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Abstract

Unravelling the origin of different components contributing to subduction-related magmas is a prerequisite to understanding the
sources and processes involved in their origins. Mafic, high-Ca subduction-related magmas from geographically-diverse areas
(Indonesia, Solomon Islands, Kamchatka, Valu Fa Ridge) contain two populations of olivine crystals, of which only the high-Ca
population (CaO=0.3–0.5 wt.%) crystallized from the melt that dominantly contributed to the whole rock composition. Forsterite-
rich (Fo90–94), low-Ca (CaOb0.15 wt.%), high-Ni (NiON0.3 wt.%) olivine crystals, which constitute 16–37 vol.% of total olivine
population, are generally interpreted as mantle or lithospheric xenocrysts. However, in these samples, the olivine shape and
chemical zoning, the composition of included minerals (orthopyroxene, clinoenstatite and Cr-spinel) and presence of melt
inclusions, are indications that these crystals are phenocrysts from a mafic magma with high silica and low calcium contents. The
coexistence of contrasting magmas (mafic high-Ca silica-poor versus low-Ca silica-rich) within a number of arc systems and their
mixing may not be a rare event, and should be taken into account when developing models of arc petrogenesis.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is now widely accepted that any volcanic rock
represents a mixture of different batches of silicate melts
and one or more generations of crystals. The melt
batches contributing to the bulk composition of a vol-
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canic rock can ultimately originate from different mantle
and crustal sources (i.e., primary melts), but in most
cases the mixing melts are already affected by the pro-
cesses in the magmatic plumbing conduit, such as
mixing, crystallization, assimilation, degassing etc.
Magma generating processes and chemical diversity of
magmatic sources in subduction-related environments
(island arcs, back arc basins) are more complex than in
other tectonic settings. Moreover, insights into subduc-
tion-related primary magmas and their sources are
generally hampered by the scarcity of primitive oli-
vine-bearing rocks.
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Table 1
Whole rock compositions of picritic samples from south Sulawesi,
eastern Kamchatka, Solomon Islands and Valu Fa Ridge

Location S. Sulawesi E.
Kamchatka

Solomon Isl. Valu Fa Ridge

5.3°S,
119.7°E

55°N,
159.5°E

8.2°S,
157.5°E

22.3°S,
176.5°W

Sample Tnv96-1 KB10 R44692 SO67-240

wt.%
SiO2 46.70 41.61 45.70 50.52
TiO2 0.53 0.34 0.35 0.42
Al2O3 9.12 4.80 7.20 9.95
Fe2O3

⁎ 10.04 9.99 10.21 9.73
MnO 0.16 0.17 0.18 0.15
MgO 20.23 30.05 25.20 17.31
CaO 10.64 6.00 8.00 11.46
Na2O 1.47 0.29 1.32 0.87
K2O 1.68 2.38 0.83 0.31
P2O5 0.29 0.22 0.18 0.10
LOI 1.71 5.01 0.58 0.66
Total 102.57 100.86 99.75 101.48
CaO/

Al2O3

1.17 1.25 1.11 1.15

ppm
Cr 1308 1980 1744 n.a.
Ni 644 1170 860 423
Ba 497 455 111 46
Nb 3.3 1.1 1 1.8
Ce 27.9 12.6 12.1 12.4
Sr 750 220 614 285
Zr 57 24 28 18

Analysis of R44692 from Ramsay et al. (1984); this composition is
similar to the sample we studied (M262) on the basis of modal mineral
abundances. The extreme MgO, Ni and Cr contents indicate that the
compositions are influenced by accumulation of olivine and Cr-spinel.
n.a. — not analysed; Fe2O3

⁎ — total Fe.
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Existing data show that high-magnesian olivine
crystals in primitive arc volcanic rocks can belong to
more than one population (Danyushevsky et al., 1995;
Kamenetsky et al., 1995b, 1997; Reubi et al., 2002).
Different populations of primitive olivine point towards
the co-existence of compositionally diverse magmas,
and, by inference, the involvement of different protoliths
or melting processes. These minerals can therefore act as
probes of normally inaccessible, protolith areas, such as
the upper mantle. In our studies of magmas from geo-
graphically-dispersed but representative samples of sub-
duction-related environments (Indonesia, Solomon
Islands, Kamchatka, Valu Fa Ridge) we have found
several instances of forsterite-rich low-Ca olivine crys-
tals, coexisting with phenocrystic olivine with higher-Ca
contents at similar forsterite contents. We suggest these
occurrences may not be rare. Since the study by Simkin
and Smith (1970) most workers have interpreted high-
forsterite, low-Ca, high-Ni olivine crystals as mantle
xenocrysts (Ramsay et al., 1984; Cameron, 1985;
Boudier, 1991; Hirano et al., 2004; Schuth et al., 2004;
Rohrbach et al., 2005), that is, crystals which did not
grow from magmatic liquids, but which were picked up
accidentally from the mantle through which the magma
ascended. The extent of Ca substitution in olivine is a
function of pressure, host magma chemical composition
(especially Ca, Si and alkalies), and forsterite content of
olivine (Simkin and Smith, 1970; Stormer, 1973;
Watson, 1979; Jurewicz and Watson, 1988; Libourel,
1999); if it is assumed that most parental basaltic arc
magmas have similar Ca contents, then low-Ca olivine is
most likely to be derived from relatively low-tempera-
ture peridotitic wall-rock captured during magma ascent.
In this situation, low-Ca olivine crystals would not con-
vey any information about magmatic processes or sour-
ces. In this contribution we will present evidence for the
magmatic origin of these low-Ca olivines, and formulate
criteria by which phenocrystic low-Ca olivine can be
distinguished from xenocrystic olivine.

2. Sample location and whole rock compositions

The four studied picritic samples (Table 1) from the
New Georgia Group of the Solomon Islands (Ramsay et
al., 1984; Schuth et al., 2004; Rohrbach et al., 2005),
eastern Kamchatka, Far East Russia (Kamenetsky et al.,
1995b), southern Sulawesi, Indonesia (Elburg and
Foden, 1999) and the Valu Fa Ridge, Lau Basin
(Kamenetsky et al., 1997), although different in detail,
come from broadly subduction-related environments.
These olivine±clinopyroxene phyric rocks (up to 40 vol.
% of olivine, Fig. 1) have relatively high contents of K,
Ba, and Sr, and low values for Nb, Zr, and Ti, and thus are
rare examples of primitive arcmagmas. All samples have
Ca-rich whole rock compositions (CaO/Al2O3N1), and
studies of olivine-hosted melt inclusions confirm
that highly calcic melts contributed to the whole rock/
groundmass compositions (Kamenetsky et al., 1995b,
1997; Elburg et al., 2004).

3. Mineral relationships and compositions

The majority of olivine phenocrysts have CaO con-
tents (0.25–0.4 wt.% and up to 0.5 wt.% CaO in the
Sulawesi samples) that are higher than those of typical
subduction-related magmas (0.15–0.25 wt.%, Sigurds-
son et al., 1993; Smith and Leeman, 2005), as would be
expected from olivine that crystallized from high-cal-
cium liquids (Beattie, 1993), and was in equilibriumwith
clinopyroxene at high temperatures and shallow depths



Fig. 1. Photographs of polished sections (∼0.1 mm thick) of olivine-phyric and olivine clinopyroxene-phyric picrites from eastern Kamchatka (A)
and Solomon Islands (B), respectively, demonstrating the abundance and morphology of olivine crystals. Scale bars are 1 cm.

Fig. 2. CaO (wt.%) versus forsterite contents of olivine cores from the four samples studied. The symbols are larger than the analytical errors.
Simplified evolution of olivine compositions in primitive volcanic suites is represented by the trend lines (I — low-Ca boninites; II — high-Ca
boninites; III — island arc tholeiites, IV — basalts in mid-ocean rifts and oceanic islands). The variability of CaO content for a given Fo is within
20 rel.% along the trends shown. A field of mantle olivine compositions is also shown. Data for fractionation (Ol±Cpx±Pl) trend lines from
Sigurdsson et al. (1993), Kamenetsky and Crawford (1998), Kamenetsky et al. (1998), and Kamenetsky (unpublished).
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(Köhler and Brey, 1990). However, a large proportion of
olivine cores in the grains studied (from 16% in the
Solomon Islands to 37% in the Valu Fa Ridge, Fig. 2)
have low-CaO (0.02–0.15 wt.%) and high-NiO (up to
0.5 wt.%) compositions. The boundary of 0.15 wt.%
CaO between “low-Ca” and “high-Ca” olivine groups is
tentative (i.e., for the purpose of this presentation only).
In reality, a continuum of compositions exists in every
sample (Fig. 2). The olivine crystals show considerable
variation of CaO at a given Fo across the entire Fo
range, and such variability is at odds with compositional
trends observed for primitive olivine in common rocks
from intra-oceanic island arcs, mid-oceanic rifts and
ocean islands (Fig. 2). The low-Ca olivine tends to be
more Fo-rich (90–94) than associated high-Ca olivine
(Fo 85–91; Fig. 2). The exception is the Valu Fa Ridge
sample which has rare low-Ca olivine grains with Fo as
low as 85 (Fig. 2).

No difference in shape or size is observed between
high- and low-Ca olivine; both varieties are usually
present as euhedral 0.3–10 mm crystals (Fig. 1). Back-
scattered electron and X-ray imaging show that a single
crystal can be strongly zonedwith gradual compositional
variations up to 10mol% Fo, and up to 0.2 wt.%CaO and
NiO (Fig. 3). The high-Fo and low-Ca compositions are
typical of olivine cores, and never occur at the olivine
rims. Some low-Ca cores have identifiable crystal faces,
giving them a euhedral–subhedral appearance (Fig. 3),
and some are rounded or ovoid, but still aligned with the
whole crystal outlines (Fig. 3C,D). In some cases, a low-
Ca core (0.08 wt.%) is mantled by olivine with even
lower CaO (0.05 wt.%), with CaO contents then smooth-
ly increasing from the core to 0.15 to 0.2 wt.% in the
outer rim (Fig. 3A), giving the profile an inverse saddle-
shape. NiO and Fo contents are correlated negatively
with CaO and also yield saddle-shaped profiles. In the
case of two or several attached crystals with low Ca
cores, the size (volume) of olivine with similarly low
CaO is proportional to the volume of entire crystals
(Fig. 3B,D). In the olivine grains with normal zoning,
CaO compositional profiles show smaller core plateaus
than those of Fo and NiO (Fig. 3C), or even lack a core
plateau (Fig. 3D).

The high-Ca olivine contains inclusions of melt, Cr-
spinel, high-Ca pyroxene and occasionally orthopyrox-
ene. The low-Ca olivine contains inclusions of melt,
fluid, and orthopyroxene (Fig. 4) and rarely euhedral Cr-
spinel; inclusions of high-Ca pyroxene have not been
found. Inclusions of melt in low-Ca olivine are very
abundant, but because of their dominantly small size
(b5 μm) heating stage experiments and quantitative
analysis were unsuccessful. Clinoenstatite is found in
both low- and high-Ca olivine from Solomon Islands
and Kamchatka (Kamenetsky et al., 1995b). It is
recognised by typical polysynthetic twinning (Fig. 4G,
H) and a characteristic Raman spectrum (Fig. 5), which
is identical to that of clinoenstatite from low-Ca
boninites in New Caledonia (Sameshima et al., 1983).
Orthopyroxene and clinoenstatite (low-Ca pyroxene)
are always euhedral in shape and only found as olivine-
hosted inclusions (up to 100 μm in size), often in
clusters of several grains, and never as a phenocryst
phase. The low-Ca pyroxene inclusions are always
rimmed by silicic glass (Fig. 4C–G), and are typically
contained within clear olivine, whereas the host olivine
away from the pyroxene inclusions is clouded with
micro-inclusions (b0.5 μm) of glass, vapour bubbles
and Cr-spinel crystal (Fig. 3A,B). Melt and vapour
inclusions are also often present within orthopyroxene
inclusions (Fig. 4D–F).

Low-Ca pyroxene inclusions and their host olivine
from all studied samples are well equilibrated in terms of
Fe–Mg, as demonstrated by their correlated Mg#
(100⁎Mg/ (Mg+Fe)) and Fo (Fig. 6, Table 2). A fair
positive correlation between CaO contents of coexisting
low-Ca pyroxene and olivine exists overall, but it is not
as good for individual samples (Fig. 6, Table 2). A
distinctive feature of most analysed inclusions of low-
Ca pyroxene is their low Al2O3 (b1 wt.%) abundances
(Fig. 7, Table 2).

Cr-spinel inclusions in “dusty” areas of low-Ca oli-
vine (Figs. 3 and 4A,B) are typically present as very
small euhedral plates in association with micro-inclu-
sions of melt and fluid bubbles (see also Rohrbach et al.,
2005), whereas individual larger grains suitable for
analysis are very rare. A few grains large enough to be
analysed have the characteristics typical of primitive Cr-
spinel in island-arc volcanic rocks, i.e. Mg# N50, Cr#
(100⁎Cr / (Cr+Al)) ∼80, TiO2 0.15–0.5 wt.%, and
Fe2+/Fe3+ b2.5 (Table 3).

4. Discussion and conclusions

4.1. Mantle xenocrysts versus magmatic phenocrysts

The common belief that olivine with CaOb0.1 wt.%
must have been derived from mantle peridotites is based
on the work by Simkin and Smith (1970). However, a
number of primitive mantle-derived magmas from dif-
ferent tectonic environments are now known to crystal-
lise low-Ca olivine at shallow depths; the most notable
examples include carbonatites, kimberlites and low-Ca
boninites (e.g., Crawford, 1980; Walker and Cameron,
1983; Skinner, 1989; Fedortchouk and Canil, 2004).
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Fig. 4. Magmatic inclusions in low-Ca olivine from Solomon Islands (A, B, D, E, H), south Sulawesi (C), Valu Fa Ridge (F) and Kamchatka (G). A
and B represent boxed areas on Fig. 3A and B, respectively; the ‘dusty’ appearance of olivine reflects the presence of numerous tiny inclusions of
silicate glass, vapour and spinel. Note polysynthetic twinning characteristic of clinoenstatite on G and H (photographed in polarized light), and
magmatic glass and vapour inclusions in orthopyroxene inclusions on D–F. opx — orthopyroxene, gl —glass, b — vapour bubble; mi — melt
inclusions. Scale bars are 40 μm.
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Although many features of the low-Ca olivine crys-
tals in the subduction-related picrites could be inter-
preted to result from re-equilibration of mantle,
lithospheric and crustal xenocrysts with a hot, high-
Fig. 3. Optical images, X-ray maps and electron microprobe profiles (taken alo
Solomon Islands picrites. The boxed areas with magmatic inclusions on A and
are circled on C, D.
Ca magma (Costa and Dungan, 2005; Rohrbach
et al., 2005), the following observations provide
strong evidence that this is not the case for the samples
studied:
ng dotted lines indicated on optical images) of olivine crystals from the
B are shown in Fig. 4A and B, respectively. Orthopyroxene inclusions
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Fig. 6. Compositional relationships between low-Ca pyroxene
inclusions and their host olivine. Note that orthopyroxene inclusions
are slightly more Mg-rich that host olivines (i.e., Kd≥1), and this is
consistent with the experimental data on Fe–Mg partitioning between
olivine and orthopyroxene at magmatic temperatures (von Seckendorff
and O'Neill, 1993).
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1. Mantle olivine is typically anhedral in shape, since it
is essentially a metamorphic, not a magmatic
mineral. Therefore, one would expect the low-Ca
cores of euhedral crystals to have anhedral outlines if
they were mantle xenocrysts. In contrast, the low-Ca
cores always show either euhedral to subhedral
outlines or ellipsoidal shape, aligned crystallograph-
ically (Fig. 3), and completely lack deformation
features, such as kink bands, which are common in
olivine xenocrysts. Significantly, aggregates of low-
Ca olivine grains, common in intraplate alkali basalts
and kimberlites, are not present in the subduction-
related picrites.

2. Subhedral and ovoid shapes of the low-Ca olivine
cores and the features of compositional profiles across
them (Fig. 3) argue against mechanical abrasion and/
or partial resorption of peridotitic olivine xenocrysts
in the transporting magma, followed by overgrowth
by liquidus high-Ca olivine. Instead we propose that
observed euhedral shapes of olivine crystals with
low-Ca cores are original shapes of olivine grains that
were entirely high-Fo, high-Ni and low-Ca in com-
position. Smooth, continuously changing composi-
tions from cores to rims (Fo, Ni, Ca— Fig. 3, and Cr
and Mn, not shown) reflect both diffusive partial re-
equilibration (Costa and Dungan, 2005) of earlier
phenocrysts with the lower-Mg# and higher-Ca
magma that delivered them to the surface and crys-
tallisation growth from the same magma. The latter is
evident in those compositional profiles where the
concentration gradient of slower diffusing Ca is
steeper than gradients of faster diffusing Fe–Mg, Ni
and Mn (Fig. 3D). The extent of diffusive re-equi-
libration and crystallisation overgrowth can be
different for individual crystals in the rock, but is
roughly similar for two or several adjacent crystals
(Fig. 3B,D). In other words, for adjacent crystals of
variable size, distances from a point in the core with a
given CaO content to the outer rim are similar (Fig.
3B,D). This strongly implies that adjacent low-
Ca olivine grains were euhedral prior to their re-
equilibration.

3. The presence of a high-Fo, high-Ni and low-Ca
mantle on the core with somewhat lower Ca and
higher Fo and NiO (inverted saddle-shaped elemental
profiles, Fig. 3A) is inconsistent with the origin for
low-Ca olivine from disintegrated peridotitic xeno-
Fig. 5. Comparison of the Raman spectra of the clinoenstatite inclusion from
microphenocryst in a glassy low-Ca boninite lava from New Caledonia (colle
a Dilor XY Laser Raman Triple 800 mm spectrometer equipped with an Oly
spectrum of synthetic clinoenstatite (Lin, 2004). According to Lin (2004) the
are the bands with medium intensity at 344 and 371 cm−1 for clinoenstatite
liths, since mantle xenocrysts would be expected to
have homogeneous compositions, resulting from
long equilibration times. This type of zoning is
more likely to reflect olivine growth from a mag-
matic liquid with a fluctuating, but still low-Ca,
composition.

4. In every studied picrite the range of Fo in low-Ca
olivine is significant (Fig. 2, up to∼9 mol% Fo in the
Valu Fa sample), and such a large range of Fo contents
is uncommon formantle xenocrysts andwould require
sampling from vastly different peridotite lithologies.
Moreover, the low-Fo end of the array is outside the
compositional range of mantle olivine. The range of
Fo in olivine from a given rock is commonly attributed
to magma fractionation due to crystallisation. The
absence of xenoliths and xenocrysts of other
the Solomon Islands picrite M262 (Table 2, n. 5) and a clinoenstatite
cted by Tony Crawford). The Raman probe (GFZ, Potsdam) consists of
mpus optical microscope. The Raman spectra are nearly similar to the
most discernible feature for differentiation of clino- and orthoenstatite
and the single band at 343 cm−1 for orthoenstatite.



Table 2
Representative compositions of low-Ca pyroxene inclusions and their
host olivine in picrites from south Sulawesi (1, 2), eastern Kamchatka
(3, 4), Solomon Islands (5, 6) and Valu Fa Ridge (7)

N 1 2 3 4 5 6 7

Grain Tnv96-
1 ol88

Tnv96-
1 ol944

KB9/
11-
Cen

KB74
2/11

M262-
Cen

19-1
ol1

SO35-
98

SiO2 57.98 57.75 57.45 57.49 56.80 57.30 56.56
TiO2 0.09 0.09 0.02 0.01 0 0.03 0.04
Al2O3 1.46 0.21 0.18 0.26 0.33 0.31 0.29
FeO 5.00 4.76 5.04 3.93 6.88 5.22 5.05
MnO 0.07 0.09 0.13 0.08 0.19 0.12 0.09
MgO 34.18 35.71 35.25 37.02 34.30 35.67 36.09
CaO 1.25 0.71 0.66 0.30 0.59 0.27 0.42
Na2O 0.03 0.07 0.05 0.04 0 0.02 0.11
Cr2O3 n.a. 0.13 0.17 0.02 0.11 0.1 0
NiO n.a. 0.11 n.a. 0.13 n.a. 0.12 0.19
Total 100.06 99.63 98.95 99.28 99.20 99.16 98.84
Mg#,
mol%

92.4 93.1 92.6 94.4 89.9 92.4 92.7

Host olivine
SiO2 40.49 40.16 41.41 41.94 40.49 40.39 40.43
FeO 7.82 7.12 7.42 6.09 11.39 8.54 8.04
MnO 0.11 0.08 0.11 0.10 0.21 0.14 0.13
MgO 51.31 50.93 50.07 52.99 48.42 50.26 50.6
CaO 0.09 0.07 0.15 0.05 0.23 0.05 0.09
NiO 0.38 0.43 0.38 0.44 0.26 0.38 0.41
Cr2O3 0.06 0.04 0.05 0.07 0.03 n.a. 0.06
Total 100.26 98.83 99.59 101.68 101.04 99.76 99.76
Fo,
mol%

92.1 92.7 92.3 93.9 88.3 91.3 91.8

Compositions of clinoenstatite are in columns 3 (see Fig. 4E) and 5
(see Figs. 4F and 5). Analyses were performed on a JEOL 8200
electron microprobe at the Max Planck Institute for Chemistry (Mainz,
Germany), using an accelerating voltage of 20 kV and a current of
20 nA. On-peak counting times for Ca in olivine were 60 s, for Ni
120 s. CaO contents of olivine at the 0.1% level have a 2-sigma
standard deviation of 12% relative. n.a. — not analysed. Fo and
Mg# — 100⁎Mg/(Mg+Fe).
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peridotitic minerals (orthopyroxene, clinopyroxene,
spinel or garnet) in the rocks studied, and their
apparent scarcity in other subduction-related volcanic
magmas, are noteworthy.

5. Low-Ca, high-Mg# pyroxene inclusions in forsteri-
tic olivine are not regularly recorded in magmatic
rocks, except boninites, but orthopyroxene and
olivine are commonly associated in peridotites.
However, low Al2O3 contents (b1 wt.%) in most
low-Ca pyroxene inclusions are not typical of
orthopyroxene in harzburgites from supra-subduc-
tion zones (Bonatti and Michael, 1989; Niu and
Hekinian, 1997; Parkinson and Pearce, 1998;
Morishita et al., 2003), and have not been recorded
from abyssal peridotites (Fig. 7). The idea, advo-
cated above, of partial equilibration of low-Ca
olivine with a high-Ca magma, explains the
occurrence of low-Ca pyroxene inclusions in
relatively high-Ca olivine. Although CaO abun-
dances of coexisting low-Ca pyroxene inclusions
and olivine are positively correlated, the correlation
is not as good as their Fe–Mg relationships (Fig. 6).
However, such a retarded re-equilibration of trace
elements compared to major elements is to be
expected. Melt inclusions in orthopyroxene and
glass mantles with shrinkage bubbles around
orthopyroxene (Fig. 4) further support magmatic
crystallisation.

6. Clinoenstatite has never been recorded in mantle
xenoliths and abyssal or ophiolite peridotites. The
polysynthetic twinning of the clinoenstatite (Figs. 4,
and 5) indicates that it inverted from protoenstatite
(Iishi and Kitayama, 1995), a mineral whose stability
field is limited to relatively low pressure (b1 GPa) and
high temperatures (N1000–1250 °C). On the other
hand, clinoenstatite, co-crystallisingwith low-Ca high-
Fo olivine, is typical of low-Ca boninitic magmas in
the western Pacific (Dallwitz et al., 1966; Crawford,
1980; Komatsu, 1980; Shiraki et al., 1980; Sameshima
et al., 1983). It has been stated for the low-Ca olivine–
clinoenstatite assemblage in the Solomon Island
picrites that “olivines with clinoenstatite inclusions
should be magmatic in origin and may have been
liquidus phases of a low-Ca boninitic melt” (Rohrbach
et al., 2005). It cannot be excluded that inclusions of
orthopyroxene were originally trapped as clinoensta-
tite. The occurrence of clinoenstatite in relatively calcic
olivine (Table 2, n. 5) suggests that the host olivine was
once low-Ca in composition.

7. Low-Ca olivine is occasionally sprinkled with mi-
nute melt, fluid and Cr-spinel inclusions (Figs. 3A,B
and 4A,B). This provides additional support for the
inferred magmatic origin of the low-Ca olivine. Cr-
spinel inclusions are euhedral, unlike anhedral and
vermicular spinel in harzburgites (Matsumoto and
Arai, 2001), and have higher TiO2 and lower Fe2+/
Fe3+ than mantle spinel, but well within the field of
spinel from volcanic rocks (Kamenetsky et al.,
2001).

4.2. Contrasting melt compositions in a single
magmatic system

The magmatic origin of the low-Ca olivine that is
present in the high-Ca rocks (Table 1) indicates that at
least two types of magma must have passed through the
volcanic plumbing system. The dominant component is



Fig. 7. Relationships between Al2O3 and Mg# in low-Ca pyroxene inclusions hosted by olivine phenocrysts in the subduction-related picrites.
Compositions of orthopyroxene from abyssal peridotites (Dick, 1989) and from mantle harzburgites in the supra-subduction zone ophiolitic
complexes (Horoman, Japan, Morishita et al., 2003; Izu–Bonin–Mariana forearc, ODP Leg 125, Parkinson and Pearce, 1998; New Caledonia, S.
Meffre, unpublished) are shown for comparison.

Table 3
Compositions of Cr-spinel inclusions and their host low-Ca olivine in
picrites from eastern Kamchatka (1, 2) and Solomon Islands (3, 4)

N 1 2 3 4

Grain KB9 ol2/1 K74/5 M262 gr1 M262 gr41

TiO2 0.32 0.45 0.19 0.16
Al2O3 6.20 10.29 6.10 6.70
Cr2O3 57.34 47.37 57.51 56.64
Fe2O3 9.61 13.87 9.00 8.17
FeO 10.88 10.93 16.56 16.65
MnO 0.17 0.16 0.30 0.31
MgO 15.6 14.67 10.78 10.67
Total 100.12 97.74 100.44 99.30
Mg#, mol% 74.3 70.5 53.7 53.3
Cr#, mol% 86.1 75.5 86.4 85.0
Fe2+/Fe3+ 0.98 0.88 2.04 2.26

Host olivine
SiO2 41.61 41.24 41.21 41.17
FeO 6.32 6.50 6.64 8.77
MnO 0.10 0.14 n.a. 0.16
MgO 52.07 50.4 51.9 49.55
CaO 0.12 0.10 0.08 0.12
NiO 0.43 0.42 n.a. 0.38
Cr2O3 0.08 0.09 n.a. 0.05
Total 100.73 98.89 99.83 100.20
Fo, mol% 93.6 93.3 93.3 91.0

Fe2O3 is calculated on the basis of stoichiometry. n.a.— not analysed.
Fo and Mg# — 100⁎Mg/ (Mg+Fe); Cr# — 100⁎Cr / (Cr+Al).
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the high-Ca magma, from which phenocrysts of high-Ca
olivine and clinopyroxene and the groundmass crystal-
lised. The low-Ca olivine points to the presence of
another magma with a contrasting composition, and the
continuum of CaO contents in olivine of a given rock
(Fig. 2) and often within a single olivine phenocryst (Fig.
3) suggests mixing of two types of magma and diffusive
re-equilibration and overgrowth of earlier formed olivine.
The coexistence of magnesian low-Ca olivine with or-
thopyroxene and/or clinoenstatite indicates that this
magma must have been both rich in silica and mag-
nesium; the low CaO content of the olivine is likely to be
a direct reflection of the reduced calcium and high silica
contents of the melt (Libourel, 1999). This agrees with
correlated CaO in olivine and CaO/Al2O3 in melt inclu-
sions from the studied and other magmatic suites (Kame-
netsky et al., 1995a; Kamenetsky and Clocchiatti, 1996;
Kamenetsky et al., 1997; Kamenetsky and Crawford,
1998).

The low-Ca olivine, which originated from a sup-
posedly low-Ca, high-Si magma, could have become
included into the rock-forming high-Ca magmas either
from the earlier cumulates or during mixing of two con-
trasting magmas. The second possibility is preferred given
the fact that low-Ca andhigh-Ca olivine in the studied rocks
are linked by the intermediate CaO compositions (i.e.,
between 0.15 and 0.25 wt.%), and proportions of such
“transitional” olivine are significant in all studied rocks
(Fig. 2). Therefore, the absence of clear relationships
between Fo and CaO in the olivine cores (Fig. 1) suggests
that a number of parental melt compositions, resulting from
mixing of the tentatively defined “low-Ca” and high-Ca”
endmembers, were present in the magmatic system.
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The origin of subduction-related magmas, unusually
depleted in Ca (e.g., low-Ca boninites) and unusually
enriched Ca (e.g., ankaramites), compared to melts
derived from common peridotite mantle, is still a matter
of considerable debate in the literature (Della-Pasqua
and Varne, 1997; Schiano et al., 2000; Kamenetsky et
al., 2002; Green et al., 2004; Médard et al., 2004;
Schmidt et al., 2004). Low CaO/Al2O3, silicic high
Mg# melt, saturated in forsteritic low-Ca olivine and
magnesian orthopyroxene, seems to be common and
present in a large proportion relative to the rock-forming
melt. What is its origin?

While most workers agree on the importance of the
mantle in generating basaltic magmas, alternative
views, advocating the role of localised dissolution-
reaction-mixing processes in the magmatic plumbing
system, have been increasingly gaining support from
the studies of intrusive parts of ophiolites (Bédard,
1993; Bédard et al., 2000) and melt inclusions in
magmatic phenocrysts (Danyushevsky et al., 2004).
Such processes are driven by the chemical interaction
of hot mantle-derived magmas with wall rocks in a
magmatic conduit, and primarily involve congruent
and incongruent dissolution of mineral constituents of
crustal rocks, melt mixing and crystallisation. What is
most significant in the light of our findings is that a
variety of magma types may coexist in the same
magmatic system, and thus their origins are probably
related. Future research on deciphering this phenom-
enon should involve detailed mineralogical and
magmatic inclusion studies.
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