
INTRODUCTION

Intra-oceanic Supra-Subduction Zones (SSZ) are charac-
terised by an extreme complexity in terms of geological and
tectonic environments. They can comprise trenches, vol-
canic arcs, spreading centres, fracture zones, mud
seamounts in the forearc, backarc and forearc basins, whose
spatial relationships may rapidly change with time. Consis-
tently, mantle peridotites recovered from this realm com-
monly record a multistage evolution that can furnish valu-
able information for unravelling the petrologic and geody-
namic processes underwent by different SSZ regions (e.g.
Pearce et al., 2000, and references therein).

The mantle peridotites recovered from forearc regions
are of particular interest to place constraints on the origin
and the early evolution of SSZ. Since Bonatti and Michael
(1989), it has been assessed that forearc peridotites are more
refractory than abyssal peridotites far from trenches. This
distinctive character was firstly interpreted as the evidence
of additional partial melting episodes in mantle wedge sys-
tems due to introduction of water released by subducting
slabs and possibly related to arc tholeiites and/or boninites
generation. The relevance of this process was fundamentally
recognised also by successive works focalised on the forearc
peridotites from the Izu-Bonin-Mariana (Ishii et al., 1992;

Parkinson et al., 1992; Parkinson and Pearce, 1998) and
South Sandwich areas (Pearce et al., 2000).

However, the importance of the percolation of exotic
melt/fluid after partial melting episodes in modifying the
mineralogical, petrographic and geochemical features of
these peridotites was progressively highlighted.

Pearce et al. (2000) concluded that a range of types of
mantle can occur in forearc settings: MORB lithosphere in-
teracting with arc magma (Mariana forearc), transitional
lithosphere interacting with arc magma (South Sandwich
forearc), slightly depleted mantle interacting with back-arc
basin magma (South Sandwich Trench-Fracture Zone inter-
section), and arc lithosphere interacting with arc magma
(Izu-Bonin forearc).

More recent hypotheses on the genesis of the SSZ mag-
matism (and, in particular, of boninites) and of the geologi-
cal conditions allowing for the onset of intra-oceanic sub-
duction invoke a positive thermal anomaly of the mantle re-
lated to plume upwelling and/or asthenosphere flow
(Macpherson and Hall, 2001; Flower et al., 2001; Niu et al.,
2003).

A new opportunity to document the petrologic features of
forearc peridotites has been provided by drilling at Site
1200 during Ocean Drilling Program (ODP) Leg 195 (Ship-
board Scientific Party, 2002). In this Site, the top of the
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ABSTRACT

Serpentinised spinel harzburgites to orthopyroxene-rich spinel dunites recovered during the Ocean Drilling Program (ODP) Leg 195 on top of the South
Chamorro Seamount (southern sector of the Mariana forearc, West Pacific Ocean), along with additional spinel harzburgites from Conical and Torishima
Seamounts (northern Mariana and Izu-Bonin forearc, respectively), previously collected during the ODP Leg 125, have been investigated to shed light on the
nature and evolution of forearc mantle in the intra-oceanic supra-subduction environment.

All the samples show a marked heterogeneity in terms of petrographic, mineralogical and geochemical features that suggests a complex, multistage evolu-
tion involving, at variable extent, partial melting, reactive porous flow melt migration and subsolidus metamorphic re-equilibration under decreasing T and
open system conditions. Geochemical evidence of the interaction between peridotites and various melts/fluids is the ubiquitous enrichment in highly incom-
patible elements, such as Large Ion Lithophile Elements (LILE).

As for the high-T evolution of these peridotites, a three-stages-model is proposed, involving: 1) a former depletion event, during which the IBM forearc
peridotites experienced 20-25% polybaric fractional melting during adiabatic upwelling; 2) a second depletion event characterised by a marked impoverish-
ment in modal orthopyroxene, related to the upraise migration of ultra-depleted melts; 3) a late interaction between a relatively small volume of residual melts
and the refractory mantle sequence. Oxidation state of the mantle minerals meanly decreases from north (Torishima Seamount) to south (South Chamorro),
according to significant different contributions coming from the subducted Pacific Plate. In particular, the absence of a marked oxidation in South Chamorro
peridotites suggests that the percolating melts during Stage 2 had not significant slab-derived component.

This observation lead us to conclude that a thermal anomaly in the western Pacific mantle rather than the injection of hydrous components must be the
“engine” determining the extreme depletion of the oceanic forearc peridotites and the arc formation. In this frame, it is proposed that IBM peridotites during
Stage 1 underwent decompression partial melting and contributed to arc volcanism as actual mantle source. Successively, they were emplaced at relatively
shallow levels (Stage 2), constituting the top of a strongly refractory mantle column and being percolated by melts produced by plumbing sources of the arc
volcanism.
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South Chamorro Seamount, located in the Mariana forearc,
was cored, and several fragments of serpentinised mantle
peridotites were recovered. Although the degree of serpen-
tinisation of these samples is rather large, the occurrence of
relics of the primary and secondary mineral assemblages al-
lowed us to document a series of re-crystallisation events at
high-T, mantle condition. In this paper, the major and trace
element composition of bulk rock, as well as the major ele-
ment mineral chemistry, of a suite of South Chamorro ser-
pentinites will be shown, along with that of a number of
peridotite samples previously recovered during the ODP
Leg 125 at Conical Seamount (Site 779A; Mariana forearc)
and Torishima Seamount (Site 784A; Izu-Bonin forearc), re-
spectively (Fryer and Pearce, 1992). The data will be ad-
dressed in order to assess: 1) the extent of partial melting
process; 2) the occurrence of melt-peridotite reaction and, if
it is the case, the geochemical characteristics of the migrat-
ing melt(s); 3) the possible geodynamic scenarios in which
these processes occurred.

TECTONIC SETTING AND GEOLOGY 
OF THE WEST PACIFIC OCEAN

Volcanism at the Izu-Bonin-Mariana (IBM) arc started in
Oligocene, about 26 My ago, in response to subduction and
hinge roll-back of the Pacific Plate along the eastern Philip-
pine Sea Plate margin, contemporaneously to east-west
backarc spreading that led to the progressive opening of the
Parece-Vela and Shikoku basins to the east (Hall, 2002; De-
schamps et al., 2002), which lasted until present. This tec-
tonic setting was preceded by an early stage of rifting relat-
ed to NW-SE spreading along the Central Basin Spreading
Centre, which caused the opening of the West Philippine
Basin, since approximately 58 until 45-42 My ago (Hilde
and Lee, 1984; Hall et al., 1995; Fujioka et al, 1999; De-
schamps and Lallemand, 2002). In the same period, subduc-
tion occurred several hundreds of kilometres west of the
present-day position of the IBM arc, along a proto-IBM vol-
canic arc represented by the now submerged, Palau-
Khyushu Ridge (Fig. 1).

The IBM convergent plate margin system is non-accre-
tionary. The forearc between the trench and the arc is charac-
terised by a chain made up of numerous, large mud volca-
noes, 30 km in diameter and 2 km in height, meanly (e.g.,
Fryer, 1992a; 1992b; 1996; Fig. 2a). The mud volcanoes are
composed mainly of unconsolidated flows of serpentine
mud, which encloses clasts consisting by serpentinised man-

tle peridotite (Fryer, 1992b) and subordinately blueschist
materials (Maekawa et al., 1995; Fryer et al., 1999; Ship-
board Scientific Party, 2002). Faulting of the forearc down to
depths of tens of km produces fault detritus that mixes with
slab-derived fluids, generating a thick, gravitationally unsta-
ble mixture of mud and rock that rises in conduits along the
fault plane to the seafloor (Fryer, 1992a; 1992b; 1996).
These mud volcanoes are considered a unique geological
probe of both the forearc lithosphere and the décollement re-
gion between the subducting Pacific Ocean Plate and the
overlying wedge of the forearc West Philippine Sea Plate.
This probe, through episodic protrusion events, provides op-
portunity to investigate processes and conditions at depths
down to 35 km beneath the forearc (Fryer, 1992a; 1992b;
1996). Some of these seamounts (e.g. the South Chamorro
Seamount and the Conical Seamount) are currently venting
fluids through aragonite chimneys located on their summit.
The geochemical features of these fluids suggest that they
carry a component derived by dehydration processes occur-
ring in the subducting Pacific Plate and liberating at the dé-
collement zone (Mottl, 1992; Mottl et al., 2003).

LOCATION OF THE INVESTIGATED SERPENTINE
MUD VOLCANOES

The South Chamorro, Conical and Torishima Seamounts
are located at a distance of about 100 km to the west of the
trenches (Figs. 1 and 2).

This is the first documentation of the mantle lithosphere
composition in the South Chamorro area. The South
Chamorro Seamount is located at 13°47´ N, 146°00´ E,
about 125 km east of Guam Island (Fig. 2), and was drilled
by ODP during Leg 195 (Shipboard Scientific Party, 2002).
It lies 85 km west of the trench, where the downgoing slab
is ca. 26.5 km deep. This seamount is a partly collapsed,
roughly conical, edifice ca. 2 km high and 20 km wide with
active serpentine/blueschist mud volcanism (Shipboard Sci-
entific Party, 2002).

Both Conical and Torishima Seamounts were drilled by
ODP during the Leg 125 (Fryer, 1992b). The Conical
Seamount is located at 19°35´ N, 146°40´ E, about 80 km
west of the Mariana trench axis, and at about 30 km above
the subducting Pacific plate. It is a cone-shaped, 1500 m
high edifice, with a diameter of 20 km (Fryer, 1992b). The
Torishima Seamount, 1400 m high and 20 km in diameter,
is located at 30°55´ N, 141°47´ E, 30 km east of the Bonin
trench axis, lying 20 km above the subducting Pacific Plate.

190

Fig. 1 - Location of Sites drilled during
Ocean Drilling Program Leg 195 in the Mari-
ana system. 
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In contrast to the South Chamorro and Conical Seamounts,
it is draped by a thicker (ca. 1 km vs. a few tens of meters)
sedimentary sequence constituted by serpentinite mud, as
shown by drilling. The petrochemical features of ultramafic
fragments from these two mud volcanoes were addressed by
Ishii et al. (1992), Parkinson et al. (1992) and Parkinson and
Pearce (1998).

SAMPLE SELECTION AND PETROGRAPHIC 
FEATURES

Peridotite fragments recovered at South Chamorro
Seamount are deeply serpentinised, mostly spinel harzbur-
gites and minor dunites. Most olivine is transformed in
mesh-textured serpentine + brucite + magnetite, whereas or-
thopyroxene is frequently replaced by bastite serpentine +
magnetite. Serpentine minerals are mostly lizardite and
chrysotile with variable Al2O3 and Cr2O3 contents, whereas
brucite has a variable, often high Fe(OH) content, up to 40%
(D’Antonio and Kristensen, 2004). Relatively fresh areas
with relics of mantle minerals can be found in most of the
samples. These zones ubiquitously show strongly deformed
porphyroclastic textures, which bring evidence for a com-
plex evolution characterised by several recrystallisation
events. These latter are recorded by the growth of different
mineral assemblages. As a rule, the grain size of the sec-
ondary, recrystallised minerals becomes finer in the later as-
semblages. The modal mantle composition (Table 1) has
been estimated by: i) least-square fitting of the major ele-

ment chemistry of mineral and bulk rock; ii) petrographic
observation. The latter method can ensure valuable assess-
ment of the olivine and orthopyroxene modal ratio also in so
deeply serpentinised samples due to the widespread occur-
rence of “ghosts” of the peculiar mineral structure, such as
the exsolution lamellae of orthopyroxenes. The primary as-
semblage is represented by large porphyroclasts of olivine,
orthopyroxene and spinel (Mineral Assemblage I). Clinopy-
roxene modal content is between 3% to null. The occurrence
of primary clinopyroxene (Cpx I) is doubtful and limited to
very few samples (e.g. harzburgite 195 1200A 6R1, 93-96
cm), in which relatively large (0.5 mm), exsolved and
slightly cloudy clinopyroxenes show sharp boundaries with
the primary orthopyroxene. The olivine porphyroclasts are
kinked, elongated, and parallel to each other, along the main
foliation plane. Such a foliation is also highlighted by chains
of elongated and fragmented spinels. Primary orthopyrox-
enes are curved, sometimes broken. They are strongly ex-
solved and frequently enclose subhedral to prismatic
clinopyroxene grains (Cpx II), which modally increase to-
wards the rim. Such secondary clinopyroxenes have been
interpreted as the result of the interaction of the peridotite
with percolating melts, rather than the metamorphic exsolu-
tion from an original Ca-richer orthopyroxene composition
(Parkinson and Pearce, 1998, and references therein). A
melt-related origin can be argued also for the curvilinear
embayments characterising the rim of the orthopyroxene
porphyroclasts, where they are replaced by secondary fine-
grained mineral assemblage formed by anhedral to subhe-
dral olivine II + orthopyroxene II ± clinopyroxene II. These

191

Fig. 2 - a) The bathymetry of the south-eastern part of the Mariana system from 12°N to 20°N, showing the chain of serpentine mud volcanoes resting on the
forearc. Contour interval is 200 m. Serpentine and blueschist mud volcanoes of Mariana forearc that have been sampled are labelled. b) Shaded, contoured ba-
thymetry of the region included between North and South Chamorro Seamounts.

11 Zanetti 189:11 Zanetti 189  13-01-2010  10:15  Pagina 191



192
Ta

bl
e 

1.
 W

ho
le

 ro
ck

 m
aj

or
 a

nd
 tr

ac
e 

el
em

en
t c

om
po

sit
io

n 
of

 th
e 

se
rp

en
tin

ise
d 

pe
rid

ot
ite

s f
ro

m
 Iz

u-
Bo

ni
n-

M
ar

ia
na

 fo
re

ar
c.

 

M
od

es
 a

re
 in

 w
ei

gh
t p

er
ce

nt
 a

nd
 h

av
e 

be
en

 e
sti

m
at

ed
 b

as
ed

 o
n 

(1
) l

ea
st-

sq
ua

re
 fi

tti
ng

 m
et

ho
d 

us
in

g 
th

e 
w

ho
le

-ro
ck

 a
nd

 th
e 

m
in

er
al

 c
he

m
ist

ry
 a

nd
 (2

) p
oi

nt
 c

ou
nt

in
g.

 (3
) N

o 
th

in
 se

ct
io

n 
av

ai
l-

ab
le

. L
O

I =
 L

os
s O

n 
Ig

ni
tio

n.
 S

er
p 

= 
Se

rp
en

tin
isa

tio
n.

 S
ee

 te
xt

 fo
r m

or
e 

ex
pl

an
at

io
n

11 Zanetti 189:11 Zanetti 189  13-01-2010  10:15  Pagina 192



secondary phases also fill the interstices among the large
porphyroclasts, in association with secondary spinel (Miner-
al Assemblage II). Both pyroxenes of this interstitial assem-
blage show exsolution lamellae. The largest secondary
spinels occur in symplectitic textures along with pyroxenes
and olivine. The late crystallisation stage of the Mineral As-
semblage II is characterised by finer, exsolution-free, or-
thopyroxenes and clinopyroxenes, associated with spinel.
The clinopyroxene occurring in fine-grained zones shows
vermicular shapes and probably filled the last interstices.
The spinel grains are anhedral to perfectly euhedral.

Amphibole is rather rare, and mostly occurs as coronas
around clinopyroxene. Nevertheless, amphibole pseudo-
veins in equilibrium with the secondary assemblage have
been observed in the harzburgite 195 1200A 3R1, 49 cm.
The occurrence of amphiboles in IBM forearc peridotites
has been previously described by Ohara and Ishii (1998)
and Parkinson and Pearce (1998).

Samples from Conical Seamount (Leg 125 Site 779) are
spinel harzburgites. Samples 125 779A 26R2, 20-24 cm and
125 779A 26R2, 98-100 cm have a porphyroclastic texture
similar to that described for South Chamorro Seamount ser-
pentinites. They show a relatively large clinopyroxene
modal content (1.8-4.3% by volume). In contrast, the
harzburgite sample 125 779A 22R1, 60-68 cm preserves a
protogranular texture characterised by coarse-grained
olivine and spinel. In this sample, clinopyroxene occurs in
form of very small grains (~100 µm long) locally concen-
trated along the rim of large orthopyroxenes: it is likely re-
lated to a very late crystallisation stage.

Samples from Torishima Forearc Seamount (Leg 125
Site 784) are spinel harzburgites with a strongly deformed
porphyroclastic texture. They are largely serpentinised.
Spinel, up to 1 mm wide, is strained and lies mainly along
trails, highlighting structural lineation. Clinopyroxene is rel-
atively abundant (2% by volume), occurring either in the in-
terstices or within orthopyroxene porphyroclasts. The inter-
stitial clinopyroxene is anhedral and about 800-900 µm in
length. The clinopyroxene within orthopyroxene is prismat-
ic to round and smaller (< 400 µm). Both types of clinopy-
roxene show thin exsolution lamellae.

ANALYTICAL TECHNIQUES

Bulk rock XRF analyses were carried out with the PW
2400 spectrometer at the Dipartimento di Mineralogia e
Petrologia, Padova University, for 19 samples from South
Chamorro Seamount, 3 samples from Conical Seamount and
2 samples from Torishima Seamount. Major elements were
measured on lithium borate glass discs prepared with a flux
to sample ratio of 10:1 to reduce matrix effects. Loss on ig-
nition was determined by gravimetric method. Bulk rock
trace element analyses of 11 South Chamorro serpentinites
(Rare Earth Elements, Sc, V, Cr, Co, Ni, Cu, Zn, Sn, Ga,
Rb, Sr, Y, Zr, Nb, Mo, Li, Be, Cs, Ba, Hf, Ta, Tl, Pb, Th, U)
were carried out by inductively-coupled plasma-mass spec-
trometry (ICP-MS) at the Centro de Instrumentaciòn Cien-
tifìca, Granada University. Sample preparation involved di-
gestion of 0.1 g of sample in HNO3 + HF at high pressure
and temperature, evaporation to dryness, and subsequent
dissolution in 100 ml of 4 vol.% HNO3. Measurements were
carried out in triplicate with a PE SCIEX ELAN-5000 spec-
trometer, with Re and Rh used as internal standards. Preci-
sion (2σ) was about ± 3 rel.% and ± 8 rel.% for concentra-

tions of 50 and 5 ppm, respectively. Trace element analyses
on whole rock of the Conical and Torishima Seamounts
samples were performed by conventional nebulization ICP-
MS using a VG Plasmaquad II turbo (+ “Option S”) housed
at the University of Montpellier II. Rock digestion on 100
mg of sample followed the procedure outlined in Ionov et
al. (1992). Whole rocks were dissolved twice on a hot plate
at 150°C with a mixing of 48% HF/HClO4 for 48 hours in
closed teflon beakers. After evaporation all samples were
subjected to three steps of evaporation with decreasing
HClO4 quantities and at increasing temperatures up to
180°C to remove fluorides. Samples were then dissolved in
2% HNO3 and diluted shortly before analysis to a final dilu-
tion factor ranging from 1000 to 2000, resulting in a total
dissolved solid of 0.1 to 0.05%. Dilution factors were kept
high to minimise drift which was corrected by addition of
doping elements, namely In and Bi, at a concentration level
of 10 ppb. REE, HFSE (Nb, Ta, Zr, Hf) and LILE (Cs, Rb,
Ba, Th, U and Sr) were analysed. Concentrations were de-
termined by external calibrations except for Nb and Ta
which were measured by surrogate calibration using Zr and
Hf respectively following the method outlined by Jochum et
al. (1986) for Spark Source Mass Spectrometry and applied
to ICP-MS in this study. Reproducibility and accuracy were
checked by carrying out replicate analyses of both certified
reference materials (BEN, UBN and PCC1) and samples.
Polyatomic interferences were controlled by running the
machine at an oxide production level < 1% and corrected by
running batches of synthetic solutions containing interfering
elements.

Minerals were analysed on the WDS Camebax SX50
Cameca equipment at the CNR-Istituto di Geoscienze e
Georisorse, Sede di Padova. Operating conditions were 15
kV accelerating voltage and 2.2 nA beam current. Synthetic
and natural standards were used for calibration and quantifi-
cation procedures.

COMPOSITIONAL FEATURES

Major and trace element bulk-rock chemistry
The major and trace element composition of peridotites

from South Chamorro Seamount (volatile-free basis) are
shown in Table 1. They possess high Mg# values [0.911-
0.916: expressed as molar Mg/(Mg + FeT)] and low to very
low contents in fusible elements such as Al2O3 (0.33-1.06
wt%), CaO (0.29-1.14 wt%) and TiO2 (≤ 0.02 wt%). SiO2 is
variable, but reaches a very low value (41.9 wt%), and is
correlated negatively with MgO (Fig. 3). This latter is in the
range of 44.3-48.4 wt%. The loss on ignition (LOI) value is
in the range of 11.0-17.8 wt% (Fig. 4), that corresponds to
an estimated degree of serpentinisation [expressed as 100 x
LOI/PM(H2O)] between 61 and 99%. As a whole, the com-
positional range of the South Chamorro peridotites overlaps
that defined by the most depleted abyssal peridotites report-
ed by Niu (1997) and Baker and Beckett (1999). The peri-
dotites from the Conical and Torishima Seamounts analysed
in this work (Table 1) also show highly refractory bulk-rock
compositions within the compositional field defined by the
data of Parkinson and Pearce (1998) (Fig. 4). The Conical
harzburgites have LOI values between 8.7 and 10.3 wt%
(estimated serpentinisation degree 52-57%), lower than
those of the South Chamorro peridotites. The harzburgites
from Torishima Seamount have LOI = 12.2-15.2 wt% (esti-
mated serpentinisation degree in the 68-82% range), indicat-

193
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ing that they have experienced low-temperature alteration to
a greater extent than the peridotites from the other
seamounts. As expected from the major oxides data, the
South Chamorro peridotites have very low absolute concen-
tration in incompatible trace elements. Their bulk rock C1-
normalised REE patterns (Fig. 5; C1 values from Anders
and Grevesse, 1989) are convex-downward, with LaN/SmN
= 1.1-11.7, SmN/YbN = 0.1-0.9 and YbN = 0.25-0.04. The

convex-downward shape is even clearer in the multi-ele-
ment spider-diagrams, due to the significant enrichment of
highly-incompatible LILE and HFSE over LREE. Further-
more, the multi-element patterns are characterised by posi-
tive anomaly of Li, Sr, Ba, Cs and Ta, and high TaN/NbN
and UN/ThN values (Fig. 6).

Similar trace element fractionation is shown by the
harzburgites from Torishima and Conical Seamounts. In par-
ticular, the trace element bulk-rock composition of the Tor-
ishima harzburgites are very similar to those (amphibole-free)
previously reported by Parkinson and Pearce (1998), except
for the absence in our patterns of positive Eu anomaly. Por-
phyroclastic peridotites from Conical Seamounts show signif-
icantly higher content in REE, Sc, V and Cr than the pro-
togranular one, whereas no systematic difference is displayed
for Sr, Pb and trace elements more incompatible than La. The
variation of M-HREE and other moderately incompatible ele-
ments cover the entire range defined by the Conical harzbur-
gites documented by Parkinson and Pearce (1998). The 125
779A 26R2, 20-24 cm sample is more enriched in highly in-
compatible elements than that previously found in Conical
harzburgites by Parkinson and Pearce (1998).

Major element mineral chemistry
Consistently with the bulk rock data, the major element

chemistry of the relics of mantle minerals from the South
Chamorro peridotites (Table 2) reveals an exceptional re-
fractory character. Olivines show Fo content [100 x
Mg/(Mg + FeT) molar] in the range of 91.0-92.6 (Fig. 7a),
whereas the Mg# value is in the range of 0.901-0.924 for the
orthopyroxene, 0.922-0.956 for the clinopyroxene, and
0.403-0.604 for the spinel. Orthopyroxene and clinopyrox-
ene are depleted to extremely depleted in FeO, Al2O3, TiO2

194

Fig. 3 - Bulk rock MgO (wt%) vs. SiO2
(wt%), FeO (wt%), Al2O3 (wt%) and CaO
(wt%) diagrams of the analyzed peridotites
from Conical (filled circles), Torishima (filled
squares) and South Chamorro (filled rhom-
buses) Seamounts. Empty circles and squares
are the composition of peridotites from Coni-
cal and Torishima Seamounts, respectively,
reported by Parkinson & Pearce (1998). Grey
circles are the composition of abyssal peri-
dotites (Niu, 1997). Melting trends calculated
by Niu (1997) are reported for comparison.
Legend: thin dashed and continuos lines are
trends related to polybaric fractional melting
in the range of 1.5-0.8 GPa and 2.5-0.8 GPa,
respectively; heavy dashed and continuos
lines are the trends related to batch melting at
constant P, i.e. 1 and 2 GPa, respectively.

Fig. 4 - Variation diagram of loss on ignition LOI (wt%) vs. MgO (wt%)
contents in peridotites from Conical (filled circles), Torishima (filled
squares) and South Chamorro (filled rhombuses) Seamounts. The composi-
tion of peridotites (Conical Seamount: empty circles; Torishima Seamount:
empty squares) studied by Parkinson and Pearce (1998) are reported for
comparison. 
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and Cr2O3 with respect to abyssal peridotites (Fig. 7b and
8). In particular, Al2O3 (mean value) is in the range of 0.4-
2.9 wt% and 0.7-3.2 wt% in orthopyroxene and clinopyrox-
ene, respectively. Na2O in clinopyroxene is usually lower
than 0.1 wt%, with the exception of three harzburgites (sam-

ples 195 1200A 17G1, 106-109 cm, 195 1200A 6R1, 93-96
cm, and 195 1200A 6R2, 66-69 cm) and one dunite (sample
195 1200A 10R1, 42-45 cm), in which it varies between 0.3
and 0.6 wt%. CaO is particularly high in clinopyroxene, be-
ing mostly in the range of 23.4-26.1 wt%. Significantly lower

195

Table 2 - Major element mineral chemistry of representative samples.
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CaO content (21.8-22.3 wt%) has been found only in two
grains from the harzburgite samples 195 1200A 17G1, 106-
109 cm, and 195 1200A 6R1, 93-96 cm, which also show
the lowest Mg# (0.927-0.930). Most orthopyroxenes are low
to very low in CaO (< 1 down to 0.08 wt%), and significant-
ly heterogeneous also within the same sample. Large CaO
content is shown by the orthopyroxenes from 195 1200A
10R1, 90-93 cm harzburgite (1.5-2.6 wt.%). Although a
general CaO decrease from the primary porphyroclasts to

the secondary grains can be recognised, a significant CaO
variability is, however, shown by the exsolved porphyro-
clasts on their own (Table 2). This variability is commonly
observed in orthopyroxene from ophiolite peridotites (e.g.,
Rampone et al., 1995; Spadea et al., 2003).

The spinel composition straddles the spinel-chromite
boundary with Cr# [expressed as Cr/(Cr + Al) molar] in the
range of 0.37-0.66, and Fe3+/FeT ratio from zero to 0.17. As
a whole, the South Chamorro spinels are much more en-
riched in chromite component than those from abyssal peri-
dotites (Fig. 7). Amphibole is magnesiohornblende to
tremolite, consistently with the compositions previously
documented by Parkinson and Pearce (1998) and Ohara and
Ishii (1998).

The mantle minerals (Table 2) from Conical and Torishi-
ma Seamounts analysed in this study have the same major el-
ement characteristics as those from South Chamorro
Seamount, and are also within or very close to the composi-
tional fields defined by Parkinson and Pearce (1998). The
olivine, orthopyroxene, and spinel from the Torishima
Seamount peridotites show a rather homogeneous major ele-
ment composition with Fo = 91.7, Mg#Opx = 0.920-0.921,
Al2O3Opx = 1.4-1.8 wt%, and Cr#Sp = 0.53-0.56 (Figs. 7 and
8). The associated clinopyroxenes are characterised by appre-
ciable Na2O content (0.12-0.24 wt%). The minerals from the
Conical Seamount peridotites are characterised by very large
compositional variability (in particular of Al2O3). Consistent-
ly with the bulk-rock composition, the minerals from the pro-
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Fig. 5 - Chondrite-normalised REE abundance in peridotites from South
Chamorro, Conical and Torishima Seamounts. C1-chondrite values are from
Anders and Grevesse (1989). The chondrite-normalised REE abundance cal-
culated for refractory peridotites after variable degrees of spinel-facies frac-
tional melting of DMM are reported for comparison. Fractional melting
equation was taken from Shaw (1970). Modal and geochemical composition
of DMM were determined according to Hirschmann and Stolper (1996).
Melting mode and solid/melt partition coefficients set were taken from Kin-
zler (1997; experiment at 1.5 GPa) and Ionov et al. (2002), respectively.

Fig. 6 - Chondrite-normalised incompatible trace elements diagrams for
peridotites from South Chamorro, Conical and Torishima Seamounts. C1-
chondrite values are from Anders and Grevesse (1989).
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togranular 125 779A 22R1, 60-62 cm harzburgite have an
overall more refractory composition (Fo = 91.8, Mg#Opx =
0.922, Al2O3Opx~ 0.6 wt%, Cr#Sp = 0.79) than the porphyro-
clastic harzburgites (Fo = 91.0-91.7, Mg#Opx = 0.914,
Al2O3Opx ~2.2 wt%, Cr#Sp ~ 0.44). The very few clinopyrox-
enes found in the 125 779A 22R1, 60-62 cm harzburgite are
characterised by a rather high Na2O content (0.30-0.36 wt%).

DISCUSSION

The variability of the petrographic, mineralogical and
geochemical features of bulk rock and mineral chemistry of

the peridotites from the South Chamorro, Conical and Tor-
ishima Seamounts suggests that they underwent a complex,
multistage evolution. As it will be stressed below, this evo-
lution involved, at variable extent: partial melting, reactive
porous flow melt migration, subsolidus metamorphic re-
equilibration under decreasing T and open system condi-
tions, and finally, serpentinisation. The latter is at present
still affecting the peridotites (Mottl et al., 2003; Takano et
al., 2004). Such a complex scenario requires a preliminary
evaluation of the extension of chemical changes suffered by
both bulk rocks and minerals as a consequence of mid to
low T petrologic processes, in order to develop a critical
sensibility on what the geochemical data can tell us about
high T evolution of these mantle rocks.

Thus, in the following sections, it will be highlighted the
role played by different processes in the definition of the
present day geochemical composition of the peridotites ob-
ject of this work.

Effects of the serpentinisation on the bulk rock 
composition

The large degrees of serpentinisation exhibited by the ul-
tramafic samples of this study (Table 1) are similar to those
previously reported by Ishii et al. (1992), Parkinson et al.
(1992) and Parkinson and Pearce (1998) for Torishima and
Conical Seamounts, and by Shipboard Scientific Party
(2002) and D’Antonio and Kristensen (2004) for South
Chamorro Seamount. The interstitial water recovered from
South Chamorro, Conical and Torishima Seamounts has dis-
tinctive composition that implies an origin by dehydration
of the subducting Pacific Plate (Mottl et al., 2003 and refer-
ences therein). The temperature of the water emitted by
springs on the seafloor is very low (~2°C in several IBM
forearc seamounts; Mottl et al., 2003 and references there-
in), but an initial temperature of 150-250°C is argued for the
fluids, when they are originated at the top of the subducting
Pacific Plate, 27-29 km deep. On the basis of the lizardite +
chrysotile + brucite paragenesis and the chemical character-
istics of these minerals in South Chamorro Seamount peri-
dotites, D’Antonio and Kristensen (2004) argued that ser-
pentinisation must have occurred at temperatures not ex-
ceeding 200-300°C.

In our samples, as well as in those of Parkinson and
Pearce (1998), the LOI index is positively correlated with
MgO and negatively with SiO2, CaO and Al2O3 (Fig. 4).
These relationships evidence a clear dependence of LOI on
the olivine modal content. Instead, no significant correlation
is apparent with Na2O and trace elements.

The effects of serpentinisation on major and trace ele-
ment bulk rock composition are matter of debate. Some Ca
mobilisation was calculated by Miyashiro et al. (1969) and
Coleman (1971), whereas Snow and Dick (1995) showed
that the abyssal serpentinites affected by low-T weathering
can suffer Mg loss and Si enrichment. More recently, a
nearly-isochemical character for the serpentinisation process
has been stressed out in several papers (e.g., Scambelluri et
al., 2001, Mevel, 2003, and references therein). As for Tor-
ishima and Conical samples, on the basis of the composi-
tional variation of pore water with depth, Mottl et al. (2003)
suggested that the underway serpentinisation takes up Si,
Mg and Li, while Ca and Sr are removed by aragonite pre-
cipitation.
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Fig. 7 - a) Fo index of olivine vs. Cr/(Cr+Al) of spinel for peridotites from
Conical, Torishima and South Chamorro Seamounts. Symbols are as in
figure 3. Moreover, the olivine-spinel mantle array (Arai, 1994) and the
composition of peridotites investigated by Arai (1994) (lherzolite: empty
squares; harzburgite: empty triangles; dunite: grey triangles), along with
that of abyssal peridotites (Bryndzia and Wood, 1990; Johnson and Dick,
1992; Hellebrand et al., 2002: grey circles) are plotted for comparison. b)
Al2O3 of orthopyroxene vs Cr/(Cr+Al) of spinel from the analysed peri-
dotites. Grey circles are the composition of minerals from abyssal peri-
dotites (Johnson and Dick, 1992; Hellebrand et al., 2002).
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To verify the extension of the major element changes ex-
perienced by our samples during serpentinisation, they have
been plotted, along with those reported by Parkinson and
Pearce (1998), in the MgO/SiO2 vs. Al2O3/SiO2 diagram, in
which fresh mantle peridotites define a linear trend (that is
the “terrestrial array”; Jagoutz et al., 1979; Hart and Zindler,
1986). Fig. 9 shows that the Izu-Bonin-Mariana serpen-
tinites straddle the “terrestrial array” suggesting that the on-
going serpentinisation produced, if it is the case, only limit-
ed changes in terms of SiO2, MgO and Al2O3 content. This

statement is also supported by the good to very good corre-
lation occurring between the MgO and Al2O3 content of
bulk rock and the major element mineral chemistry (in par-
ticular, with the Cr#Sp, the Al2O3 content of Opx and the
olivine Fo). MgO content of bulk rock is also positively cor-
related with compatible trace elements (i.e. Co and Ni), but
defines negative trends with moderately incompatible ones
(i.e. Ga, Sc, V, Cr, HREE and Y). These compositional rela-
tionships are those commonly expected after melt-related
processes. Instead, no significant correlation occurs between
the MgO content and those of more incompatible trace ele-
ments such as L-MREE, LILE, HFSE and actinides. Parkin-
son et al. (1992) found that the IBM forearc peridotites con-
taining most tremolite had also the highest La content. This
evidence indicates that the moderately incompatible to com-
patible trace element composition of peridotites may reflect
first-order high-temperature processes, whereas the concen-
tration of highly incompatible elements must have been
modified by relatively low-T processes.

Evidence for post-partial-melting mantle processes 
and their effects on mineral chemistry

The major element composition of the mantle pyroxenes
from the peridotites of the South Chamorro, Torishima and
Conical Seamounts is apparently more depleted in terms of
Al, Na, Ti, Fe and richer in Ca, Si and Mg than those of
abyssal peridotites far from trenches (Figs. 7 and 8). Consis-
tently, olivine has high Fo content and spinel is particularly
enriched in chromite component (namely in Cr and Fe2+).
The correlation among these different compositional para-
meters is good to very good, and is, in principle, consistent
with very large degrees of partial melting (see experimental
data and/or geochemical modelling in Jaques and Green,
1980; Hellebrand et al., 2001; Hellebrand and Snow, 2003).
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Fig. 8 - Al2O3 (wt%) vs. CaO (wt%), 100 x
Mg#, Cr2O3 (wt%) and Na2O (wt%) diagrams
of clinopyroxene from Conical, Torishima
and South Chamorro Seamounts. Symbols are
as in Fig. 3. Grey circles are the composition
of abyssal peridotites (Johnson et al., 1990;
Johnson and Dick, 1992; Hellebrand et al.,
2002; Seyler et al., 2001).

Fig. 9 - Al2O3/SiO2 vs. MgO/SiO2 diagram in peridotites from Conical,
Torishima and South Chamorro Seamounts. The “terrestrial array”
(Jagoutz et al., 1979; Hart and Zindler, 1986) are reported for discussion.
Symbols are as in Fig. 3. Data for variably altered abyssal peridotites (grey
circles) are from Snow and Dick (1995).
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On the other hand, most of the textural, mineralogical
and chemical features shown by IBM forearc peridotites are
clearly the result of post-melting evolution at lithosphere
mantle conditions, involving both partial re-crystallisation
during the percolation of exotic melts and subsolidus re-
equilibration. In the following sections will be stressed out
the possible role played by these processes in determining
the peculiar mineral chemistry of the forearc peridotites.

The large effects of the subsolidus re-equilibration are
unequivocally evidenced by the wealth of exsolution of or-
thopyroxene porphyroclasts and the anomalous low equilib-
rium T. Homogeneous T estimates are provided by the
olivine-spinel Fe-Mg exchange thermometers (e.g. Fabries,
1979; Ballhaus et al., 1991; Table 3). The equilibrium T cal-
culated according to the Ballhaus calibration are 670 ±
35°C, 699 ± 32°C and 700 ± 15°C for South Chamorro,
Torishima and Conical peridotites, respectively. These data
are similar to the T range estimated by Parkinson and Pearce
(1998) using the same thermometer for Torishima (T = 646
± 20°C) and Conical (T = 666 ± 19°C) peridotites, being
350-500°C lower than the T estimated for the abyssal peri-
dotites (e.g. those reported by Brynzia and Wood, 1990).
The witness of high-T mantle processes is still preserved in
the random occurrence of Ca-rich areas in the core of por-
phyroclastic orthopyroxenes (T > 1200°C, according to the
“Ca-in-Opx” thermometer of Brey and Kohler, 1990). Simi-
lar Ca-rich compositions are quite frequent in exsolved por-
phyroclastic orthopyroxenes from ophiolitic peridotites (e.g.
Rampone et al., 1995; Spadea et al., 2003). The goodness of
the orthopyroxene stoichiometry suggests that they are relic
areas bearing compositional features inherited during high-
T, early evolutionary stages rather than the result of random
concentration of cryptic exsolution lamellae of clinopyrox-

ene. In general, low equilibration temperatures point to low
cooling rates (Zanetti et al., 1996, and references therein).
Parkinson and Pearce (1998) argued that the low equilibra-
tion temperatures of Conical and Torishima peridotites are
the result of diffusion subsolidus evolution in presence of
water. Nevertheless, it will be shown below that the water
content was very low during the South Chamorro mantle
processes. Thus, it is alternatively proposed that the IBM
forearc peridotites likely experienced slow a cooling rates
due to a thermal flux exceeding that of normal Mid-Ocean-
Ridges (MOR).

The post-melting interaction of the peridotites with inter-
stitial melt at relatively high temperature is evidenced by:
(1) the engulfed shape of porphyroclastic orthopyroxenes
that are replaced by secondary mantle minerals; (2) the
“magmatic” texture shown by the interstitial clinopyroxenes;
(3) the (rare) occurrence of amphiboles in equilibrium with
the secondary assemblage; (4) the relatively high Na con-
centration of the secondary clinopyroxene from some sam-
ples (e.g. from Torishima Seamount). The texture of the por-
phyroclastic orthopyroxenes from the Conical and Torishi-
ma peridotites has been first described and interpreted as the
record of partial melting by Parkinson and Pearce (1998).
The common presence of prismatic to round clinopyroxene
in the embayed rims of orthopyroxene is a further evidence
that such a texture has a reactive nature. This textural feature
is ubiquitous in the abyssal peridotites (Hellebrand et al.,
2002), as well as in ophiolitic massif (Piccardo et al., 2006),
and provides evidence for the peridotite reaction with perco-
lating melt (Suhr and Edwards, 2000).

Straightforwardly referred to the low equilibrium temper-
atures can be the very large Ca content of clinopyroxene
(Fig. 8a). Subsolidus equilibration at low T can also explain
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Table 3. Estimates of equilibrium temperature and oxygen fugacity. 

Temperatures shown have been calculated on the basis of the Fe-Mg exchange thermometers of (1) Fabriès et al. (1979) and (2) Ballhaus et al. (1991). Oxy-
gen fugacity has been calculated on the basis of the calibration of (3) Ballhaus et al. (1991) and (4) Brindzia and Wood (1990) at an arbitrary pressure of 1
GPa and using the temperature from the thermometer of Ballhaus.
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the very large Mg# of clinopyroxene (that is matched by
secondary orthopyroxene and olivine: see also Parkinson
and Pearce, 1998). Nevertheless, a similar results can be po-
tentially obtained by interaction with refractory melts (Bod-
inier and Godard, 2003), such as the regionally-relevant
boninites.

Another compositional feature worth of mentioning
shown by the mineral chemistry of IBM forearc peridotites
is the low to extremely low Al and Cr content of pyroxenes.
In general, it reflects the overall depletion of these two ele-
ments in the bulk rock, whose meaning will be addressed in
the paragraph 7.4. The Cr# of spinel is strictly correlated
with that of the associated of both clinopyroxene and or-
thopyroxene, thus evidencing the active buffering role exert-
ed by the oxide. A concomitant decrease of Al and Cr con-
tent, as shown by the pyroxenes from the IBM forearc peri-
dotites, is expected for extremely large degrees of partial
melting (Hellebrand and Snow, 2003). However, the hetero-
geneity of the Al and Cr contents within the same sample,
which reach the minimum concentration level in interstitial
grains in equilibrium with chromite, must be related to sub-
solidus re-equilibration and/or melt-peridotite interaction at
relatively shallow conditions (e.g. Zanetti et al., 1996;
Seyler et al., 2001). Again, it can be guessed that such a de-
crease can be stronger in presence of refractory melts. As a
whole, it is concluded that the peculiar refractory character
of the mineral chemistry of IBM forearc peridotites was fur-
ther accentuated by the exceptional intensity of post-melting
processes, which included reaction with melts and very low
equilibration T.

Estimates of the degree of partial melting
Parkinson and Pearce (1998) interpreted the Conical

harzburgites as residual MORB mantle after 15-20% fraction-
al melting, which has subsequently been modified by interac-
tion with boninitic melt within the mantle wedge. Conversely,
Torishima peridotites were considered the result of 20-25%
fractional melting in a supra-subduction zone environment.

The HREE composition of the South Chamorro peri-
dotites is consistent with 20-26% fractional melting of De-
pleted MORB Mantle (DMM; Fig. 5), whereas 20 to 30-
33% of partial melting can be estimated according to the
MgO content and extrapolating the modelling curves of Niu
(1997) at higher MgO value. Again, 25-28% partial melting
can be calculated on the basis of the Fo and Cr#Sp according
to Arai (1994). Similar degrees of partial melting (20-25%)
were estimated by Shipboard Scientific Party (2002) on the
basis of CaO and Al2O3 contents, and Mg# of Site 1200
bulk rocks analysed onboard during ODP Leg 195.

As for the Torishima harzburgites here studied, the
HREE fractionation and content (in the range Dy-Lu) of the
whole rock agree strictly with those modelled for refractory
residua after 24-25% fractional melting of spinel facies
DMM. This degree of basalt removal is very similar to that
estimated on the basis of: i) the Fo content (24-27%) ac-
cording to Arai (1994); ii) the modal Cpx content (~25%
partial melting: e.g. Niu, 1997); iii) the MgO content of the
bulk rock (20-23% partial melting) according to Niu’s cal-
culation. Conversely, slightly lower degrees of partial melt-
ing (18%) are obtained using the empirical equation of
Hellebrand et al. (2001) based on the Cr# of spinel.

Bulk rock MgO and HREE content compositions, as well
as the Fo content, indicate that sample 125 779A 22R1, 60-
62 cm from Conical Seamount has suffered ~25% fractional

melting under spinel facies conditions. Similar large partial
melting degrees (22%) are calculated on the basis of the
Cr#Sp. More fertile composition are displayed by samples
125 779A 22R2, 98-100 cm and 125 779A 22R2, 20-24 cm.
On the basis of the MgO composition and the different trend
of partial melting calculated by Niu, the estimated degree of
partial melting under spinel facies is 14-15% and 17-18%
for 125 779A 22R2, 98-100 cm and 125 779A 22R2, 20-24
cm, respectively. In the 125 779A 22R2, 20-24 cm harzbur-
gite, the decrease of MgO composition is accompanied by a
slight increase of Fo and a decrease of orthopyroxene con-
tents, although with an increase of clinopyroxene (around
4% by vol.). This observation cannot be accounted for by a
larger degree of partial melting, likely indicating more in-
tense melt-peridotite interaction. In these two samples, the
HREE content is more steeply fractionated with respect to
that expected for the pertinent concentration level in residua
after spinel facies fractional melting. In particular, the
HREE content crosscut the HREE composition of modelled
refractory peridotites after 19-24% partial melting of spinel-
facies DMM.

High-T mantle evolution
Fig. 3a shows that all the peridotites collected from the

Torishima, Conical and South Chamorro Seamounts form a
homogeneous array spanning from a compositional field
pertinent to high degrees of isobaric batch and/or polybaric
fractional melting to a region extremely MgO-enriched and
SiO2-depleted. Such an array is significantly different with
respect to the whole trend shown by the abyssal peridotites
far from trenches (see data and references reported by Niu,
1997; Asimow, 1999; Baker and Beckett, 1999), thus likely
representing a distinctive compositional feature. This distri-
bution indicates that the IBM forearc peridotites experi-
enced an early stage of strong depletion under the petrologic
parameters (i.e. T, P, melting mode etc.) expected to govern
the adiabatic upraise of an asthenospheric sector, followed
by a second stage of depletion characterised by a more pro-
nounced impoverishment in pyroxenes (in particular, or-
thopyroxene).

An overall depletion in SiO2 for a given MgO content,
with respect to that calculated for refractory residua after
partial melting is typical of the abyssal peridotites. This fea-
ture has been interpreted as the product of interaction be-
tween migrating melts and residual peridotites, either by
equilibrium porous flow, refertilisation or olivine crystalli-
sation at relatively shallow level (e.g. Kelemen et al., 1997;
Niu, 1997; Asimow, 1999). Similarly, the array defined by
IBM forearc peridotites might indicate that in the second
stage of depletion their chemical and modal composition
was variably, but sometimes significantly, modified by
porous flow melt percolation at relatively shallow levels that
impoverished them in pyroxenes.

On the other hand, several petrochemical features of the
IBM peridotites forearc cannot straightforwardly accounted
for by late interaction with upraising MORB. In particular,
bulk rock MgO content is positively and negatively correlat-
ed with the olivine Fo content and the Al2O3 content of bulk
rock, respectively. The Al2O3 content of the peridotite min-
erals (i.e. spinel and pyroxenes) varies consistently with that
of bulk rock (Fig. 10a, b), being the latter also positively
correlated with the bulk rock concentration of the moderate-
ly incompatible trace elements, such as Cr, V, Sc, Y and
HREE (Fig. 10c). Besides, the Al2O3 composition of bulk
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rock and minerals is negatively correlated with the estimat-
ed olivine modal content (Fig. 10d) and positively correlat-
ed with the modal composition of both pyroxenes.

Such compositional relationships are those typically ex-
pected in refractory residua after different degrees of partial
melting (e.g. Mysen and Kushiro, 1977; Jaques and Green,
1980; Hirose and Kawamoto, 1995; Ozawa and Shimizu,
1995; Niu, 1997). In contrast, they are lacking in peridotites
deeply re-equilibrated as a consequence of the upraising
MORB, where the composition of the minerals is relatively
enriched in Al2O3 and points to approach the chemical equi-
librium with the percolating melts (Rampone et al., 2004;
Piccardo et al., 2004a; 2004b; 2005; 2006).

How can these different lines of evidence be reconciled?
In principle, it can be taken into account that two petro-

logic features believed to characterise the partial melting of
mantle peridotites in SSZ environment might play a role in
determining the relative SiO2 depletion documented in the
IBM forearc peridotites. The first feature is the thermal con-
ditions of partial melting argued for the forearc peridotites.
There is now a general consensus about the fact that their
melting has to occur under thermal conditions higher than
those of Mid-Ocean-Ridges far from mantle plumes (Flower
et al., 2001; Niu et al., 2003). The second issue concerns the
common wisdom that the melting of the forearc peridotites
takes place under hydrous conditions, owing to the addition
of hydrous fluids/melts containing slab-derived components
(Bonatti and Michael, 1989; Ozawa and Shimizu, 1995;
Grove et al., 2003). Both petrologic features can potentially
perturb the melting mode and consequently the major ele-
ment compositional trends. As for the effects of exception-
ally large T conditions, since the petrologic investigation by
Mysen and Kushiro (1977), it is expected that, under anhy-
drous melting conditions, the exhaustion of clinopyroxene is
followed by a significant increase of the orthopyroxene con-
tribution to the melting process, which should lead to its ex-
haustion after a relatively small interval of partial melting.

The effects on melting mode induced by the addition of
water during a melting process are much more articulated. It
is well known that it increases significantly the melt produc-
tivity, in particular at high temperature (Hirose and
Kawamoto, 1995; Gaetani and Grove, 1998; Hirschmann et
al., 1999), as a consequence of the slope decrease of solidus
boundary (see Mysen and Kushiro, 1977). Pertinent to the
apparent array of the IBM peridotites is that the water-bear-
ing partial melting determines the incongruent melting of
orthopyroxene, at least up to 3 GPa (Kushiro, 1990), thus
likely determining an apparent excess of olivine in the re-
fractory residue with respect to anhydrous conditions.

The effects of both high-T and hydrous condition on the
modal variation of the refractory residua are expected to be
still stronger during partial melting at low P, as a conse-
quence of the expansion of the stability field of olivine (e.g.
Niu, 1997; Gudfinnsson and Presnall, 2000; Grove et al.,
2003). Very low mean melting pressure values (PM) have
been calculated by Niu (1997) for the abyssal peridotites
close to hotspot (PM ~0.5 GPa). Very low melting pressure
for IBM peridotites may be consistent with the significant
Al2O3 depletion exhibited by both bulk rock and mineral
composition even by the more fertile peridotites (Figs. 3b
and 7). Nevertheless, the partial melting of a clinopyroxene-
free spinel harzburgite requires T ≥ 1400°C at 1 GPa (e.g.
Hirschmann et al., 1999), which are very different with re-
spect to those argued for segment-ends of MOR and plumes
(White, 1988). Thus, this hypothesis is so far not sufficient-
ly constrained by the petrologic models.

According to Parkinson and Arculus (1999), very low
water contents (0.030-0.075 wt% H2O) are sufficient to pro-
duce a valuable increase of the oxidation state. Thus, it is
expected that the occurrence of hydrous melting is de-
nounced by an increase of the oxygen fugacity in the resid-
ual peridotites. The oxidised conditions of the Torishima
peridotites are consistent with such a scenario (Fig. 11).
Conversely, the estimates of the oxygen fugacity of South
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Fig. 10 - Covariance of the petrochemical fea-
tures of the IBM forearc peridotites. a) Al2O3
content of whole rock vs. Al2O3 content of or-
thopyroxene (wt%); b) Al2O3 content of
whole rock (wt%) vs. molar Cr/Cr+Al) of
spinel; c) Al2O3 (wt%) vs. Yb (ppm) content
of whole rock; d) Olivine modal content (by
Vol.%) vs. molar Cr/Cr + Al) of spinel. Sym-
bols as in Fig. 3.
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Chamorro peridotites and Conical harzburgites fall in the
ƒO2 field related to the abyssal peridotites (geothermometer
by Ballhaus et al., 1991) (Fig. 11) or point to only slightly
more oxidised conditions, according to the calibration of
Bryndzia and Wood (1990). The differences of the redox
equilibrium conditions between Conical and Torishima were
already highlighted by Parkinson and Pearce (1998), who
also found that the dunites from both Seamounts are meanly
more oxidised than harzburgites, with the Conical dunites
defining a range similar to that of Torishima harzburgites.
This correlation between modal composition and oxygen fu-
gacity conditions is not present in the South Chamorro sam-
ples (Fig. 11). Based on the differences in terms of oxygen
fugacity, Parkinson and Pearce (1998) proposed that the en-
tire Torishima mantle experienced partial melting in pres-
ence of slab-derived components in supra-subduction set-
ting, whereas the Conical mantle wedge escaped this event,
thus maintaining a pristine “abyssal peridotite” signature.
As a consequence, the relatively reduced conditions shown
by South Chamorro peridotites seem to exclude that hydrous
partial melting is responsible for the array in the SiO2-MgO
diagram shown by the IBM forearc peridotites.

Thus, to reconcile all the petrochemical data it is pro-
posed that the strong impoverishment in orthopyroxene was
accomplished during the reactive upraise of melts extremely
depleted in fusible elements, such as Al, Ti and REE,
through less refractory mantle columns. The possible rele-
vance of late melt-peridotite interactions in the evolution of
IBM forearc peridotites was previously pointed out by
Parkinson and Pearce (1998), who related the petrogenesis
of dunites recovered from the Conical Seamount to a late
percolation of boninite melt through an original MORB
mantle column. A similar scenario has been successively
proposed to explain the origin of the dunite bodies in other

world-wide SSZ ophiolite sequences (as for the Indus Su-
ture Zone, see Sachan, 2001; Zhou et al., 2005). In particu-
lar, the progressive evolution of the composition of the ex-
tracted and/or migrating melts from MORB to ultra-deplet-
ed (postulated to have boninitic affinity) is spectacularly
documented in sections of the Bay of Islands ophiolite
(Newfoundland, Canada; Suhr et al., 1998; Suhr, 1999; Suhr
and Edwards, 2000; Suhr et al., 2003).

Independently on the nature of the ultra-depleted melts,
which is matter of debate (primary melts in equilibrium with
harzburgitic residua or transient composition produced by
melt-peridotite interactions?; see Vernières et al., 1997), the
compositional evolution towards SiO2-depleted and MgO-
enriched compositions and the petrographic features indi-
cate that they moved through reactive porous flow at rela-
tively low P (Niu, 1997).

Thus, to account for the complex combination of petro-
chemical evidence shown by IBM forearc peridotites, a gen-
eral, three-stages-model is proposed for their high-T evolu-
tion. It involves:

1) an early depletion event, during which the IBM fore-
arc peridotites experienced 20-25% polybaric fractional
melting during adiabatic upwelling;

2) a second depletion event characterised by a marked
impoverishment in modal orthopyroxene, triggered by the
upraise migration of ultra-depleted melts;

3) a late interaction between relatively small volume of
migrating melt and the refractory mantle sequence.

This model is similar to that envisaged by Suhr and Ed-
wards (2000) for documenting the evolution of the arc-related
section of the Bay of Islands ophiolite (Newfoundland, Cana-
da), in which the second stage is argued to be characterised
by open-system partial melting rather than reactive porous
flow. The evidence of a multistage evolution led Parkinson
and Pearce (1998) to exclude that Conical peridotites could be
the source of arc magmatism. Consistently, Niu et al. (2003)
exclude the possibility that the mantle source of arc magma-
tism can be rapidly brought to the surface by tectonics in a
forearc area linked to roll-back subduction.

The acknowledge of the first stage is based on the obser-
vation that the less-refractory IBM forearc peridotites lie on
the trends describing the decompression melting of uprising
fertile (asthenospheric) mantle. During this stage, IBM fore-
arc peridotites were actual mantle sources. The average de-
grees of depletion is higher than that observed in abyssal
peridotites, thus indicating particularly hot geotherms. Figs.
3a and c show that at the end of this process the peridotites
preserved SiO2/MgO ratios consistent with the melting
trends argued for abyssal peridotites at MOR, but acquired
the typical, very strong, Al2O3 depletion, which is a charac-
teristic feature of the forearc peridotites. This evidence may
be explained by very low closure P of the melting process
and suggests a close genetic linking to the onset of arc mag-
matism. The second stage occurred at relatively lower pres-
sures, when the IBM peridotites were likely emplaced above
the actual source region of the extracted melts. This stage is
guessed to be firmly related to arc volcanism. Nevertheless,
the progressive change of the oxidation state of the mantle
minerals, that meanly decreases from the Torishima
Seamount (northern Izu-Bonin forearc) to the South
Chamorro (southern Mariana forearc), through the Conical
Seamount (northern Mariana forearc), highlights the pres-
ence of a marked gradient in terms of contributions coming
from the subducted Pacific Plate during this phase. Consis-
tently, it is argued that the melts composition was boninitic
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Fig. 11 -. Plot of ∆logfO2
(FMQ) vs. Cr/(Cr + Al) of spinel for peridotites

from Conical, Torishima and South Chamorro Seamounts (Parkinson and
Pearce, 1998; This study). As for the samples of This Study, it is plotted
the estimate of the oxygen fugacity according to the calibration of Ballhaus
et al. (1991). Symbols are as in Fig. 3. The fugacity conditions estimated
for abyssal peridotites (grey circles: Bryndzia and Wood, 1990; Johnson
and Dick, 1992; Hellebrand et al., 2002) are plotted for comparison.
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at Torishima to become apparently ultra-depleted MORB at
South Chamorro.

The third stage is that more easily recognisable. It deter-
mined the petrographic and mineralogical features ubiqui-
tously present in the IBM forearc peridotites (e.g. crystalli-
sation of late clinopyroxene, embayment of the orthopyrox-
ene porphyroclasts), and likely marks the accretion of the
mantle sequence to the thermal boundary layer. It was ac-
companied by the development of transient geochemical
gradients in the migrating liquids (at present recorded by
clinopyroxene compositions) as a consequence of chromato-
graphic-type chemical exchange with the peridotite (Suhr
and Edwards, 2000; Zanetti et al., in prep).

Geodynamic implications
The most recent hypotheses on the genesis of the SSZ

magmatism (and, in particular, of the boninites) and of the
geological conditions allowing for the onset of intra-oceanic
subduction involve the occurrence of a positive thermal
anomaly in the mantle determined by asthenosphere up-
welling. For instance, a relevant role for plume activity has
been proposed to be related to the boninite magmatism in
the IBM area (e.g. Macpherson and Hall, 2001). Kohut et al.
(2006) guess that the asthenospheric wedge is not only hy-
drated by the fluids from the downgoing slab, but also expe-
riences significant upwelling, as typical of rift zones or
hotspots. In a different perspective, the “plume activity” has
been invoked by Niu et al. (2003), who attribute the initia-
tion of intra-oceanic subduction to the collision of an unsub-
ductable oceanic plateau, consisting of the refractory residu-
um left by extremely large degrees of partial melting lo-
calised in the “head” of uprising plumes and the associated,
thick, basaltic crust. Recently, a role for an Ocean Island
Basalt-type (i.e., plume) mantle in the genesis of both West
Philippine Basin basalts and arc volcanics of the Palau-
Kyushu Ridge (ODP Site 1201; Fig. 1) has been ruled out
on geochemical and isotopic grounds (Savov et al., 2006);
however, there is no doubt about the occurrence of an im-
portant thermal anomaly during the early stages of magma-
tism at IBM.

A fundamental role of the asthenosphere flow in the gen-
eration of depleted forearc peridotites and boninites has
been also pointed out by Flower et al. (2001), Flower and
Dilek (2003) and Dilek and Flower (2003), although in the
frame of a more comprehensive model. In particular, they
consider that subduction nucleation and arc-trench rollback
cycles are triggered by the effects of subhorizontal mantle
flow resulting either directly from the collision-induced as-
thenosphere extrusion, or indirectly via collision-induced
plate cinematic adjustments. The mantle extrusion is specifi-
cally supported by geologic and petrologic evidence from
IBM forearc, which may be viewed as lithologic and geo-
chemical ‘high-tide mark’ delimiting distal mantle extrusion
effects, and by the spatial-temporal variation of isotopic
mantle contaminants beneath the eastern Eurasia-western
Pacific region (Flower et al., 2001).

Our data confirm that the entire evolution of the IBM
forearc peridotites was characterised by a pronounced posi-
tive thermal anomaly. Besides, the oxidised conditions of
Torishima harzburgites suggest that the overall depletion re-
ferred to Stage 1 was already related to the arc formation.
The reduced state argued for the ultra-depleted melts char-
acterising the Stage 2 of the South Chamorro mantle column
provides the evidence that the addition of slab-derived com-

ponents was not the “engine” of the process. Thus, the posi-
tive thermal anomaly had to persist throughout the main
stages of depletion and was strictly related to the arc forma-
tion. In this frame, it is proposed that IBM peridotites during
Stage 1 underwent decompression partial melting and con-
tributed to arc volcanism as actual mantle source. Succes-
sively, they were emplaced at relatively shallow levels
(Stage 2), constituting the top of a strongly refractory man-
tle column and being percolated by melts produced by
plumbing sources of the arc volcanism.

CONCLUDING REMARKS

The petrographic and geochemical characterisation of
mantle peridotite fragments recovered at the top of the
South Chamorro Seamount (located in the southernmost
part of the Mariana forearc) and the comparison of their
petrochemical features with those of analogue samples from
Conical Seamount and Torishima Seamount (located in the
northern sector of the Mariana forearc and in the Izu-Bonin
forearc, respectively) allow us to propose the following,
comprehensive, scenario for the petrochemical evolution of
the IBM forearc peridotites.

(1) The mantle peridotites from Izu-Bonin and Mariana
forearc have experienced a similar first evolution stage char-
acterised by 20-25% partial melting. At the end of this
process the peridotites had SiO2/MgO ratios consistent with
the melting trends argued for abyssal peridotites at MOR,
but acquired the typical, very strong, Al2O3 depletion, which
is a characteristic feature of the forearc peridotites. This evi-
dence may be explained by very low closure P of the melt-
ing process and suggests a close genetic linking to the onset
of arc magmatism. Residual harzburgites from South
Chamorro and Conical Seamounts in the Mariana forearc
recording this evolution stage show reduced conditions,
similarly to abyssal peridotites. This observation suggests
that the large partial melting was not triggered by the up-
welling of slab-derived components. Alternatively, it was
presumably related to the adiabatic upwelling of a hot as-
thenosphere up to very shallow depths.

(2) A second evolution stage (Stage 2) was characterised
by a further increase of the refractory character of the peri-
dotites, at which is associated a consistent compositional
changes of the mineral chemistry. Nevertheless, this stage
produced harzburgites and orthopyroxene-bearing dunites
with SiO2/MgO ratios significantly lower than that argued for
partial melting of an ascending adiabatic mantle. To reconcile
all the petrochemical evidence, it is proposed that this evolu-
tion stage was related to the migration of ultra-depleted melts
coming from deeper sources. The oxidised state of the SiO2-
depleted peridotites from Conical and Torishima Seamounts
suggests that they were percolated by melts containing slab-
derived components. It is also likely that the percolation of
oxidised melts could have determined the overall oxidation
of the mantle column beneath the Torishima Seamount. Con-
versely, the reduced conditions of the SiO2-depleted peri-
dotites from South Chamorro Seamounts points to a virtual
absence of crustal components in the late ultra-refractory
melts. This represents a further evidence that also the Stage 2
was characterised by a regional thermal excess rather than to
be related to the injection of slab-derived liquids.

(3) The olivine + orthopyroxene + spinel porphyroclastic
mineral assemblages developed during the Stages 1 and 2.
The crystallisation of the clinopyroxene-bearing ones is ap-

203

11 Zanetti 189:11 Zanetti 189  13-01-2010  10:15  Pagina 203



parently related to late events of melt migration (Stage 3),
possibly related to Stage 2. It is proposed that the very large
subsolidus re-equilibration recorded by the IBM forearc
peridotites is the evidence of a very slow cooling rate due to
the persistence of a large thermal flux rather than an effect
of fluid activity, as previously argued by Parkinson and
Pearce (1998). If it is the case, this would be a further indi-
cation consistent with the existence of a positive thermal
anomaly during the entire mantle evolution of the IBM fore-
arc peridotites. Both the interaction of the peridotites with
ultra-refractory melts and the large subsolidus re-equilibra-
tion at low P were functional to increase the Al-depleted
character of the spinel and pyroxenes.

(4) As a whole, the petrochemical features exhibited by
the IBM forearc peridotites suggest that the establishment
and development of the arc magmatism was related to the
occurrence of a positive thermal anomaly that expanded the
main stage of partial melting of the ascending asthenosphere
(Stage 1) at very shallow levels. The addition of slab-de-
rived components is apparent only locally and in a second
stage (Stage 2). Consistently, it is proposed that a regional
upraise of the asthenosphere along the western margin of
the Pacific Ocean was the main geodynamic feature respon-
sible for the onset of the intra-oceanic subduction.
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