indian Ridge and the Gakkel Ridge, are the ridges with
full spreading rates less than 20 mm/a, which make up 25% of the
global ridge length (Edmonds et al., 2003). The SWIR extends
westward from the Rodriguez triple junction (RTJ) to the Bouvier
triple junction (BTJ). The total length of the SWIR is approxim-
ately 7 700 km with a spreading rate varying from 14 to 16 mm/a
(Dick et al., 2003; Tao et al., 2014). The spreading rate of the west
segment is slightly higher than the east segment (Dick et al., 2003;
Cannat et al., 2004), yet the variation along the axial direction is
not apparent (Sauter and Cannat, 2010). The geological and geo-
physical characteristics of the SWIR, such as the water depth of
the ridge axis, geomorphologic characteristics, crustal depth, un-
derlying mantle composition (Meyzen et al., 2003; Seyler et al.,
2003), magmatism (Font et al., 2007; Sauter et al., 2001; Georgen
et al., 2003), etc. present significant variations from the BTJ to the
RTJ. Therefore, the SWIR is divided into several ridge segments
according their geometry and extensional history. The sea-floor
topography in the SWIR records alternate regions of uplift and
depression and the development of axial rifts. The SWIR is highly
segmented by NNE-trend faults (Dick et al., 2000). The topo-
graphic variation, distribution of boundary faults, geometric
shape and extensional history allow the SWIR to be subdivided
into seven segments form west to east (Fisher and Goodwillie,
1997; Georgen et al., 2001). Four ridge segments are limited by
the Discovery, Gallieni and Melville facture zone, respectively
(Mendel et al., 2003). Seismic data reveals that different seg-
ments crustal structure is parallel along the ridge axis with an av-
erage thickness of 5 km. The segments are characterized by con-
centrated magma, thick crust at the spreading segment and thin
crust in non-transform discontinuous (NTD) or mid-ridge rifts
(Niu et al., 2015; Li et al., 2015a, b). The gravity data indicate sub-
stantial topographic variations along the SWIR axis except the
zones affected by transform faults. The depth of the SWIR gradu-
ally increases and residual mantle Bouguer anomaly (RMBA) val-
ues increase progressively from west to east with a gradual di-
minution in crustal thickness (Sauter et al., 2001; Suo, 2014). A
similar fluctuation occurs of the mantle Bouguer anomaly (MBA)
and RMBA in medium or in large-scale along the SWIR axial dir-
ection (Georgen et al., 2001), which indicates that the SWIR is
rarely affected by thermal at the medium or large scale.

The Duanqiao hydrothermal field is located at an axial high-
land with shallow sea-water (≈1 700 m) and the surrounding ter-
rane is relatively flat (Tao et al., 2014). The Duanqiao hydro-
thermal field is one of the shallowest area of the entire SWIR and
corresponds to a mantle Bouguer anomaly indicating the pres-
ence of a thick crust or low density body. Ruan et al. (2014) show
that the Duanqiao hydrothermal field, as an inactive hydro-
thermal field, has the maximum crustal thickness up to 10.8 km,
and probably a magma chamber within the lower crust. The fact
that the Duanqiao hydrothermal field occurs over a past or
present magma chamber is consistent with the magma budget

hypothesis (Baker et al., 1996). On the basis of the small-scale
depth variations of the ridge axis, Cannat et al. (1999) divided the
49°–69°E of SWIR into 26 ridge segments and placed the Duan-
qiao into Segment 27. The depth of the axial ridge varies between
1 500 and 3 500 m and it is the shallowest zone of 49°–69°E seg-
ment. Compared with the average depth of other ridge axis and
volcanic centers of other segments of the SWIR, it indicates an
important supply of magma in the Duanqiao hydrothermal
field(Sauter et al., 2009; Li et al., 2015a, b). A large number of
silica-rich sediments (opal) and sulfide samples were collected
from the Duanqiao hydrothermal field, with a smaller number of
tabular anhydrite and framboidal pyrite samples also gathered
(Tao et al., 2009). However, so far we have not detected any tem-
perature or turbidity anomalies, the Duanqiao hydrothermal
field is probably inactive (Tao et al., 2014).

3  Data and method

3.1  Data
The gravity data and bathymetry were mainly obtained from

ship-borne gravity and multi-beam seaf-loor topography surveys
during the Leg 6 of CCC 21, at the Duanqiao hydrothermal field
(Fig. 1). A S-129 type ocean gravimeter is employed to measure
gravity, its accuracy is ±1 mGal, and its static sensitivity is 0.01
mGal with the range of 12 000 mGal (global range), the linear
drift was <3.0 mGal/month, and the maximum operating angle of
its gyro-stabilized platform is ±25°. The localization signal match-
ing the gravity observation is the from Ominstar differential GPS
signal with accuracy of ±10 m or less taken with the GMT. The se-
lected gravity survey line is conformed to the measurement
standards by comparing the measured ship’s course and speed
change. The mean square root is used to estimate the intersec-
tion of free air gravity anomaly (FAA) of each survey line (2.743
mGal). The measurements meet the requirements of National
Oceanographic Survey Code (GB/T 12763.8-2007) gravity sur-
veys scale of 1:500 000 or less and the mean square root of free air
anomaly being <3 mGal.

3.2  Method
The free air gravity anomaly and Bouguer gravity anomaly are

obtained through data processing, such as dividing and summar-
izing the survey lines, calibrating the time and location and ap-
plying the normal field, free air and Bouguer corrections.

3.2.1  Time constant correction
Ocean gravity surveys were conducted under harsh condi-

tions. To obtain high precision measurements, a strong damping
device is set in the probe to cut interferences in addition to in-
stalling a gravimeter (probe) above gyro platforms. The filtering
processing is performed via software. The gravity instrument
generates a lag-time effect so that the data recorded at one mo-
ment is actually the gravity value obtained several minutes ago at
another position. When an ocean survey is performed, the lag-
time of the S-129 type gravimeter is 6 min; the date recorded by
gravimeter at some moment may correspond to its position be-
fore 6 min. When the gravity data from the base points located on
a pier are compared before and after the measurements, the dif-
ference in the base point gravity values is distributed in pro rata
to the read values of the gravimeter.

3.2.2  Eotvos correction
S-II ocean gravimeters use a built-in filter to conduct low-

pass filtering through the exact Blackman window function,
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which advantages include a linear phase frequency and a data fi-
delity. Nevertheless, there is a lag in the recording time of data.
The default lagging time is usually 361 s, namely each 180 s of the
gravity data before and after this measured point is filtered. The
filtering reflects the gravity value obtained before and after 180 s,
causing a 180 s lag (LaCoste and Romberg Company, 2004;
Zhang et al., 2005). Therefore, this lag time must be eliminated
when the Eotvos correction is applied through the same filtering
process. The time domain of the S-II ocean gravimeter built-in
filter and the feature of frequency domain calculated by a math-
ematic formula in the exact Blackman window function are com-
bined to design a similar low-pass filter.

3.2.3  Calculation of the Bouguer gravity anomaly
We subtract the topographical effect on the gravity survey to

obtain the Bouguer gravity anomaly (BGA) to reflect the density
variations according to the water depth. Since the multibeam de-
tects a 100 m×100 m grid on the sea-floor with precision and the
ETOPO1 only analyze a 2 km×2 km grid, we adopted a specific to-
pographic partition arrangement. The area for a topographic cor-
rection is subdivided into three zones: near, junction and far
zones, respectively. In the near zone, the range of the topograph-
ic corrections, calculated by the right prism formula with grid of
100 m×100 m, is 0–2 000 m. In the far zone, the range of topo-
graphic corrections is 2–166.7 km. The far zone is then sub-
divided into seven circular zones with radius of 2–20, 20–44,
44–68, 68–92, 92–116, 116–140 and 140–166.7 km, respectively.
Each ring zone is uniformly subdivided into 16 bands and a
spherical coordinate method is used to calculate the topographic
correction. Within the junction zone located between the square-
shape near zone and the circle-shape far zone, a supplementary
angle formula was employed to calculate the topographic correc-
tion. In all calculations, we used a seawater density 1.03 g/cm3

and oceanic crustal density 2.7 g/cm3 (General Administration of
Quality Supervision, Inspection and Quarantine of the People’s
Republic of China, and Standardization Administration of the
People’s Republic of China, 2007).

4  Results and discussion

4.1  Free air and Bouguer gravity anomalies
The free air gravity anomaly of the Duanqiao hydrothermal

field is constrained between –30×10–5 and 18×10–5 m/s2 (Fig. 2).
The anomaly presents a ridge-like shape with low values at the
east and west extremities and relatively high values in the middle
area, and no significant variations correlated with the width of
the ridge. The space anomaly mainly reflects different elevations
and changes in the density of the oceanic lithosphere, and the
first-order approximation of the topography.

The ship-borne multi beam data and global the ETOPO1 wa-
ter depth data are combined with the calculated the Bouguer
gravity anomaly subtracting the effect of water depth (topo-
graphy). Figure 3 reveals that the Bouguer gravity anomaly mim-
ics the shape of the Moho. The results show that the Bouguer
gravity anomaly varies from 100×10–5 to 165×10–5 m/s2 forming a
trough shape (two high limbs and a low middle). The comparis-
on of Fig. 2 and Fig. 3 shows that the free air gravity anomaly is
relatively high, whereas the Bouguer gravity anomaly is relatively
low. Therefore, we infer that the oceanic crust is thick in this area.

4.2  Combining the gravity-seismic inversion of typical profiles
A survey line along the ridge axis is selected to be analyzed in

detail. The EW-oriented and 120 km long line starts from 37.81°S,
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Fig. 1.   Map of survey lines. The black and white solid lines represent all surveyed lines, the white survey lines are gravity profiles
chosen for analyses, white dashed lines depict the ridge axis, the black dashed area represents the Duanqiao hydrothermal field and
the red stars show the hydrothermal fields.
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Fig. 2.   Map of the free air gravity anomaly corresponding to the
Duanqiao hydrothermal field.
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49.29°E, and ends at 37.64°S, 50.83°E. The variations of free air
anomaly amplitudes are between –73.65×10–5 and 7.85×10–5 m/s2

and the anomaly displays a wave-peak shape with the maximum
value at 37.68°S and 50.47°E, coincident with topographic fluctu-
ations. The Bouguer gravity anomaly reflects the undulated
boundary between the oceanic crust and mantle and also vari-
ous geologic bodies with different densities from that of the
oceanic crust. Locally, areas with low Bouguer gravity anomaly
values indicate a thicker oceanic crust relative to those of a “nor-
mal” or low density crust, whereas the high value areas possess a
thinner crust relative to those of a “normal” crust or high density
crust. The variations of the Bouguer gravity anomaly values on
the survey line change from 114.01×10–5 to 190.43×10–5 m/s2 and
the anomaly display a trough shape. In which the maximum free
air gravity anomaly corresponds to the minimum Bouguer grav-
ity anomaly.

We also simulated the gravity data to study the crustal dens-
ity structure of the Duanqiao hydrothermal field along the direc-
tion of the oceanic ridge (Fig. 4), referred to previous research at
Duanqiao hydrothermal field in the SWIR (Zhang et al., 2013; Ru-
an et al., 2014; Niu et al., 2015; Li et al., 2015a, b) and the oceanic
crust model proposed by Vine and Moores (1972) and Minshull
et al. (2006). On the basis of the measured gravity data (Tao et al.,
2013), we modified the empirical formula of the relation between
the Gardner et al. (1974) density law and the seismic P-wave to be
ρ=0.315V0.25. The initial density model of the oceanic crust pro-
file is established through the velocity profile inverted from the
OBS data (Li et al., 2015a, b). The seawater density is set at 1.03
g/cm3 and that of the mantle at 3.30 g/cm3.

The comparison of the Moho calculated using the gravity an-
omalies with that obtained by the seismic profiles shows a com-
parable morphology and depth. The Moho inverted from the
gravity data below the Duanqiao hydrothermal field (85–110 km)
tightly coincides with the Moho calculated from the PmP seismic
profiles using a tomographic method (Li et al., 2015a, b). There-
fore, the Moho, calculated by the gravity inversion is relatively ac-
curate. However, in the part of the blue dotted line (30–45 and
65–80 km), the Moho calculated by interpolation shows a large
discrepancy, the gravity Moho 1 km deeper than the seismic
Moho. Moreover, the location of the Longqi hydrothermal field is
15–30 km away from Point A (Fig. 4), so that the depth of the
Moho converted from the gravity is 1 km shallower than that of

the seismic inversion. This may be due to the relatively thin
oceanic core complex (OCC) near the Longqi hydrothermal field
(Zhao et al., 2013), which influences the results of the gravity in-
version.

The oceanic crust thickness varies along mid-ridge. The crust
is thick at the center of the oceanic ridge, while it is thin at the ex-
tremities or at non-transform discontinuous segments (NTD).
From the map profiles, there is a clear variation in crustal thick-
ness, between 3 and 10 km, along the MOR. The crustal thick-
ness of the Longqi hydrothermal field, located at the west end of
the 28th oceanic segment, is thinner (≈3 km), whereas the crust
of the Duanqiao hydrothermal field, which lies at the center of
27th oceanic segment, is generally thicker with an average thick-
ness of 7.5 km. The thickest crust situated below the hydrotherm-
al field is 10 km. This is not consistent with the proposed relation
between the global spreading rate and the crustal thickness
(Chen, 1992). Nevertheless, our results conform to the range of
the crustal thickness inverted by Mendel et al. (2003) using the
gravity data and are also close to the seismic results (Ruan et al.,
2014; Li et al., 2015a, b).

On the basis of the seismic results of Li et al. (2015b), our re-
search improves the knowledge of the crustal thickness beneath
Duanqiao field and adds to the morphologic variation of the
Moho which cannot be known by seismic data. The seismic and
gravity data allow a finer definition of the deep crustal structure.
The seismic profile displays a low velocity body (Li et al., 2015a,
b) which corresponds to the low density body depicted in Fig. 4.
This suggests that the low density body constitutes a magma
chamber supplying a vast amount of heat into the oceanic ridge;
a prerequisite to the formation of sea-floor polymetallic sulfides
along with a crustal fracturation.

In the very slow spreading MOR, magmatic and amagmatic
extensions coexist (Dick et al., 2003, but the magmatism is dom-
inant at magmatic extensional center (Li et al., 2015a, b). Sporad-
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ic magmatism is concentrated in certain spots along the very
slow spreading mid-oceanic ridge, and the overall magmatic
supply is insufficient (Cannat et al., 1999; Sauter et al., 2001;
Standish et al., 2008). The formation of thick crust may depend
on focusing a high volume of magma at the center of the seg-
ment. However, Georgen et al. (2001) and Sauter et al. (2009)
speculated the thickening of the crust or the increase in mantle
temperature in Duanqiao was related to the upwelling of the
Crozet hotspot which is located 1 000 km southward; Zhou and
Dick (2013) argued that, rather than crustal thickening, an early
melting event leaving a low density depleted mantle occurred
under the SWIR. On the contrary, Li et al. (2015b) hold the opin-
ion there is a large amount of magma associated with the hetero-
geneous mantle characterized by high temperature and a very ef-
ficient focusing mechanism of melt delivery.

Hotspots such as Marion, Crozet and others can change the
morphology, mantle composition flow and thermal structure un-
der mid-oceanic ridges. They can further alter the growth of
oceanic crust, affect the hydrothermal mineralization and struc-
tural characteristics, especially of very slow spreading mid-
oceanic ridges (Dick et al., 2003; Cannat et al., 2006; Standish and
Sims, 2010; Li et al., 2015a, b). The study shows the effect of the
Marion hotspot being restricted by large transform fault because
they can divide and even hinder the magma flow at mid-ocean
ridges (Ribe et al., 1995; Ribe, 1996; Ito et al., 1997, 1999; Georgen
et al., 2003). The effect is significant when the magma flow abuts
the Discovery II transform fault (Zhang et al., 2011). Therefore, in
the study area, the supply of magma may comes from the Crozet
hotspot (Georgen et al., 2001; Sauter et al., 2009; Zhang et al.,
2013). The location of the 10 km-thick segment (50.24°E) is adja-
cent and lies on the west of the Gallieni transform fault. There is a
huge difference in crustal thickness between the two sides of the
Gallieni transform fault. Therefore, it is possible the transform,
which displays a large displacement, may impede the migration
of magma, creating an excess of magma on one side of the trans-
form fault. The formation of thick oceanic crust below the Duan-
qiao field may be caused by the migration of the Crozet hotspot
toward the SWIR (Zhang et al., 2011), with the Gallieni transform
fa.ult preventing the migration of melt flow. Consequently, a
thick crust was built on the west side of the Gallieni transform
fault (50.24°E). When a large magmatic center is covered by thin
a lithosphere at a very slow spreading MOR, the surrounding
magma overlain by a thick lithosphere will converge toward the
asthenosphere under the magmatic center (Li et al., 2015a, b).
Therefore, a combination of factors such the mantle heterogen-
eity (high temperature and sufficient magmatic source), a very ef-
ficient melting mechanism (Li et al., 2015a, b), the presence of
the Crozet hotspot and the Gallieni transform fault (Georgen et
al., 2001; Sauter et al., 2009; Zhang et al., 2013; Ruan et al., 2014)
will generate an anomalous amount of magma below the hydro-
thermal vent.

Seafloor hydrothermal polymetallic sulfides are generated by
water-rock hydrothermal interaction in the oceanic crust. Hydro-
thermal circulation is a basic process controlling the transport of
energy and elements from the lithosphere to the hydrosphere
(Nath, 2007). The principal factors governing the seafloor hydro-
thermal sulfide mineralization are magmatism and deep crustal
fracturing (Charlou et al., 1996). The gravity profile map reveals
the Duanqiao hydrothermal field is located on the west side of
Gallieni transform fault, so that hydrothermal fluids percolate
upward along faults to build a dome of sulfide. The topography,
gravity and seismic data indicate the thick crust diverges from the
ridge axis and extends for at least 20 km along the spreading dir-

ection of the oceanic ridge. This suggests an increase in mantle
melting lasting at least 3 Ma or even 10 Ma (Sauter et al., 2009; Li
et al., 2015a, b). Such a long-term and stable supply of magma
generates intense sea-floor hydrothermal activity producing
ample material for sul-fide accumulation near the Duanqiao.
Since the gravity survey is conducted at sea, the gravity anomaly
associated with sulfide mineralization is only parts per million of
metre per second squared. Therefore, to delineate the scope of
sulfide mineralization and calculate the tonnage of an orebody, it
is necessary to improve data accuracy and to carry out more sea-
floor gravity surveys.

5  Conclusions
The geology of the SWIR is especially complex with variable

geological-geophysical signatures and numerous sea-floor hy-
drothermal vents. The Duanqiao hydrothermal site is associated
with the formation of polymetallic sulfides. We have studied the
gravity anomalies to understand its deep geological structure and
reveal the potential of the sulfide mineral resources.

We eliminate the effect of the surrounding topography, which
improves the accuracy of terrain correction. The subarea topo-
graphy calibration method, commonly used in onshore gravity
prospecting, serves to correct the ship-borne gravity data. The
gravity simulation process leads to the following conclusions.

(1) The depth of Moho, which cannot be inverted due to the
missing seismic data, is simulated by the gravity data and the
deep fine geological structure is obtained.

(2) As a result, we found that an imbalance in the crustal
thickness is observed along the direction of the mid-ocean ridge.
The crust is thick at the center of the oceanic ridge segment,
while it is thin at the extremities or at non-transform discontinu-
ous belts (NTD). The SWIR is one of the earth’s slowest spread-
ing mid-oceanic ridge, having a crustal thickness of 3 and 10 km
along the surveying line. The oceanic crust in the Longqi hydro-
thermal field, located at the western end of the 28th segment, is
thinner ≈3 km). This may be related to the effect of a nearby
oceanic core complex (OCC), whereas the crust below the non-
active Duanqiao hydrothermal field, sitting in the middle of the
27th oceanic segment, is nearly 10 km thickness. The average
thickness of the surrounding crust is 7.5 km. Therefore, the
crustal structure does not conform to the relation between the
global spreading rate and crustal thickness.

(3) We speculate that the Duanqiao hydrothermal field is an
aresource prospect area for polymetallic sulfides owing to the
role of the Gallieni transform fault and long-term and stable sup-
ply of magma.
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