Geochemistry of abyssal peridotites from the super
slow-spreading Southwest Indian Ridge near 65°E:
Implications for magma source and seawater alteration
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The geochemical characteristics of abyssal peridotite samples from one dredge station (27°49.74'S,
65°02.14'E, water depth 4473 m) on the super slow-spreading Southwest Indian Ridge (SWIR) near
65°FE were investigated. Abyssal peridotites recovered from this site were comprised mainly of lizardite,
chlorite, carbonate and magnetite with minor amounts of talc, pyroxene phenocrysts and sparse olivines.

Serpentinites exhibit talc veins and major serpentine derived from serpentinization with relict olivine
granuloblasts. Olivine grains in serpentinites display exsolution lamellae, indicating the occurrence of
talc reduction or decompression during seawater-rock interaction. Pyroxene shows clear cleavage in two
directions, with clinopyroxene or orthopyroxene exsolution lamellae. By contrast, bulk rock trace element
patterns of serpentinites reveal depletion in most incompatible elements, similarly to the depleted mid-
ocean ridge basalt mantle composition, indicating that the SWIR peridotites originated from a depleted
mantle source magma and have experienced partial melting. Meanwhile, Rb, Ba, U, Pb, Sr, Li anomalies

and the Ce/Pb ratio suggest that these serpentinites have been strongly altered by seawater.

1. Introduction

At present, it is generally accepted that mantle
peridotites are widely exposed on the seafloor at
slow-to-intermediate spreading ridges (e.g., Dick
et al. 1984; Cannat et al. 1995). These peridotites
have been interpreted to be the residues from
variable degrees of partial melting related to the
production of mid-ocean ridge basalts (e.g., Dick
et al. 1984; Johnson et al. 1990), rather than
being simple residues (Elthon 1992; Niu 1997; Niu
and Hekinian 1997; Niu et al. 1997; Hellebrand
et al. 2002; Brumelli et al. 2006; Seyler et al.
2007; Tamura et al. 2008; Godard et al. 2008).

The peridotites are usually highly serpentinized,
as a result of seawater—peridotite interaction, and
are referred to in the literature as abyssal peri-
dotites. In the serpentinite-hosted hydrothermal
fields of slow-spreading mid-ocean ridges (Kelley
et al. 2001; Douville et al. 2002; Fruh-Green et al.
2003), the abyssal peridotites still contain relics of
mantle minerals, which contain primary informa-
tion about melting and melt extraction processes
beneath mid-ocean ridges. Hydrothermal interac-
tion between peridotites or serpentinites and sea-
water is gaining increasing interest because of its
importance in the rheology of the oceanic litho-
sphere (Escartin et al. 1997, 2001; Hirose et al.
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Figure 1. (a) Tectonic chart of the Southwest Indian Ocean (from Patriat et al. 1997). The dots are observed magnetic
anomalies, the triangles are the rotated anomalies, and the dashed lines indicate the triple junction traces. Note that the
SWIR axis was interpreted as a succession of short segments invariably linked by transform faults. (b) Depth variations
along the axis and two parallel lines 5 km away from the axis (dotted for north and dashed for south) of the SWIR between
63°E and 70°E (after Patriat et al. 1997).

Table 1. Major mineral assemblages of serpentinite samples from the super slow-spreading South-
west Indian Ridge near 65°F.

Sample no. Major mineral assemblages (%)

IR-D1-1-2 Lizardite (50%), pyroxene (25%), magnetite (10%)

IR-D1-3 Lizardite (40%), pyroxene (20%), magnetite (15%)

IR-D1-4 Magnesiohornblende (50%), chlorite (20%)

IR-D1-8-2 Lizardite (60%), chlorite (20%), magnetite (10%), pyroxene (5%), talc (2%)
IR-D1-9-2 Lizardite (20%), magnetite (12%), pyroxene (10%)

IR-D1-11-2 Lizardite (30%), carbonate (20%), magnesiohornblende (5%)

2006; Hilairet et al. 2008), geochemical budgets 2006), and microbial activities on and below the
and/or sources for some elements in the oceans seafloor (Kelley et al. 2005a; Takai et al. 2006;
(Snow and Dick 1995; Niu 2004; Paulick et al. Morishita et al. 2009).
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The Southwest Indian Ridge (SWIR), located
within the region 45°~70°E and 26°~40°S, has
been studied and investigated in terms of its mor-
phology and geomagnetism by means of bathymet-
ric techniques, and comparisons have been made

with the Mid-Atlantic Ridge (MAR) (Mendel and
Sauter 1997; Patriat et al. 1997). The SWIR is
a typical super-slow spreading ridge, where the
spreading rate is commonly considered to be less
than 20 mm/a (Patriat and Parson 1989; Mendel

Figure 3. Photomicrographs of representative mineral structures. (a) Mineral assemblage: serpentine + talc, which are the
resulting minerals from serpentinization; (b) pyroxene phenocrysts with exsolution lamellae; (¢) a well-preserved pyroxene
grain; (d) an olivine grain; (e) Mg-hornblend, the resulting mineral from seawater alteration; (f) a pyroxene granuloblast,
showing the deformed cleavage; (g) mesh texture formed by serpentine; and (h) a magnetite vein cross-cutting the coarse
pyroxene. Ser: Serpentine; Tal: Talc; Pyr: Pyroxene; Olv: Olivine; Hor: Mg-hornblend; Mag: Magnetite. Scale bars = 0.2 mm.
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et al. 1997). Specifically, the spreading rate of the
SWIR at 66°E, near the Melville fracture zone, has
been measured to be 12.1 mm/a from magnetic
anomaly reversals (White et al. 2001).

The formation mechanism and interaction
between oceanic crust and mantle under the SWIR
have been investigated in detail. Generally, the
average thickness of the oceanic crust beneath the
ridges at full spreading rates below 20 mm/a is
around 6.3 = 0.9 km (White et al. 1992; Bown and
White 1994). However, due to the much lower den-
sities of seamounts compared with MAR, magma
production under the SWIR is attenuated com-
pared with faster spreading oceanic ridges, lead-
ing to a slower magmatic supply to the ridge axis,
cooler mantle temperatures and therefore lower
degrees of partial melting (Cannat 1996; Mendel
and Sauter 1997; Robinson et al. 2001; White et al.
2001; Cannat et al. 2006). Thus, some authors
have suggested that about 10%-25% of the melt
is trapped and solidified at depths of 10-20 km
in the upper mantle under very slow-spreading
ridges (Cannat 1996; White et al. 2001). In partic-
ular, Cannat et al. (2006) proposed an avolcanic,
or nearly avolcanic mode of seafloor spreading
which may be analogous to processes at the
ocean-continent transition of continental margins
(Whitmarsh et al. 2001), and which appears to
have created nearly half of the oceanic crust in the
SWIR.

Abyssal peridotite compositions can provide geo-
chemical evidence, for the mantle source or pro-
cesses such as slab subduction, metasomatism and
seawater alteration. It has been inferred that such
compositions are consistent with the combined
histories of partial melting and subsequent melt
migration, which cause either olivine addition or
dissolution and precipitation reactions by equi-
librium porous flow (Niu et al. 1997; Asimow
1999). On the other hand, the interaction between
seawater and peridotite can transform olivine
and pyroxene into serpentine minerals and other
phyllosilicates (Bach et al. 2004; Paulick et al.
2006; Augustin et al. 2008), through several pro-
cesses including the uptake of boron and sulfur
by the serpentinization (Thompson and Melson
1970; Bonatti et al. 1984; Alt and Shanks 1998,
2003), generation of hydrogen and methane, which
can be entrained into the hydrothermal plumes
overlying peridotite outcrops (Charlou et al. 1998;
Horita and Berndt 1999; Alt and Shanks 2003), and
weathering of peridotite by cold seawater, which
can also release significant Mg into the seawater
(Snow and Dick 1995).

This study thoroughly investigated the geo-
chemical characteristics of bulk rock compositions
of the abyssal peridotites sampled at the super
slow-spreading SWIR near 65°E. The overall goal
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of this study was to use observed alteration of
the mineralogy and geochemistry to identify the
characteristics of the magma source and to show
new evidence for significant and characteristic
changes in the bulk rock compositions associated
with alteration in the super slow-spreading SWIR.
Hence, this study contributes to the characteriza-
tion of the geochemical budget of the lithosphere
at super slow-spreading ridges. These results may
have implications for our understanding of the for-
mation processes of abyssal peridotites at mid-
ocean ridges and of the interaction between abyssal
peridotites and seawater.

2. Samples and methods

Some 19 abyssal peridotite samples were dredged
from the super slow-spreading SWIR near 65°E
(27°49.74'S, 65°02.14'E, water depth 4473 m)
during the DY115-17A cruise (R/V DAYANG
YIHAO, December 9, 2005) (figure 1). The
retrieved peridotites exhibited evident serpen-
tinization under the microscope, with a mineral
assemblage of major lizardite, chlorite, carbonate
and magnetite, plus minor amounts of talc and
phenocrysts, as shown in table 1 and figure 2.

In addition to retaining the olivine particle
morphology, the serpentine samples from the
SWIR near 65°E also exhibited irregular particle
shapes, for example, elongated strips, leaf-shapes
and radial forms. Serpentine minerals were also
observed with a mesh structure, hourglass struc-
ture, or in serpentine veins. Talc showed radial and
vein-like forms, in veins up to 0.4 mm wide. Olivine
mineral grains were mostly broken and surrounded
by serpentine; some of these olivine grains are
the residual particles of olivine minerals. Pyroxene
particles can be transformed into talc, which then
retains the original shape of the pyroxene. Some

Table 2. Analytical precision and content range of
magor element compositions determined by XRF.

Content Analytical

Compositions range (%) precision (%)
SiO2 15.0-95.0 +0.20
TiO2 0.01-7.50 +0.005
Al O3 0.20-25.0 +0.10
FexO3 0.20-25.0 +0.05
MnO 0.01-0.35 +0.005
MgO 0.20-40.0 +0.03
CaO 0.10-35.0 +0.03
NagO 0.10-7.50 +0.03
K20 0.05-7.50 +0.02
P05 0.01-1.00 40.005
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pyroxene minerals were wrapped in olivine and talc
veins, occurring along with the exsolution lamellae,
while some of the pyroxene grains were the residual
particles of pyroxene minerals. Pyroxene showed
clear cleavage in two directions, with clinopyroxene

(Cpx) or orthopyroxene (Opx) exsolution lamellae
(figure 3).

The compositions of these bulk rock sam-
ples were determined by X-ray diffraction (XRD)
(D/MAX-2400)

at the Institute of Geology

Table 3. Bulk rock magjor element compositions of serpentinite samples and one standard rock (GSR-3) sample as determined

by XRF (values in wt.%).

MgO/
Samples SiOgy  TiOg AloO3 FesO3 MnO MgO CaO NagO KO P20z LOI Total SiOp Mg#
Standard
GSR-3 44.87 237 13.85 1340 0.17 777 876 3.32 231 096 235 100.13 0.17 0.70
Group 1 (strongest serpentinized)
IR-D1-2-1 53.81 0.03 0.43 7.86 0.14 2353 9.34 0.03 0.02 0.01 4.84 100.03 044 0.92
IR-D1-2-2 43.19  0.06 3.42 6.64 0.07 33.02 238 0.13 0.03 0.01 1091 99.86 0.76 0.95
IR-D1-2-3 42.32  0.05 2.07 729 011 3473 082 0.14 0.05 0.02 1227 99.86 0.82 0.95
IR-D1-4 53.01 0.04 2.54 5.08 0.08 24.82 9.54 0.08 0.01 0.01 4.98 100.19 047 0.95
IR-D1-11-1  26.20 0.02 0.75 6.49 0.09 2598 17.05 0.01 0.01 0.02 2278 99.39 0.99 0.94
IR-D1-11-2  24.30 0.03 0.84 5.67 0.07 23.77 19.89 0.04 0.01 0.02 2455 99.18 0.98 0.94
IR-D1-11-2P 24.13 0.03 0.90 5.73 0.07 23.86 20.01 0.01 0.01 0.02 2457 9934 0.99 094
IR-D1-15 35.73 0.03 0.77 835 0.08 34.85 5.00 0.01 0.01 0.02 1519 100.03 0.98 0.95
IR-D1-16-1  51.96 0.01 0.89 435 0.31 19.53 18.63 0.08 0.02 0.01 3.60 99.39 0.38 0.93
IR-D1-17-1  32.42 0.01 0.98 11.09 0.27 3230 590 0.01 0.01 0.06 1694 99.97 1.00 0.92
IR-D1-17-2  35.17 0.01 0.51 11.71 0.23 34.52 246 0.00 0.02 0.05 14.99 99.67 0.98  0.92
IR-D1-18-1  29.08 0.01 0.63 235 0.07 29.15 15.78 0.01 0.02 0.02 2258 99.70 1.00 0.98
IR-D1-18-1P 28.95 0.01 0.62 236 0.07 29.27 1585 0.01 0.01 0.02 2260 99.77 1.01 0.98
IR-D1-18-2  32.56 0.02 0.55 6.36 0.26 3328 837 0.01 0.01 0.02 1791 9935 1.02 0.95
IR-D1-18-3  33.82 0.02 0.76 849 0.07 36.44 3.88 0.01 0.01 0.01 1624 99.74 1.08 0.94
Group 2 (medium serpentinized)
IR-D1-5 44.89  0.04 5.53 592 0.07 29.40 530 0.00 0.01 0.01 883 100.00 0.65 0.95
IR-D1-6-1 39.17  0.06 2.14 726 0.09 3730 079 0.01 001 0.01 1287 99.70 0.95 0.95
IR-D1-6-2 38.89  0.06 2.14 8.08 0.09 3695 083 0.01 0.01 0.01 1264 99.71 0.95 0.95
IR-D1-6-2P  38.73 0.06 2.13 811 0.09 3715 0.82 0.01 0.02 0.01 1277 9990 0.96 0.95
IR-D1-8-1 39.87 0.07 2.18 848 0.11 36.31 0.38 0.00 0.03 0.01 1229 99.73 091 0.94
IR-D1-8-2 39.69 0.07 2.63 833 0.11 36.24 037 0.00 0.03 0.01 1228 99.76 091 0.95
IR-D1-7-1 43.09 0.06 4.83 6.43 0.07 3182 285 046 0.05 0.01 10.37 100.05 0.74 0.95
IR-D1-7-2 41.44  0.06 2.44 781 0.10 3520 073 0.16 0.06 0.02 11.98 99.99 0.85 0.95
IR-D1-7-3 41.25  0.06 2.31 7.84 0.10 35.10 0.70 0.14 0.04 0.03 1241 99.98 0.85 0.95
IR-D1-10-1  41.08 0.08 2.18 716 0.10 35.71 1.72 0.01 0.03 0.02 11.35 99.43 0.87 0.95
IR-D1-10-2  41.46 0.08 2.74 710 0.10 34.83 230 0.01 0.04 0.02 108 99.53 0.84 0.95
IR-D1-13-1  41.53 0.06 2.39 782 0.12 3516 0.74 0.20 0.06 0.02 11.52 99.62 0.85 0.95
IR-D1-13-2 41.19  0.05 2.31 781 0.12 3577 066 0.08 004 0.01 11.55 99.58 0.87 0.95
IR-D1-14 41.68 0.09 2.87 740 0.11 33.82 231 0.04 0.03 0.02 11.07 99.43 0.1 0.95
IR-D1-16-2  38.74 0.05 4.05 990 0.11 34.12 0.12 0.03 0.04 0.01 1255 99.73 0.88 0.93
Group 3 (weakest serpentinized)
IR-D1-1-1 38.30 0.06 1.89 789 0.10 3720 051 0.01 0.02 0.02 1344 99.44 097 0.95
IR-D1-1-2 38.74 0.06 1.89 8.06 0.09 37.05 0.61 0.01 0.01 0.02 1293 99.46 0.96 0.95
IR-D1-3 40.53  0.06 1.79 849 0.09 36.35 140 0.01 0.01 0.02 11.43 100.18 0.90 0.94
IR-D1-9-1 41.07  0.02 1.41 7.56 010 36.16 0.12 0.10 0.04 0.02 13.19 99.80 0.88 0.95
IR-D1-9-2 42.15  0.02 1.32 7.37 010 3571 0.53 0.05 0.02 0.02 1232 99.62 0.85 0.95
IR-D1-12 39.95 0.07 1.65 7.06 0.10 3748 0.05 0.01 0.01 0.00 1299 99.37 0.94 0.96
IR-D1-19-1  38.84 0.05 1.85 9.82 0.10 3586 0.12 0.01 0.02 0.03 1316 99.87 0.92 094
IR-D1-19-2 40.57  0.05 1.65 759 0.09 3756 040 0.01 002 0.02 11.91 99.88 0.93 0.95
PM 49.9 0.16 3.54 35.1 2.89 034 0.02

Determined by the Institute of Geology and Geophysics, Chinese Academy of Sciences. PM, data from Taylor and McLennan

(1985).
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and Geophysics, Chinese Academy of Sciences
(IGGCAS). Bulk rock samples were powdered and
pressed into tablets ready for measurement. A
D/MAX-2400 instrument was operated at a volt-
age of 40 kV, with a current of 60 mA, a scan range
of 3-65°20, a scan step of 0.02, and a scan veloc-
ity of 8 /min. Bulk rock major element composi-
tions were analyzed on fused glass disks employing
an Axios X-ray Fluorescence Spectrometer (XRF)
at IGGCAS. All major element percentages were
converted to oxide percentages. Analytical preci-
sion was based on certified standards and dupli-
cate analyses are expressed in terms of relative

W Group 1
W Group 2
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_1- Lherzolites
6 — + +
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= i
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percentages, which range from +0.005% to +0.20%
(table 2). Samples of 5 g were used for determi-
nation of loss on ignition (LOI) by weighing after
1.5 h of heating at 1000°C (table 3).

For trace element analyses, 40 mg powders of
each sample were dissolved in Teflon beakers by
2 ml HF, 0.6 ml HNO3; and 0.25 ml HCIO, at a
temperature of 150°C. After heating for about 72
hours, the samples were dried at 150°C, and the
residue was redissolved by 1 ml of HNO3 and 1 ml
of ultrapure H,O (18.2 MS2). The solutions were
cooled and diluted by ultrapure H,O (18.2 M) to
1000 times and then analysed for trace elements

24 —
20 — )
| m
5]
16 — .
g —
%12—
. E=
g m
. +*'
9 1 I F I
10 20 30 40 50
MgO (wt%)
60 —
=
m_
=
)
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=]
| H
&
® ' I ' I ' T ' [
10 30 50
MgO (wt%)

Figure 4. Bulk rock abundances of MgO ws. Al2O3, CaO, FeaO3 and SiOs in the serpentinites. Data for primordial mantle
(PM) and typical residual lherzolites of orogenic peridotites (cross symbol) are from Hofmann (1988), Bodinier (1988) and

Bodinier et al. (1988), respectively.
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Abyssal peridotites from the SWIR near 65°F
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Table 5. (Continued)

Co Ni Cu 7Zn Ga Rb Sr 7r Nb Ba Hf Ta Pb Th

Cr

Sc

Li

Samples

Group 3 (weakest serpentinized)

IR-D1-1-1

0.86
0.88
0.80
1.11
0.61
0.06
0.86
0.49
0.48

0.01
0.01
0.01
0.01

1.40
1.00
1.07
1.89
1.22
1.23
1.21
1.10
1.06

0.01
0.01
0.04
0.01
0.01

0.04
0.04
0.05
0.02
0.01
0.06
0.03
0.03
0.04

5.49
1.64
1.74
10.8

0.03
0.03
0.02
0.09
0.09
0.02
0.03
0.01
0.02

1.02
0.83
0.81
0.69
0.38
1.44
0.88
0.59
0.61

2.90
3.00
3.34
6.36
6.20
5.60
12.6

1.61
1.59
1.51
1.72
1.78
1.55
1.68
1.95
1.80

1.83
1.89
1.86
1.77
1.55
1.60
1.61
1.53
1.52

37.0

35.2

2138
1891
1943
2247
1941
2285
2010

82.3

4378
4703

65.4

14.1

65
86
76
1.4
0.1
37
32
25
04

2.

38.1

82.0 29.1

14.2 65.4

2.

IR-D1-1-2
IR-D1-3

40.2

12.2

84.0

4106
7524
5701

55.7

9.79
6.88
6.86
16.4

3.
1
1

52.2

95.2 89.4

47.8

IR-D1-9-1

3.88
4.37
5.73
3.00
2.81

43.5

86.4 87.2

46.7

IR-D1-9-2

414

35.4

86.4

6236
6419

69.4

0.

IR-D1-12

55.2

65.5 18.1

56.8

7.29
7.65
7.58

3.

IR-D1-19-1

6.85
6.55

5076 75.4 1749  18.0 43.2
1721

5169

48.7

2.

IR-D1-19-2

43.3

49.3 75.6 15.8

2.

IR-D1-19-2P

Zhigang Zeng et al.

Determined by the Institute of Oceanology, Chinese Academy of Sciences. “~” means no value. All values are given in ppm.

by an Inductively Coupled Plasma Mass Spectro-
meter (ICP-MS) (ELAN DRC II, American PE
Company) at the Institute of Oceanology, Chi-
nese Academy of Sciences (IOCAS), Qingdao.
GBW07315, GBW07316, GBW07101, GBW07102,
DTS-2b, BCR-2 and BHVO-2 were used as refer-
ence materials for bulk rock analyses. Detection
limits of the ICP-MS for rare earth elements (REE)
and other trace elements were 1078 g/g, and the
analytical precisions (RSD, n = 3) of REE and
other trace elements were <5%. Analyzed uncer-
tainties (20) of ICP-MS data at the ppm level were
better than +10% for trace elements and REE.
Analyses of standards were in agreement with the
recommended values (table 4).

3. Results

3.1 Bulk rock major element compositions

Table 3 shows that all except four serpentinite sam-
ples had large LOI values, ranging from 10% to 24%
and indicating a strong degree of serpentinization.
Several serpentinite samples displayed extremely
high CaO contents, from 5% to 20%, suggesting
that the rock gained a high Ca content following
reaction with seawater.

According to the bulk rock major element com-
position, these serpentinites from the SWIR can
be divided into three groups (see table 3, figure 4).
Group 1 is characterized by significantly higher
CaO (by up to 20%), and by a much lower Al,O;
which varies from 0.43% to 3.42%, relative to pri-
mary mantle (PM) (CaO 2.89%, Al,O; 3.64%)
(Taylor and McLennan 1985). Group 2 exhibits
higher Al,O3 contents than PM and comparable
CaO and SiO, to those of the abyssal peridotites
from the Pacific and Indian Ocean Ridge-transform
systems (CaO contents varying from 0.01% to
3.91%, avg. 1.30%, n = 122) (Niu 2004). Group 3
displays intermediate Al,O3; and lower SiO, com-
pared with abyssal peridotites from the Pacific
and Indian Ocean Ridge-transform systems (Niu
2004). Some of these serpentinites from the SWIR
were close to the melting trend and preserved the
higher MgO/SiO, ratios typical of mantle rocks
(MgO/SiOs > 1). In contrast to these melt-rock
interaction trends, serpentinites from the SWIR
had MgO/SiO, ratios below those of the terrestrial
range (0.4-1). Talc alteration of serpentinites at
the SWIR caused a further decrease in MgO/SiO,
ratios that was likely due to Si-metasomatism
(Paulick et al. 2006).

3.2 Trace element abundances of the bulk rock

All trace element data used for this study are listed
in table 5. Most serpentinite samples showed very
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Figure 5. Bulk rock abundances of MgO wvs. Cr and Ni in the serpentinites. Data for primordial mantle (PM) and typical
residual lherzolites of orogenic peridotites (cross symbol) are from Taylor and McLennan (1985), Bodinier (1988) and

Bodinier et al. (1988), respectively.

high Cu concentrations, of >3 ppm and up to
89.4 ppm. La and Ku contents varied markedly,
up to 0.357 and 0.104 ppm, respectively. The sam-
ples showed much lower concentrations of Zr, Tb,
Th and U and REEs. Serpentinites were enriched
in Co, Ni, Cu, Zn, V and Sc, and contained com-
parable abundances of these enriched elements at

levels comparable to PM (Co = 100 ppm, Ni =
2000 ppm, Cu = 28 ppm, Zn = 50 ppm, V =
128 ppm and Sc = 13 ppm) (Taylor and McLennan
1985).

Volatile or fluid-related elements, such as Rb,
Ba, Li and Pb, together with Sr, in serpentinites
displayed significantly higher abundances com-
pared with those in PM, with some even close to
the corresponding contents in seawater. Serpen-
tinites also exhibited a distinctive depletion in Zr,
Th and Nb.

The Cr concentrations of serpentinite samples
were relatively high (up to 7564 ppm), which could
be due to the presence of Cr-spinel. The Ni con-
centrations also showed a similar enrichment (up
to 2285 ppm), and were higher than Ni contents
(1300-1600 ppm) in lherzolite from the Central
Indian Ridge (Engel and Fisher 1975). Zr and Y
in the serpentinites from this study site had very
low concentrations (<8 ppm). Among the trace ele-
ments, Cr and Ni correlated positively with MgO
(figure 5).

All rare earth element data used for this study
are listed in table 6. YREE of the serpentinites
varied from 0.58 to 8.91 ppm. Most of the sam-
ples showed characteristic positive Eu anomalies

(6Eu up to +9.36). Figure 6 illustrates that the
normalized REE patterns of the serpentinites were
flat, except for the negative Ce anomalies, which
is similar to the pattern in seawater, inferring ser-
pentinites from the study site have experienced
seawater alteration.

4. Discussion

4.1 Petrological signatures and correlations
i magjor element compositions

Abyssal peridotites from the super slow-spreading
SWIR near 65°E were predominantly intensely ser-
pentinized. Serpentine formed mesh textures after
olivine, cut by myriad small veinlets of serpen-
tine + magnetite. Serpentine minerals were mainly
lizardite. The high abundances of lizardite indi-
cate their formation at relatively low temperatures,
around 130°C to 185°C (Wenner and Taylor 1973,;
Mével 2003; Ray et al. 2008). The serpentinization
favoured formation of an extensive mesh texture,
characterized by serpentine replacing olivine (fig-
ure 3g), with the abundant latter mineral form-
ing magnetite strings cross-cutting the pyroxene
(figure 3h). The distribution of magnetite in the
serpentinite has often been correlated with a high
degree of serpentinization (Ray et al. 2008). At
advanced stages of serpentinization, the magnetite
migrates out of the mesh or hourglass textural
units into cross-cutting lenses, and the rock usually
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Table 6. (Continued)

Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

La

Samples

Group 3 (weakest serpentinized)

IR-D1-1-1

1.33
1.33
1.32

0.030
0.52

0.186
0.180
0.167
0.067

0.028

0.163
0.171
0.162
0.062

0.053
0.050
0.050
0.017

0.170 0.065 0.032 0.116 0.029 0.218
0.169
0.192
0.189
0.160
0.230
0.246

0.181
0.179

0.091 0.025

0.070
0.056

0.030
0.026

0.030
0.025
0.011

0.029 0.114 0.028 0.214

0.072

0.023

0.057

IR-D1-1-2
IR-D1-3

0.038 0.025 0.084 0.035 0.118 0.030 0.217
0.042

0.056

0.011

0.063

0.049

0.056

0.036
0.028

0.139 0.228

0.087
0.068

IR-D1-9-1

0.012 0.45
1.61
1.18
1.17
1.13

0.057

0.011

0.056
0.193
0.140
0.142
0.137

0.015

0.051

0.040

0.049
0.047
0.022

0.030
0.095

0.090

IR-D1-9-2
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0.229 0.035

0.035
0.024

0.059
0.044
0.044
0.042

0.262
0.192
0.189
0.184

0.037

0.137
0.116
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appears as green or often pale green (Wicks and
Whittaker 1977; Ray et al. 2008).

Seawater—peridotite reaction can significantly
alter the mineral assemblage of peridotite, lead-
ing to the production of serpentine + magnetite 4
talc in serpentinites (Hajash and Chandler 1981;
Janecky and Seyfried 1986). The abyssal peri-
dotites from the SWIR near 65°E were significantly
altered, with substantial amounts of olivine, rela-
tively minor amounts of dissolved pyroxene, and
alteration products that included lizardite, talc,
chlorite and carbonate.

Most serpentinites from the SWIR near 65°E
were relatively low in SiO, and Fe,O3; com-
pared with abyssal peridotites from the Pacific
and Indian Ocean Ridge-transform systems (SiO,
contents varying from 39.13% to 48.72%, mean
45.71%, n=125; FeO,, contents varying from
6.46% to 12.12%, mean 8.53%, n=125) (Niu 2004),
with SiO, and Fe,Os; contents variably ranging
from 24% to 53% and 2% to 11%, respectively.
MgO contents, varying from 19% to 37%, were
also lower than those in abyssal peridotites from
the Pacific and Indian Ocean Ridge-transform sys-
tems (from 36.26% to 46.29%, mean 41.93%, n =
125) (Niu 2004). However, serpentinites showed
a significantly high Mg#, in the range 92-98,
suggesting that either Mg enrichment and Fe
depletion occurred during serpentinization of
peridotites, or that seawater alteration resulted in
Fe loss.

Generally, the major element composition of
bulk rock in depleted mantle peridotites shows
striking correlations, for example, increasing
FeOyt, Ni, Co, and decreasing Al,O3, SiO,, CaO,
Sc, Cr, Yby, with increasing MgO. In partic-
ular, the MgO~FeOy,; and MgO~SiO; correla-
tions were similar to those identified in abyssal
peridotites (Niu et al. 1997; Rampone et al
2004). The serpentinites displayed consistent cor-
relations of Al,O3, CaO, Fe,O; and SiO, with
MgO (figure 4). However, one distinct observation
of these serpentinites from the SWIR near 65°F is
that Groups 1 and 3 showed positive correlation
between Si0y and MgO. The observed positive cor-
relation between Si0, and MgQO, and the negative
correlation between SiO, and increasing loss on
ignition (LOI) in the serpentinites from the SWIR
near 65°E (figure 7), is similar to the corresponding
characteristics of peridotites from the Izu-Bonin-
Mariana forearc and serpentinite muds from the
Mariana forearc (Parkinson et al. 1992; Savov et al.
2005); in addition, the high LOI values of serpen-
tinite samples are consistent with the high degrees
of serpentinization (Boschi et al. 2008), suggesting
that the degree of serpentinization is likely to have
affected the major element concentrations in the
serpentinites.
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Figure 6. Chondrite-normalized REE patterns of serpentinites (chondrite REE data from McDonough and Sun 1995).
Seawater and hydrothermal fluid data are from Turekian (1968) and Klinkhammer et al. (1994), respectively.

4.2 Partial melting

The dominant source of peridotite appears to be
the upper mantle, based on mineralogical and
chemical characteristics (Engel and Fisher 1975;
Prinz et al. 1976), and on seismic and mag-
netic investigation of oceanic crust (Aumento and
Loubat 1971; Christensen 1972; Fox et al. 1976).
Abyssal peridotites, which are extensively
altered pieces of oceanic mantle that have been
sampled from each of the major ridge systems in
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the ocean basins (Hamlyn and Bonatti 1980; Dick
et al. 1984), may retain information on both the
original partial melting process and concurrent or
later interactions with partial melts from other
sources (Baker and Beckett 1999).

Bulk rock A1,03; contents of Groups 2 and
3 in serpentinites from the super slow-spreading
SWIR near 65°E all decreased with increasing
MgO (figure 4), while Fe,O3-MgO trends were
essentially horizontal. Bulk rock CaO content was
negatively correlated with MgO, while the bulk
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Figure 7. Bulk rock abundances of LOI ws. SiO2 in the serpentinites. Data on the typical residual lherzolites of orogenic
peridotites (cross symbol) are from Bodinier (1988) and Bodinier et al. (1988), respectively.
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rock Ni-MgO contents were positively correlated,
with both trends being linear (figure 5). All of
these relationships are qualitatively consistent with
those expected for high pressure partial melting of
peridotites (Baker and Stolper 1994; Walter 1998).

Bulk rock trace elements in serpentinites from
the super slow-spreading SWIR near 65°E were
normalized by corresponding PM values and are
plotted in figure 8. In the PM-normalised multi-
element plot, the present serpentinites display
enrichment of the large ion lithophile elements
(LILEs; e.g., Sr, K, Ba, U, Th) and depletion of
the HFSEs (e.g., Ti, Zr, Nb, Hf) and REE. In addi-
tion, most incompatible elements in all of the ser-
pentinites were depleted to a greater extent than
those of depleted mid-ocean ridge basalt mantle
compositions (DMM), indicating that the serpen-
tinites originated from the depleted mantle source
magma and have experienced partial melting.

Chondrite-normalized REE patterns of serpen-
tinites are plotted in figure 6. The relatively
depleted LREE pattern of serpentinites indicates
the occurrence of partial melting, and the nega-
tive Ce anomaly could result from the peridotite—
seawater interaction (Luo et al. 2004; Class and le
Roex 2008).

Bulk rock MgO values of abyssal peridotites still
retain some magmatic signals, such as the extent
of melting or melt depletion, and although abyssal
peridotites have undoubtedly experienced some
MgO loss and probably other changes, the origi-
nal melting systematics remain largely preserved
in serpentinites (Niu 2004). Figure 9 shows the
relationship between indicative trace elements and
major element composition. As the partial melting
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proceeds, Al,Oz, Yb, Ce and Zr decrease with
increasing MgO. The arrows in figure 9 explicitly
illustrate the directions of partial melting and the
variations of Yb, Ce and Zr in serpentinites. There-
fore, it is inferred that serpentinites in the samples
have experienced partial melting.

4.3 Seawater—rock interactions

Seawater alteration of abyssal peridotites is a com-
plicated process, involving both serpentinization
(~<250°-500°C) and weathering (~2°-3°C), and
can take place under a range of temperatures and
redox conditions during the different stages (Snow
and Dick 1995; Bach et al. 2004). The intensity
of serpentinization is mirrored by the LOI, as LOI
values clearly covary with the degree of serpen-
tinization (Harvey et al. 2006). The high LOI val-
ues (mostly 10-13 wt%) of these samples show that
they are all hydrated (Pereira et al. 2003) and have
consistently high to very high degrees of serpen-
tinization (Boschi et al. 2008). Bulk rock major
elements of the serpentinite samples have lower
MgO contents compared with those of the fresh
peridotites, and the Mg loss may be attributed
to the replacement of serpentine by talc (Bach
et al. 2004). It is possible that the apparent Mg
loss in analyzed serpentinite samples has resulted
from the seafloor weathering of serpentine (Niu
2004), reflecting the loss of Mg during seawater
alteration of abyssal peridotites on the seafloor
(Snow and Dick 1995). These samples also have
higher contents of CaO than those of the fresh peri-
dotites, resulting from Ca addition during seawater

4 DMM
O Serpentinites
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Rb Ba Th U Nb Ta La Ce Pb Pr Sr Nd Sm Zr Hf Eu Gd T Dy Li Ho ¥ Er Tm Yb Lu

Figure 8. PM-normalised trace element patterns of serpentinites. PM data are from McDonough and Sun (1995); DMM

data are from Workman and Hart (2005).
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alteration. In addition, the Rb, Ba, U, Pb, Sr
and Li positive anomalies, shown in figure 8, are
most likely attributed to seawater-rock interac-
tions. Seawater can interact directly with peri-
dotite exposed on the seafloor (Kelley et al. 2005a),
and the reaction of seawater with peridotite causes
serpentinization (Janecky and Seyfried 1986). Sea-
water infiltration facilitates serpentinization pro-
cesses, including the hydration of olivine and
orthopyroxene to variants of phyllosilicate serpen-
tine (Schroeder et al. 2002). Ba and U enrich-
ments in the serpentinite samples from the super
slow-spreading SWIR near 65°E are mostly likely
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related to low-temperature alteration (Augustin
et al. 2008). During the peridotite—fluid interac-
tion stage, Sr was probably incorporated into the
Ca-rich phases, such as carbonate, tremolite and
diopside (Scambelluri et al. 2001), while U and Pb
were probably bound in the carbonate and sulfides,
respectively (Kelley et al. 2005b). Li was generally
incorporated into chlorite and amphiboles (Bebout
et al. 2007).

Figure 10 illustrates the features of the Th/Nb
and La/Nb ratios revealed by comparison with
other representative origins. Some serpentinites
plot close to the continental crust field, suggesting
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Figure 9. Bulk rock major element and trace element correlation plots of serpentinites. (a) The variation of Yb with bulk
rock MgO content is consistent with the different degrees of melting and melt extraction. (b), (c), (d) Yb, Ce and Zr
(respectively) correlate negatively with AloOs3, consistent with the partial melting trend.
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Figure 10. Plot of Th/Nb ws. La/Nb for the serpentinites.
Continental crust and mid-ocean ridge basalt (MORB),
ocean island basalt (OIB), island arc tholeiite high-Al basalt
(IAB-1), island arc calc-alkali basalt (IAB-2) and PM data
are from Hofmann (1988), Donnelly et al. (2004), Sun
(1980), McDonough and Sun (1995), respectively.

that continental crust was involved in the oceanic
crust transition and contributed to the creation of
the new oceanic crust. Other serpentinites with rel-
atively high Th/Nb ratios plot between the MORB
and arc basalts, implying that seawater—rock reac-
tions could have caused high Th/Nb ratios, because
seawater-related fluid prefers fluid-mobile elements
such as Rb, Sr and Th, rather than more strongly
bound (less mobile) elements such as Nb. The high
Ce/Pb value (~14000) in the oceanic crust was in
contrast to the distinctly low Ce/Pb value (~4) in
the continental crust (Taylor and McLennan 1985).
The Ce/Pb ratios of some serpentinites were sig-
nificantly lower than that of the continental crust,
slightly higher than that (Ce/Pb = 0.01) of PM,
and similar to that (Ce/Pb = 0.04) of seawater
(Turekian 1968), also implying that some of the
serpentinites have undergone seawater alteration.

5. Conclusions

® The abyssal peridotites from the super slow-
spreading SWIR near 65°E have been altered by
seawater, and transformed into the serpentinites
with lizardite, chlorite, carbonate, magnetite,
talc and relict olivine and pyroxene.

® The serpentinites still contain information about
their magma source and about seawater alter-
ation in both their primary and secondary min-
erals. The serpentinites exhibit evidence of talc
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reduction or decompression during seawater—
rock interaction.

The trace element composition of the serpentinites
reveals depletion in most incompatible elements,
similarly to that of DMM indicating that the SWIR
peridotites originated from the depleted mantle
source magma and experienced partial melting.
Rb, Ba, U, Pb, Sr and Li anomalies, and the Ce/Pb
ratio of the serpentinites, show that these serpen-
tinites have undergone strong seawater alteration.
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