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Abstract

A detailed petrologic and mineralogic study was carried out on serpentinized peridotites dredged from the southern landward slopes of
the Mariana Trench, in order to reveal the serpentinization process of these unusual rocks and to identify the sole presence of the mineral
lizardite. The constituent minerals of these southern Mariana forearc peridotites are olivine, amphibole and spinel, as well as serpentine,
chlorite and talc. Compared with serpentinite seamounts, the serpentinized peridotites from the southern Mariana forearc are characterized
by the absence of magnetite and brucite, and the common presence of talc; besides, the serpentine mineral variety is simplex, only lizardite.
Combining mineral chemistry and mineral phase relationships, we conclude that (1) the absence of magnetite in the serpentinized peridotites
is due to incomplete serpentinization, other than magnetite, the iron end-member in olivine forms Fe-rich brucite and Fe-rich serpentine; (2)
brucite is not stable with high silica activity, reacting with later SiO2-rich fluid and then forming lizardite, leading to a lack of brucite in these
serpentinized peridotites; (3) the occurrence of talc is the result of later SiO2-rich fluid reactions with lizardite; and (4) the reason for the sole
occurrence of lizardite is that the temperature condition of our study area was not high enough for the formation of antigorite (which is stable
at >500 �C). Despite the broad overlap of lizardite and chrysotile in growth temperature, differences in the modes of occurrence of lizardite
and chrysotile, such as the scarcity of H2O, low porosity and permeability, as well as the actual situation of initial serpentinization in the
study area, result in the absolute prevalence of lizardite over chrysotile in the area.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Serpentinization is an important and ubiquitous process
in subducted zones [1,2]. Besides causing changes of rheol-
ogy and density of mantle rocks [3], serpentinization also
influences other characteristic petrophysical properties such
as magnetic susceptibility and seismic velocities [1,4]. Ser-
pentinization also is believed to play an important role in
geochemical budgets of the oceans [5,6] and may have
important consequences for microbial processes [7,8]. Ser-
pentinization is an important post-magmatic process, which
is prevalent in the southern Mariana forearc peridotites.

Thus, a comprehensive and systemic understanding of the
geologic processes that affect peridotites is needed to reveal
the serpentinization process within the forearc mantle
wedge. In addition, this information may help to elucidate
the origin of the Mariana forearc serpentinite seamounts.

Serpentinized peridotites were dredged, drilled and sam-
pled by submersibles at many locations in the Izu–Bonin–
Mariana (IBM) arc system. The obtained samples were
analyzed for serpentinite seamount petrography [9], trace
elements [10], pore water [11] and serpentinization [12].
Peridotites from landward slopes of the trench are limited.
Such analyses have only focused on petrography, mineral-
ogy [13–15] and microstructures [16]. The peridotites from
the landward slopes of the Mariana Trench have experi-
enced some serpentinization. The character of this serpent-
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inization is obviously different from Mariana forearc ser-
pentinite seamounts [12], in that they contain no magnetite
and brucite, and lizardite is the only serpentine mineral
within them. Until recently, however, research on the ele-
mentary character of serpentinization of peridotites from
the landward slopes of the Mariana Trench was lacking.
Furthermore, there was no clear understanding of either
the serpentinization process or the reason for the formation
of the particular mineral assemblage.

The present paper aims to reveal the elementary charac-
ter of serpentinization of peridotites from landward slopes
of the Mariana Trench, to illuminate the serpentinization
process within the study area, and to elucidate the forma-
tion mechanism for the particular mineral assemblage in
the serpentinized peridotites from the landward slopes of
the Mariana Trench. Hence, this approach provides a com-
prehensive and systemic investigation of the serpentiniza-
tion process of the southern Mariana forearc peridotites.

2. Geological outline and sample locations

The Izu–Bonin–Mariana (IBM) arc system can be
divided into two segments based on its morphology
(Fig. 1): the Izu–Bonin segment (north of 24�N) with linear
shape and the Mariana segment (south of 24�N) with lunu-
lar shape [15]. The Mariana Trench marks the location
where the Pacific Plate subducts beneath the eastern edge
of the Philippine Sea Plate [16]. The subduction is thought
to have begun about 43 Myr [17]. The Challenger Deep,

part of the southern Mariana Trench southwest of Guam,
is the deepest oceanic trench in the world and is up to 2 km
deeper than the average depth along the axis of the Mari-
ana Trench [18–20]. The Kyushu-Palau Ridge and West
Mariana Ridge are remnant arcs separated by the Parece
Vela Basin. The active arc is separated from the West Mari-
ana Ridge by an active back-arc basin, the Mariana
Trough [13]. There is a well-developed forearc along the
trench north of 13�N. The Mariana forearc comprises a
region between the trench axis and the active volcanic arc
(�200 km wide and 1500 km long). The Mariana Trench
lacks an accreted sedimentary prism [21,22] and consists
mainly of mafic and ultramafic igneous rocks that are typ-
ical of island arc ophiolites [23]. The central Mariana fore-
arc (15�–20�N) has a chain of prominent bathymetric highs
(seamounts) along the trench slope that are roughly conical
and often slightly elongated subparallel to the trench
[24,25].

Peridotite samples studied in the present paper were col-
lected from a dredge haul (KH03-3-D8) from the research
vessel (R/V) Hakuho of the University of Tokyo on the
cruise KH03-3 in 2003 on the landward trench slope, near
11.8�N of the Mariana Trench (Fig. 1). The sampling depth
was 4200–3500 m. In addition to the peridotites, basalts
and pyroxenites also were dredged from station KH03-3-
D8.

3. Petrography

The peridotite samples have experienced some serpenti-
nization. In addition, the peridotites show marine weather-
ing appearance. The main constituent minerals of these
peridotites are olivine, amphibole and spinel, as well as ser-
pentine, chlorite and talc. Olivine grains are generally par-
tially replaced by serpentine minerals, leading to mesh
texture with cores of relict olivine and rims of serpentine
(Fig. 2a). The relict olivine cores were further replaced by
serpentine minerals in some of the highly serpentinized
samples. Spinel (herein spinel-group minerals) are com-
monly dark and opaque in these Mariana forearc perido-
tites. They usually have cracked textures, and some spinel
grains are dispersed into small fine-grained assemblages
(Fig. 2b). Chlorite often is found near spinel (Fig. 2c). In
addition, fine spinel grains also occur in some veins
(Fig. 2d). Amphibole can be divided into two types accord-
ing to their crystalline morphology. One type is columnar-
shaped, and serpentinization of amphibole often proceeds
along the cleavage and fissure of the grain (Fig. 2e). The
other type is needle-shaped, generally cuts through the oliv-
ine grain with mesh texture (Fig. 2f), which indicates that
this amphibole is secondary (forms post-serpentinization).
Serpentine has several kinds of occurrences such as occur-
ring: (1) as rims of olivine in the mesh texture; (2) in the
core of the mesh texture in some highly serpentinized sam-
ples (such as D8-5); (3) in the cleavage and fissure of
amphibole grains; or (4) as serpentine veins. Chlorite
often occurs around spinels (Fig. 2c), replacing serpentine

Fig. 1. Geologic sketch map of the Izu–Bonin–Mariana arc system,
showing the distribution of major seafloor features. Revised from Stern
et al. [17]. The red star refers to the sampling location.

1288 X. Wang et al. / Progress in Natural Science 19 (2009) 1287–1295



and also is found as veins. Talc generally replaces serpen-
tine, occurring in a mesh texture, and may be present as
veins.

4. Mineral chemistry

Mineral chemical analyses were carried out using a
JXA-8100 electron microprobe housed at the Institute of
Geology and Geophysics, Chinese Academy of Sciences,
operating at an accelerating voltage of 15 kV, beam current
of 20 nA and using a 1-lm beam. Representative analyses
results are reported in Tables 1–3.

4.1. Olivine

Olivine showed mesh textures after alteration, and ser-
pentine fills within the mesh vein. Representative analyses
are reported in Table 1. Olivine in the southern Mariana
forearc peridotites was forsterite with relatively uniform
Mg#, between 0.91 and 0.92. MnO contents were less than
0.16 wt.%. MnO and FeO contents were generally posi-

tively correlated. NiO contents were 0.31–0.44 wt.%. All
olivine analyzed were lacking in Ca, Cr and Al.

4.2. Amphibole

Three different kinds of amphibole were classified based
on chemical composition (Table 1) and using nomenclature
from Leake et al. [26]. Two kinds belong to Ca-rich amphi-
bole, which has relatively high CaO content, and are
defined as monoclinic amphiboles in which (Ca + Na)B >
1.00 and NaB = 0.50–1.50. The value for CaB usually was
>1.50. According to the value of (Na + K)A, Si in formula
and Mg#, these minerals can further be divided into trem-
olite and magnesiohornblende. The third kind of amphi-
bole was cummingtonite, in which (Ca + Na)B < 1.00,
Mg# > 0.5, and the mineral belongs to the monoclinic
crystalline form, which shows inclined extinction under
polarized light microscopy. The two former amphiboles
are usually serpentinized, since serpentinization always
proceeds along the cleavage and fissure of the amphibole
grains. The third kind of amphibole formed post-serpenti-

Fig. 2. Photomicrographs showing the main textures and minerals of serpentinized peridotites from the southern Mariana forearc. (a) Mesh texture with
cores of relict olivine (ol) and rims of serpentine (ser); (b) dark spinel (sp) dispersed into small fine grains; (c) euhedral cubic spinel (sp) with chlorite (chl)
nearby; (d) fine spinel (sp) grain assemblages occur in veins; (e) partially serpentinized amphibole (amp); and (f) needle-shaped amphibole (amp), cutting
through the olivine (ol) grain with mesh texture. Scale bars = 0.2 mm.
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nization, and generally cuts through the olivine grain with
mesh texture. There were obvious chemical composition
differences between the two former amphiboles and the
third amphibole. Tremolite and magnesiohornblende had
relatively high CaO contents, up to 11–13.5 wt.%, while
cummingtonite had relatively high FeO, MnO and MgO
contents, which were 6.6–7.3 wt.%, 0.2–0.25 wt.% and
29–30 wt.%, respectively. In addition, Mg# in cummington-
ite (0.88–0.89) was obviously lower than that of tremolite
and magnesiohornblende (0.95–0.96).

4.3. Spinel

Table 1 lists the representative analysis results of the
cores and rims of spinels. Compared with the spinel cores,
the spinel rims were enriched in Fe but were deficient in Al,
Mg and Cr.

4.4. Chlorite

Based on its character under polarized light, chlorite
could be divided into three types: I occurred around spi-
nels; II replaced serpentine and occurred in the vein of
the mesh texture and III occurred as chlorite veins.
The chemical compositions of these three different chlo-

rite occurrences were uniform, Mg# ranged between
0.92 and 0.95, and the FeO content was within 2.97–
4.8 wt.%. The MgO content ranged between 31.1 and
32.39 wt.%. The range of Al2O3 content was 13.35–
15.43 wt.%. The contents of Cr2O3 and NiO were 1.5–
2.46 wt.% and 0.11–0.27 wt.%, respectively. The contents
of TiO2, MnO, CaO, Na2O and K2O were less than 0.07
wt.% (Table 2).

4.5. Serpentine

Based on X-ray powder diffraction (XRD) analyses,
lizardite was the only serpentine mineral present in
our serpentinized peridotites, which had the following
occurrences: I in the mesh texture, replacing olivine; II
replacing amphibole in the cleavage and fissures of the
grains and III as serpentine veins. Mg# ranged between
0.85 and 0.94. The CaO (0.17–0.36 wt.%), Na2O (0.29–
0.41 wt.%) and Cr2O3 (0.11–0.15 wt.%) contents of ser-
pentine type II were higher than those in the other type
of serpentine. Such elements were probably supplied
from breakdown of amphibole. The chemical composi-
tions of type I and III serpentines were uniform,
although the latter was more enriched in Si than the
former (Table 3).

Table 1
Representative electron microprobe chemical analyses of olivine, amphibole and spinel.

Olivine Amphibole Spinel

Tremolite Magnesiohornblende Cummingtonite Core Rim

SiO2 41.48 41.19 56.54 55.84 52.80 53.28 59.06 59.10 0.00 0.00
TiO2 0.00 0.01 0.03 0.05 0.01 0.00 0.00 0.01 0.10 0.30
Al2O3 0.00 0.00 1.31 1.76 5.44 4.16 0.15 0.11 11.11 6.63
FeO 8.45 8.01 1.86 2.05 2.19 2.26 6.68 7.22 34.52 42.47
MnO 0.11 0.09 0.05 0.02 0.00 0.05 0.24 0.22 0.48 0.51
MgO 50.04 49.69 22.88 22.82 21.88 23.21 29.71 29.22 6.93 5.38
CaO 0.00 0.01 12.97 12.40 13.43 11.16 0.64 0.66 0.00 0.00
Na2O 0.02 0.00 0.51 0.57 0.75 1.47 0.13 0.12 0.01 0.05
K2O 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00
Cr2O3 0.00 0.00 0.18 0.32 0.87 0.35 0.00 0.03 45.15 41.70
NiO 0.30 0.44 0.04 0.08 0.00 0.03 0.06 0.13 0.12 0.24
Total 100.39 99.43 96.37 95.96 97.35 95.97 96.68 96.82 98.41 97.28

Oxygen atoms O = 4 O = 4 O = 23 O = 23 O = 23 O = 23 O = 23 O = 23 O = 4 O = 4
Si 1.01 1.01 7.84 7.79 7.33 7.46 8.02 8.04 0.00 0.00
Ti 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Al 0.00 0.00 0.21 0.29 0.89 0.69 0.02 0.02 0.44 0.28
Fe2+ 0.17 0.16 0.22 0.24 0.25 0.26 0.76 0.82 0.63 0.70
Fe3+ – – – – – – – – 0.34 0.55
Mn 0.00 0.00 0.01 0.00 0.00 0.01 0.03 0.03 0.01 0.02
Mg 1.81 1.81 4.73 4.74 4.53 4.84 6.02 5.92 0.35 0.28
Ca 0.00 0.00 1.93 1.85 2.00 1.67 0.09 0.10 0.00 0.00
Na 0.00 0.00 0.14 0.15 0.20 0.40 0.03 0.03 0.00 0.00
K 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.02 0.04 0.10 0.04 0.00 0.00 1.21 1.16
Ni 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01
Total cation 2.99 2.99 15.11 15.13 15.29 15.38 14.98 14.97 3.00 3.00

Mg# 0.91 0.92 0.96 0.95 0.95 0.95 0.89 0.88 0.36 0.29
Cr# – – – – – – – – 0.73 0.81

Mg# = Mg/(Mg + Fe2+) and Cr# = Cr/(Cr + Fe3+).
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Table 2
Representative electron microprobe chemical analyses of chlorite.

I II III

SiO2 31.50 31.81 32.11 31.99 31.67 32.40
TiO2 0.02 0.02 0.04 0.03 0.02 0.00
Al2O3 15.43 14.27 13.35 14.27 15.16 14.00
FeO 3.32 2.97 4.80 4.34 4.14 3.43
MnO 0.00 0.06 0.02 0.03 0.01 0.02
MgO 31.50 32.10 31.41 32.39 32.22 32.12
CaO 0.00 0.01 0.04 0.02 0.04 0.02
Na2O 0.03 0.05 0.03 0.07 0.01 0.03
K2O 0.00 0.00 0.00 0.01 0.01 0.01
Cr2O3 1.87 2.40 2.46 1.50 2.23 2.13
NiO 0.27 0.15 0.11 0.21 0.12 0.19
Total 83.94 83.82 84.36 84.87 85.62 84.36

Oxygen atoms O = 14 O = 14 O = 14 O = 14 O = 14 O = 14
Si 3.09 3.13 3.17 3.13 3.07 3.17
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.79 1.65 1.55 1.64 1.73 1.61
Fe 0.27 0.24 0.40 0.36 0.34 0.28
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 4.61 4.71 4.62 4.72 4.65 4.69
Ca 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.01 0.01 0.01 0.01 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.15 0.19 0.19 0.12 0.17 0.17
Ni 0.02 0.01 0.01 0.02 0.01 0.01
Total cation 9.94 9.95 9.96 10.00 9.98 9.94

Mg# 0.94 0.95 0.92 0.93 0.93 0.94

Mg# = Mg/(Mg + Fe2+) and Cr# = Cr/(Cr + Fe3+).

Table 3
Representative electron microprobe chemical analyses of serpentine.

I II III

SiO2 41.74 40.15 41.68 41.48 43.05 40.45 42.16 42.70
TiO2 0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.00
Al2O3 0.02 0.01 0.09 0.25 0.15 0.10 0.06 0.03
FeO 3.91 5.74 6.01 10.02 9.34 9.22 5.73 6.48
MnO 0.08 0.06 0.09 0.12 0.14 0.14 0.08 0.10
MgO 37.23 35.95 36.18 32.31 32.98 31.28 36.03 33.93
CaO 0.13 0.04 0.04 0.17 0.17 0.36 0.07 0.10
Na2O 0.10 0.12 0.10 0.15 0.29 0.41 0.08 0.03
K2O 0.08 0.02 0.05 0.03 0.04 0.32 0.00 0.01
Cr2O3 0.01 0.06 0.06 0.03 0.11 0.15 0.09 0.03
NiO 0.30 0.23 0.18 0.39 0.20 0.45 0.14 0.18
Total 83.60 82.39 84.47 84.94 86.47 82.89 84.45 83.58

Oxygen atoms O = 14 O = 14 O = 14 O = 14 O = 14 O = 14 O = 14 O = 14
Si 4.09 4.04 4.08 4.13 4.18 4.13 4.12 4.21
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.01 0.03 0.02 0.01 0.01 0.00
Fe 0.32 0.48 0.49 0.83 0.76 0.79 0.47 0.53
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 5.44 5.39 5.28 4.79 4.77 4.76 5.24 4.99
Ca 0.01 0.00 0.00 0.02 0.02 0.04 0.01 0.01
Na 0.02 0.02 0.02 0.03 0.05 0.08 0.02 0.00
K 0.01 0.00 0.01 0.00 0.00 0.04 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00
Ni 0.02 0.02 0.01 0.03 0.02 0.04 0.01 0.01
Total cation 9.92 9.97 9.92 9.87 9.84 9.92 9.88 9.79

Mg# 0.94 0.92 0.91 0.85 0.86 0.86 0.92 0.90

Mg# = Mg/(Mg + Fe2+) and Cr# = Cr/(Cr + Fe3+).
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5. Discussion

5.1. Serpentinization process of southern Mariana forearc

peridotite

The southern Mariana forearc peridotites have experi-
enced some serpentinization, and the main constituent
minerals of the peridotites are olivine, amphibole and spi-
nel, as well as serpentine, chlorite and talc. Magnetite
and brucite, the common resultant minerals of serpentini-
zation, are absent. Combining mineral chemistry with the
observed relationship between mineral phases, the serpent-
inization process can be divided into the following stages
(Fig. 3).

5.1.1. Stage I – alteration of olivine and amphibole
5.1.1.1. Olivine. Magnetite was ubiquitous in serpentinites
and is the product of the serpentinization reaction of the
iron end-member of olivine [27–29]. The commonly used
reaction to describe the formation of magnetite is of
Eq. (1a):

6ðMg;FeÞ2SiO4
Olivine

þ7H2O!

3ðMg;FeÞ3Si2O5ðOHÞ4
Serpentine

þ Fe3O4
Magnetite

þH2 ð1aÞ

However, magnetite was absent in our peridotite samples.
Toft et al. [30] suggested that Fe-bearing olivine produces
Fe-rich brucite and Fe-rich serpentine at the initial serpent-
inization stage, and magnetite only occurs during the later
serpentinization process. Bach et al. [31] studied serpenti-
nized peridotites from the Atlantic and also suggested that
magnetite is rare where serpentinization is incomplete. In
the southern Mariana forearc peridotites, usually relic oli-
vines are there in the core of mesh textures, indicating that
serpentinization is incomplete. In addition, the serpentine
that is produced by serpentinization of olivines usually
has relatively high Fe content (Table 3). Thus, we infer that
the absence of magnetite in the southern Mariana forearc
peridotites is the result of incomplete serpentinization,
where peridotites are still at the initial stage of serpentini-
zation. Based on the chemical composition of olivine and
serpentine (Tables 1 and 3), the reaction of olivine altered
to serpentine can be described using Eq. (1b):

6Mg1:8Fe0:2SiO4 þ 9H2O
Olivine

!

3Mg2:8Fe0:2Si2O5ðOHÞ4
Serpentine

þ 3Mg0:8Fe0:2ðOHÞ2
Brucite

ð1bÞ

5.1.1.2. Amphibole. There is little research in the literature
about amphibole serpentinization. Based on the chemical
composition of amphibole, and its serpentinization resul-
tant serpentine (Tables 1 and 3), we infer its reaction as
Eq. (2), in which Fe2+ probably originates from olivine in
proximity to amphibole. The alteration of amphibole
releases Ca and SiO2.

Ca2Mg4:8Fe0:2Si8O22ðOHÞ2
Amphibole

þ16=13H2Oþ 38=13Hþ

þ 7=130Fe2þ ! 24=13Mg2:6Fe0:4Si2O5ðOHÞ4
Serpentine

þ2Ca2þ

þ 56=13SiO2ðaqÞ ð2Þ

5.1.2. Stage II – the further reaction of serpentine

In our samples, the formation of chlorite had a close
association with serpentine. The further reaction of serpen-
tine to form chlorite can be described by Eq. (3). Brucite
that forms during serpentinization of olivine (see Eq.
(1b)) further reacts with SiO2-rich fluid and then forms
lizardite. This process can explain why brucite was lacking
in the serpentinized peridotites. This process can be
expressed using Eq. (4). The later SiO2-rich fluid reacts
with serpentine, forming talc, following Eq. (5).

ð1:5–2:5ÞAl3þ þ 1:5ðMg;FeÞ3Si2O5ðOHÞ4
Serpentine

þ4:5H2O

! ðMg;Fe;AlÞ5–6ðSi;AlÞ4O10ðOHÞ8
Chlorite

þ2:5Hþ ð3Þ

3ðMg;FeÞðOHÞ2 þ 2SiO2ðaqÞ
Brucite

! ðMg;FeÞ3Si2O5ðOHÞ4
Serpentine

þH2O ð4Þ

ðMg;FeÞ3Si2O5ðOHÞ4
Serpentine

þ2SiO2ðaqÞ

! ðMg;FeÞ3Si4O10ðOHÞ2
Talc

þH2O ð5Þ

Fig. 3. Schematic of alteration process of the southern forearc Mariana peridotite.
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5.1.3. Stage III – the formation of cummingtonite

We observed that cummingtonite grains cut through the
olivine grains with mesh textures (Fig. 2f), indicating cum-
mingtonite forms at the post-serpentinization stage. The
formation of cummingtonite may indicate that the fluid is
partially enriched in Fe and Mg.

5.1.4. Stage IV – the occurrence of later veins

There are four kinds of veins in the southern Mariana
forearc serpentinized peridotites. They are chlorite, talc,
serpentine and carbonate veins. The occurrence of the three
former veins indicates that fluid is enriched in Mg, Fe and
Si, and sometimes some fine chromite grains occur in these
veins. The formation of carbonate veins is probably the
result of later seawater infiltration.

5.2. Why lizardite is the only serpentine mineral present

X-ray powder diffraction (XRD) analyses showed that
lizardite was the only serpentine mineral present in our
samples (Fig. 4), without chrysotile and antigorite. Based
on the experimental study of the MgO–SiO2–H2O system,
it is generally thought that antigorite is stable at high tem-
peratures (up to 500 �C) [32,33], while lizardite and chrys-
otile often form under relatively low temperature
conditions (lower than 420 �C) [34]. Much work has been
conducted to identify if and how temperature influences
the formation of lizardite and chrysotile [34–40]. However,
a conclusive answer has yet to be found.

The absence of antigorite in the southern Mariana ser-
pentinized peridotite is the result of the low temperature
(<500 �C) of serpentinization. While the growth tempera-
ture of lizardite and chrysotile broadly overlaps, it is diffi-
cult to explain why chrysotile is absent, while lizardite is
present, based on temperature difference. Thus, we infer
that temperature is not the reason for this disparity, but
differences in modes of occurrence are responsible. The
main reasons are as follows:

(1) The serpentinization of the southern Mariana perido-
tites is at the initial stage, as indicated by the relic
olivine and the mesh textures [34]. Such initial ser-
pentinization is advantageous for the formation of
lizardite. Chrysotile is believed to represent growth
following the initial hydration [41], and chrysotile
occurs preferentially in serpentinites that have under-
gone some degree of recrystallization, in which the
serpentine minerals have begun to form interlocking
textures [34].

(2) One important characteristic in southern Mariana
forearc peridotite is the coexistence of relict olivine
and lizardite, which defines low values of water activ-
ity along crystal contacts [40,41]. Peridotite hydration
commonly takes place sluggishly in a very dry or
largely solid-state environment, and such a condition
favors lizardite over chrysotile formation [34].

(3) According to O’Hanley [42,43], the direct replace-
ment of olivine in nature is to lizardite rather than
to chrysotile. In her study of ophiolites from the
ocean floor, Prichard [44] concluded that lizardite
formed from olivine, and that chrysotile only grew
after olivine was eliminated. Similar conclusions were
reported by Laurent and Hébert [45] and Cogulu and
Laurent [46] for the serpentinites of southeastern
Quebec. In our samples, the relic olivine is ubiqui-
tous, therefore, chrysotile cannot form.

(4) The hydration reaction may be accompanied by vol-
ume expansion, on the order of 40–50% [47–50]. This
will tend to seal up pathways of infiltration and diffu-
sion at or close to the reaction site itself, resulting in
an extremely low porosity and permeability rock-
dominant environment [34]. Such a dry environment
favors the formation of lizardite over chrysotile [34].

For the above reasons, we infer that the prevalence of
lizardite over chrysotile in the southern Mariana forearc
peridotite is not related to temperature, but is due to the
difference of occurrence of lizardite and chrysotile. When
the advantages for lizardite formation are not present, such
as in fluid-filled pores and cracks, the predominant form of
the serpentine mineral at low temperatures will become
chrysotile.

6. Conclusions

The peridotites from the southern Mariana forearc have
experienced some extent of serpentinization. The main
minerals of these serpentinized peridotites are olivine,
amphibole and spinel, as well as serpentine, chlorite and
talc. Combining mineral chemistry with the observed min-
eral phase relationships, the alteration process of the south-
ern Mariana forearc peridotites can be divided into four
stages. It is worth noting that we have observed the ser-
pentinization of amphibole, which is characteristic of the
Mariana peridotites. This is the first report of this process
in this area. The absence of magnetite is the result of the

Fig. 4. X-ray powder diffraction patterns of serpentinized peridotite from
the southern Mariana forearc. The spectrum was obtained using an X-ray
diffractometer D/max 2400 at room temperature, using a rotating Cu
target with a voltage of 40 kV and a current of 40 mA. The scan range (2h)
was 2–65� with a step size of 0.02�. chl = chlorite; amp = amphibole;
lid = lizardite; and ol = olivine.
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incomplete serpentinization of Mariana forearc peridotites.
Under such conditions, the serpentinization of the iron
end-member of olivine forms Fe-rich brucite and Fe-rich
serpentine, instead of magnetite. Brucite that forms during
early serpentinization of olivine further reacts with later
SiO2-rich fluids and forms lizardite, leading to the lack of
brucite in these serpentinized peridotites. The occurrence
of talc is the result of later SiO2-rich fluids reacting with
lizardite. Lizardite is the only serpentine mineral present
in the southern Mariana forearc peridotites. For the tem-
perature condition of our study area is not enough for
the formation of antigorite as it is stable at >500 �C; in
addition, the differences in the modes of occurrence of
lizardite and chrysotile, leads to the absolute prevalence
of lizardite over chrysotile.
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