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Melt inclusions are small portions of liquid trapped by growing

crystals during magma evolution. Recent studies of melt inclusions

have revealed a large range of unusual major and trace element

compositions in phenocrysts from primitive mantle-derived magmatic

rocks [e.g. in high-Fo olivine (Fo > �85 mol %), spinel, high-An

plagioclase]. Inclusions in phenocrysts crystallized from more evolved

magmas (e.g. olivine Fo < �85 mol %), are usually composition-

ally similar to the host lavas. This paper reviews the chemistry of

melt inclusions in high-Fo olivine phenocrysts focusing on those with

anomalous major and trace element contents from mid-ocean ridge

and subduction-related basalts. We suggest that a significant portion

of the anomalous inclusion compositions reflects localized, grain-

scale dissolution–reaction–mixing (DRM) processes within the

magmatic plumbing system. The DRM processes occur at the

margins of primitive magma bodies, where magma is in contact

with cooler wall rocks and/or pre-existing semi-solidified crystal

mush zones (depending on the specific environment). Injection of

hotter, more primitive magma causes partial dissolution (incongruent

melting) of the mush-zone phases, which are not in equilibrium with

the primitive melt, and mixing of the reaction products with the

primitive magma. Localized rapid crystallization of high-Fo olivines

from the primitive magma may lead to entrapment of numerous large

melt inclusions, which record the DRM processes in progress. In

some magmatic suites melt inclusions in primitive phenocrysts may

be naturally biased towards the anomalous compositions. The

occurrence of melt inclusions with unusual compositions does not

necessarily imply the existence of new geologically significant magma

types and/or melt-generation processes, and caution should be

exercised in their interpretation.

KEYWORDS:melt inclusions; olivine; geochemistry; mush zones; MORB;

subduction-related magmas

INTRODUCTION

Melt inclusions (‘inclusions’ hereafter), are small portions
of magma trapped by crystals growing during magma
evolution that represent ‘snapshots’ of the crystallization
environment. Such inclusions may be particularly useful
in studies of primitive mantle-derived magmas that are
frequently modified prior to eruption by fractionation
processes within the magmatic plumbing system.
It is now well recognized that the original compositions

of inclusions are readily modified after trapping by crys-
tallization of the host phase on the walls and other
daughter phases within the inclusions prior to and during
eruption (e.g. Roedder, 1979, 1984). Such modifications
can be reversed either by laboratory reheating of the
inclusions or numerical modelling of crystallization pro-
cesses within them (e.g. Sobolev et al., 1980; Sinton et al.,
1993; Danyushevsky et al., 2002b).
A second mechanism that acts to modify inclusion

compositions after trapping is re-equilibration with the
host phenocryst and/or external magma (e.g. Roedder,
1979; Qin et al., 1992; Tait, 1992; Danyushevsky et al.,
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2000a; Gaetani & Watson, 2000; Massare et al., 2002). In
high-Fo olivine phenocrysts from primitive mantle-
derived magmas such processes include loss of volatiles
from inclusions and their Fe–Mg exchange with the host.
Techniques for minimizing the effects of such modifica-
tions, and their use to infer the cooling paths of evolving
magmas, have been discussed by Gaetani & Watson
(2000) and Danyushevsky et al. (2002b, 2002c).
The reconstruction of originally trapped melt composi-

tions is not the only important issue pertinent to melt
inclusion studies. Another issue relates to the critical
assessment of the origin of what has actually been
sampled by the host phenocryst during inclusion forma-
tion. In this paper we address whether melt inclusions are
always samples of geologically significant melt bodies
within the magmatic plumbing system, or whether in
some cases the host phenocryst may sample localized
grain-scale environments.
Recent studies of inclusions have revealed a large range

of unusual major and trace element compositions in
phenocrysts from primitive mantle-derived magmatic
rocks. Although these unusual inclusions occur mainly
in high-Fo olivine, they have also been reported in spinel
(e.g. Sigurdsson et al., 2000) and high-An plagioclase (e.g.
Nielsen et al., 1995). In terms of major elements, a com-
mon feature of the more anomalous inclusion composi-
tions in olivine is their high CaO content and CaO/
Al2O3 ratios (e.g. Schiano et al., 2000). Although found
in samples from different tectonic settings, this feature is
most pronounced in inclusions from subduction-related
volcanic rocks (Fig. 1). In general, high-CaO inclusions in
mid-ocean ridge basalts (MORB) and ocean-island
basalts (OIB) have higher SiO2, whereas the high-CaO
inclusions in the subduction-related lavas have lower
SiO2 than the host lavas (e.g. Kogiso & Hirschmann,
2001). Figure 1 also demonstrates that anomalous
characteristics are predominantly found in inclusions in
high-Fo olivine phenocrysts (Fo > �85). Inclusions in
less forsteritic olivine, when present in the same samples,
are usually compositionally similar to the host lavas
(Fig. 1).
A common feature of inclusions from different tectonic

settings, particularly in MORB and back-arc basin
basalts (BABB), is the large range of concentrations of
strongly incompatible elements (SIE), such as Ba, Rb, Th,
U, Ta, Nb, K and La. The range of SIE contents in
inclusions within a magmatic suite, or even within a
single sample and, in some cases, within a single grain,
can exceed the range recorded by the host lavas by more
than an order of magnitude (e.g. Sobolev et al., 1992,
2000; Sobolev & Shimizu, 1993; Gurenko & Chaussidon,
1995; Kamenetsky et al., 1997, 1998; Shimizu, 1998;
Danyushevsky et al., 2003). At the same time, concentra-
tions of moderately incompatible elements (MIE, i.e. Sm,
Eu, Ti, Gd, Dy, Er, Y, Yb, Lu) in such inclusions are

usually more uniform and similar to the compositions of
the host lavas, resulting in large variations of SIE/MIE
ratios in the inclusions.
Two general types of relationship between the SIE

concentrations of inclusions and their host lavas can be
identified for MORB and BABB samples. In areas where
SIE-enriched and SIE-depleted lavas are found in close
proximity to each other, inclusions with both character-
istics may be found in a single rock sample (e.g. Shimizu,
1998). In other areas where the host lavas have relatively
uniform SIE compositions, a continuum of SIE concen-
trations from highly depleted to variably enriched is
found in inclusions from a single rock sample (e.g.
Sobolev & Shimizu, 1993; Gurenko & Chaussidon,
1995; Kamenetsky et al., 1998; Danyushevsky et al., 2003).
In MORB, most inclusions, either SIE-depleted or

SIE-enriched, have typically smooth primitive mantle-
normalized incompatible element patterns (Fig. 2a).
However, in some samples a subset of inclusions display
unusual geochemical characteristics such as large positive
Sr anomalies (Fig. 2a), which are not recorded in the host
lavas (e.g. Kamenetsky et al., 1998; Danyushevsky et al.,
2003).
The compositional diversity in primitive inclusions

has been interpreted to originate from melt-generation
processes in the mantle (e.g. Sobolev & Shimizu,
1993), channelized melt transport in the mantle

Fig. 1. CaO and SiO2 contents (wt %) in olivine-hosted melt inclusions
from primitive MORB and subduction-related lavas that contain high-
CaO inclusion compositions. Melt inclusions from samples that do not
contain high-CaO inclusions are not shown. MORB melt inclusion
compositions are from Gurenko & Chaussidon (1995), Kamenetsky
et al. (1997, 1998) and Danyushevsky et al. (2003). Subduction-related
melt inclusion compositions are from Kamenetsky & Clocchiatti
(1996), Della-Pasqua (1997), Della-Pasqua & Varne (1997), Gioncada
et al. (1998), Sisson & Bronto (1998), Metrich et al. (1999), Schiano et al.
(2000) and our unpublished data. The ‘MORB glasses’ field includes
MORB pillow-rim glasses with MgO >8 wt % from different localities
from the Smithsonian Institution catalogue (Melson et al., 2002; http://
www.nmnh.si.edu/minsci/research/glass/index.htm) and our unpub-
lished data. The ‘Arc rocks’ field includes whole-rock compositions of
subduction-related lava suites from the same localities as the melt
inclusions.
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Fig. 2. Examples of anomalous melt inclusions in high-Fo olivine phenocrysts from MORB. All compositions are recalculated to correct for
fractionation as described in the Appendix. (a) Primitive mantle-normalized incompatible element contents of melt inclusions from samples
ALV-2384-3, Siqueiros Transform Fault, East Pacific Rise (EPR) (Danyushevsky et al., 2003) and AII32-12-7, 43�N, Mid-Atlantic Ridge (MAR)
(Kamenetsky et al., 1998). Bold black lines show inclusions with positive Sr anomalies. Thick dashed grey lines show the trace element patterns
of pillow-rim glasses of the host lavas. All trace element data have been normalized to the primitive mantle values of Sun & McDonough (1989).
(b, c) The CaO, Al2O3 and Na2O contents in melt inclusions from (a). Filled diamonds represent inclusions with Sr anomalies from (a). The
shaded fields show fractionation-corrected compositions of pillow-rim glasses from both suites (Shibata et al., 1979; Kamenetsky et al., 1998;
Danyushevsky et al., 2003). For the 43�N MAR glasses correction for fractionation has been performed assuming both low-pressure and polybaric
fractionation of primitive magmas (see Appendix for calculation details). Arrows labelled Ol, Plag and Cpx in (b) point to average compositions of
primitive MORB olivine, plagioclase and clinopyroxene phenocrysts, respectively. (See text for discussion.)
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(Spiegelman & Kelemen, 2003), fine-scale mantle hetero-
geneity (Sobolev et al., 2000), or assimilation of wall-rock
material in the magmatic plumbing system (e.g. Kent
et al., 2002; Lassiter et al., 2002).
There are two important assumptions common to all

these interpretations.
(1) The host lavas do not preserve the initial variety of

melt compositions, as a result of extensive mixing of
distinct melts in the plumbing system. This mixing occurs
relatively early in the crystallization history of a magma,
explaining the rarity of unusual inclusion compositions in
the more evolved phenocrysts that formed when mixing
is complete.

(2) Inclusions represent snapshots of relatively large-
volume, geologically significant melt bodies that exist in
the volcanic plumbing system during crystal growth.
Here we present an alternative view for the origin of

anomalous melt inclusion compositions. From a detailed
description of such inclusion compositions from MORB
and subduction-related samples, we propose that a sig-
nificant portion of these compositions may not represent
geologically significant melts, but instead reflect localized,
grain-scale reaction processes within the magmatic
plumbing system. Similar ideas have been presented
by Bedard et al. (2000). We also suggest that in some
magmatic suites inclusions in primitive phenocrysts are
naturally biased towards such anomalous compositions.
This paper does not aim to provide a quantitative model
that can account for the origin of every anomalous
inclusion composition. Instead, we present a conceptual
approach for explaining the origin of inclusions with
anomalous composition.

SAMPLES AND ANALYTICAL

TECHNIQUES

Ideas presented in this paper originated from studies
of the geochemistry, mineralogy and melt inclusions
in olivine phenocrysts from four magmatic suites as
follows.

(1) The 5–3Ma shoshonites from three volcanic
centres in Fiji (Tavua Volcano, samples EL-8, EL-9,
EL-10; Vatu-i-Cake Island, sample VT-3; Astrolabe
Islands). Altogether we have studied �300 olivine-hosted
melt inclusions from nine samples. Fijian shoshonites
display strong subduction-related geochemistry with
high ratios of large ion lithophile elements to high field
strength elements (LILE/HFSE) (e.g. Gill & Whelan,
1989). A detailed description of these rocks will be pub-
lished elsewhere (Leslie et al., in preparation).

(2) Zero age arc tholeiites from two submarine
volcanoes from the Hunter Ridge, southern termination
of the North Fiji back-arc basin (�150 melt inclusions in
olivine phenocrysts from samples D2-1 and D3-1 have

been studied). A detailed description of these rocks will be
published elsewhere (Durance-Sie et al., in preparation).

(3) Zero age MORB from the Siqueiros Transform
Fault, East Pacific Rise (EPR) (Danyushevsky et al., 2003).

(4) The 2–0Ma boninites from the northern term-
ination of the Tonga–Kermadec Arc (Danyushevsky
et al., 1995).

Experimental reheating of melt inclusions

Most melt inclusions in olivine phenocrysts in samples
from Fiji and the Hunter Ridge are recrystallized. Such
inclusions have been reheated to remelt the daughter
crystals inside them and quenched to glass prior to ana-
lysis. All experiments have been conducted under visual
control using a specially designed low-inertia heating
stage (Sobolev et al., 1980). Melt inclusions from the Fijian
shoshonites were kept at high temperatures (>1050�C)
for �5min. Melt inclusions from Hunter Ridge tholeiites
were kept at high temperature for 1–2min. A detailed
description of experimental techniques has been given by
Danyushevsky et al. (2002b).

Analytical techniques

Major and minor elements in glasses, plagioclase and
olivine phenocrysts were analysed using Cameca SX50
and SX100 electron microprobes at the University of
Tasmania. Glass and plagioclase were analysed at
15 kV, 20 nA, and a beam size of 5mm. International
standard USNM 111240/2 (basaltic glass VG2) and
USNM 119500 (plagioclase) from Jarosewich et al.
(1980) were used as the primary and secondary standard
analysed throughout analytical sessions. Counting times
for Na, Mg, Al, Si, Ca and Mn were 10 s for the peaks
and 5 s for the backgrounds (10/5) on both sides. For Ti
and Fe, counting times were 20/10, and for K, P and Cr
they were 60/30. Olivine was analysed at 15 kV, 30 nA,
and a beam size of 1–2 mm. International standards
USNM 111312/444 (San Carlos olivine) from
Jarosewich et al. (1980) were used as the primary and
secondary standard analysed throughout analytical
sessions. Counting times for Mg, Si and Fe were 20/10;
for Ca, Cr, Ni, and Mn they were 30/15. Each electron
microprobe analysis presented in this paper is an average
of two or three individual spots. Accuracy of the electron
microprobe analysis in the above conditions varies from
2% for major elements to as much as 100% for absolute
contents of 0�01 wt %.
Trace element concentrations in plagioclase were ana-

lysed by laser ablation inductively coupled plasma mass
spectrometry at the University of Tasmania. This instru-
mentation comprises a New Wave Research UP213
Md-YAG (213 nm) laser coupled to an Agilent 4500
quadrupole mass spectrometer. Analyses were performed
by ablating 55 mm diameter spots at a rate of 10 shots/s.
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Data reduction was undertaken according to standard
methods (Longerich et al., 1996) using the NIST612
glass as a primary reference material and the USGS
BCR2 g glass as a secondary reference material.
The complete major and trace element dataset may be

downloaded from the Journal of Petrology website at http://
www.petrology.oupjournals.org

ANOMALOUS MELT INCLUSIONS

FROM MORB

In a number of MORB samples with typically smooth
primitive mantle-normalized incompatible element pat-
terns, inclusions in high-Fo olivine phenocrysts display a
large range of SIE concentrations and also have positive
Sr anomalies that are not observed in the host lavas (note
that Sr anomalies do not occur in every MORB sample
where inclusions display a large range of SIE contents,
e.g. Sobolev, 1996). Figure 2a illustrates two such sam-
ples, one SIE-depleted (sample ALV-2384-3, Siqueiros
Transform Fault, EPR; Perfit et al., 1996; Danyushevsky
et al., 2003) and one SIE-enriched [sample 12-7, 43�N
Mid-Atlantic Ridge (MAR); Kamenetsky et al., 1998].
Within a sample, Sr anomalies are usually present in,
but are not restricted to, the most SIE-depleted inclusions
(Fig. 2a). Such inclusions are referred to as high-Sr inclu-
sions hereafter. Within a sample, high-Sr inclusions
usually represent only a small part of the inclusion popu-
lation (e.g. <3% of inclusions in the Siqueiros sample
have Sr anomalies; Danyushevsky et al., 2003; Fig. 2a).

High-Sr melt inclusions from samples
ALV-2384-3 and 12-7

Danyushevsky et al. (2003) have considered in detail the
origin of SIE-depleted, high-Sr inclusions from sample
ALV-2384-3. These inclusions have the highest Al2O3

and CaO contents and the lowest Na2O and TiO2 con-
tents within the suite (Fig. 2b and c), and are associated
with aluminous spinels with variable Cr2O3 content.
Danyushevsky et al. (2003) have interpreted these inclu-
sions to represent the products of reactions between pla-
gioclase (� clinopyroxene) and hot primitive MORB
melt that is undersaturated in plagioclase and clinopyr-
oxene at crustal pressures. Such reactions occur on a local
scale (Bedard, 1993) within gabbroic mush zones in the
magmatic plumbing system below mid-ocean ridges
(Sinton & Detrick, 1992). It should be noted that
Danyushevsky et al. (2003) also presented alternative
explanations for the origin of these inclusions, each of
which were considered unlikely.
As discussed in detail by Bedard (1993), Bedard et al.

(2000) and Danyushevsky et al. (2003), reactions between
plagioclase and primitive melts lead to the formation of

aluminous spinel. Thus, unlike commonly considered
assimilation processes, dissolution of plagioclase cannot
be considered a simple mixing of the primitive melt with
the contaminant.
Quantitative modelling of such reactions requires inde-

pendent constraints on (1) the major and trace element
compositions of the primitive melts, contaminant(s) and
the reaction products, and (2) the extent of mixing
between the reaction products and the primitive melt
prior to entrapment, all of which are rarely available.
Sample ALV-2384-3 from the Siqueiros Transform
Fault is unique in this respect as: (1) the pillow-rim glass
of this sample has olivine only on its liquidus
(Danyushevsky et al., 2003), and, thus, the composition
of primitive melts in equilibrium with high-Fo olivine
phenocrysts that contain high-Sr inclusions can be esti-
mated with confidence (see Appendix for calculation
details); (2) the sample contains two populations of plagi-
oclase xenocrysts (An85–88 and An57–63, Danyushevsky
et al., 2003), which can be assumed to represent unreacted
remnants of mush-zone plagioclase; (3) the high-Sr inclu-
sions also contain aluminous spinel, which has been
formed as a result of dissolution reactions.
The results of our modelling are presented in Table 1.

High-Sr inclusion S2-OL54-GL, which has the lowest
SIE content (Fig. 2a), can be modelled as

0�64 Plagþ 0�05 Meltþ 0�31 Oliv

) 0�90 Melt1þ 0�10 Al-Spl ð1Þ

where Plag is plagioclase, Oliv is olivine, Melt is
primitive MORB melt, Melt1 is reaction product
trapped as inclusion and Spl is spinel. The proportions
of phases are from Table 1. The olivine component in
this reaction is the host olivine that melted around the
trapped plagioclase and melt [see Danyushevsky et al.
(2003) for detailed discussion]. As can be seen in Table 1,
reaction (1) can adequately reproduce all elements in the
inclusion S2-OL54-GL, with the exception of Fe, Mg
and Cr. This is because the reaction products have re-
equilibrated with the host olivine after trapping, as
discussed in detail by Danyushvesky et al. (2002c, 2003).
High-Sr inclusion S1-OL24-GL3, which has the sec-

ond lowest SIE content (Fig. 2a), cannot be modelled
successfully by assuming plagioclase is the only con-
taminant (unsuccessful models are not presented), and
requires dissolution of clinopyroxene to match its
composition (Table 1). As sample ALV-2384-3 does not
contain clinopyroxene xenocrysts, we have used a com-
position of clinopyroxene phenocrysts from a Pacific
MORB sample 896A-9-1-24 (McNeill & Danyushevsky,
1996), which introduces additional uncertainty in our
modelling. Also, the inclusion composition is best mod-
elled assuming the composition of reacting plagioclase
is intermediate between the two populations found as
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xenocrysts in sample ALV-2384-3. The relatively high
Cr2O3 content of the spinel in inclusion S1-OL24-GL3
(Table 1) is best explained by assuming entrapment of a
typical MORB spinel together with the reaction pro-
ducts. With the above assumptions, inclusion S1-OL24-
GL3 can be modelled as

0�46 Plagþ 0�23 Cpxþ 0�021 Cr-Splþ 0�07 Melt

þ 0�219 Oliv ) 0�959 Melt1þ 0�041 Al-Spl ð2Þ

where Cpx is clinopyroxene. The proportions of phases
are fromTable 1.The olivine component in this reaction is
also the host olivine. Differences in FeO* and MgO
contents between the modelled and analysed Melt1
compositions are also due to the post-entrapment re-
equilibration of the reaction products with the host olivine.
The modelling presented above reproduces the most

important compositional features of these high-Sr inclu-
sions, i.e. large positive Sr anomalies, low concentrations
of SIE, high CaO and Al2O3 contents and low Na2O
contents. It should be noted, however, that reaction (2)
cannot reproduce the MIE content of inclusion S1-
OL24-GL3 (Y is shown as an example in Table 1),
which we do not have an explanation for at the moment.
The resolution of this issue is complicated by the uncer-
tainties in the compositions of phases involved in reaction
(2), but we believe that this does not invalidate our mod-
elling, as it reproduced the main compositional features
of this inclusion.
A successful model for the compositions of the two

high-Sr inclusions with SIE contents similar to those of
other inclusions in sample ALV-2384-3 (Fig. 2a) should
explain the combination of the high Sr contents, relat-
ively ‘normal’ (i.e. similar to the parental melts of the
pillow-rim glasses) major element contents, and high SIE
contents. The high Sr contents (i.e. higher than in other
high-Sr inclusions from this sample) may reflect dissolu-
tion of plagioclase with a higher Sr content, as a result of
either a lower An content than the xenocrysts in sample
ALV-2384-3, or its crystallization from a melt with a
higher Sr content (note that lavas enriched in SIE have
been sampled from the Siqueiros Transform in the vici-
nity of sample ALV-2384-3; Perfit et al., 1996). The high
SIE contents of these inclusions may reflect involvement
of evolved residual mush-zone melts that can be enriched
in SIE. Given these uncertainties in the nature and com-
positions of the phases involved, we have not attempted
modelling of these inclusions.
The high-Sr inclusions from the 43�N MAR sample

are likely to represent the products of a reaction similar to
reaction (2), as their relatively high CaO and ‘normal’
Al2O3 contents (Fig. 2b; see also Kamenetsky et al.,
1998) suggest involvement of clinopyroxene (without
clinopyroxene, high CaO is associated with high Al2O3

in high-Sr inclusions). Quantitative modelling of these

inclusions is hampered by (1) the evolved nature of the
pillow-rim glass of this sample (Kamenetsky et al., 1998)
and (2) the lack of any information on the compositions of
the mineral phases involved; thus it has not been
attempted.

Other melt inclusions from samples
ALV-2384-3 and 12-7

Danyushevsky et al. (2003) have examined in detail major
element compositions of inclusions in olivine from sample
ALV-2384-3 that do not have Sr anomalies (normal-Sr
inclusions; Fig. 2a). Although SIE and MIE contents of
normal-Sr inclusions are essentially identical to those of
the host lava, their major element contents differ system-
atically from the estimated parental melt of the pillow-rim
glass of the sample (see the Appendix for the details of
calculation of the parental melt compositions). Like the
high-Sr inclusions from this sample, normal-Sr inclusions
also have higher CaO and lower Na2O and TiO2 con-
tents than the estimated parental melts (Fig. 2b and c;
TiO2 not shown), although in this case the difference is
smaller.
The fact that the average major element composition

of the inclusions in high-Fo olivine phenocrysts does not
match that of the estimated parental melts for the pillow-
rim glass of sample ALV-2384-3 makes it difficult to
interpret these inclusions as samples of individual primit-
ive melt fractions, mixing of which leads to the formation
of the host lava. The widely accepted idea that individual
inclusions in high-Fo olivine phenocrysts represent separ-
ate primitive melts within the magmatic system that are
well mixed before eruption (Sobolev & Shimizu, 1993) is
based on the trace element contents of the inclusions.
Indeed, in MORB samples, where inclusions in high-Fo
olivine phenocrysts display a large range of SIE contents,
most inclusions usually have incompatible element com-
positions similar to the host lava (e.g. Sobolev, 1996; and
the two examples on Fig. 2a). Thus, because of the
typically small proportion of anomalous (e.g. high-Sr)
inclusions within a particular sample, the average incom-
patible element content of the melt inclusions is usually
similar to that of the host lava. However, major elements
are rarely considered in such models.
Lavas that could be derived from primitive melts with

major element compositions similar to the normal-Sr
inclusions from sample ALV-2384-3 are not known
within the Siqueiros transform, or even among MORB
worldwide. This raises a question of whether these
normal-Sr inclusions are representative of the primitive
MORB melts in this area. Moreover, increasing CaO
and decreasing Na2O and TiO2 contents in the normal-
Sr inclusions from sample ALV-2384-3 are accompanied
by increasing SIE contents (see Danyushevsky et al., 2003,
fig. 8), which would rule out variations in either the
degree of melting or the composition of the mantle source
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as the reason for the observed range of major element
contents in the normal-Sr inclusions [see Danyushevsky
et al. (2003) for further discussion].
We suggest that compositions of normal-Sr inclusions

from sample ALV-2384-3 may also be affected by local-
ized reaction processes, although at this stage we cannot
determine the exact mechanism. This interpretation is
supported by diffusion of CaO from the normal-Sr melt
inclusions into surrounding olivine, as demonstrated by
CaO compositional gradients in the host phenocrysts
around the normal-Sr melt inclusions (Danyushevsky
et al., 2003). Diffusion of CaO out of high-CaO inclusions
will be discussed in detail later.
The lack of Sr anomalies suggests that dissolution of

plagioclase was not an important process for the origin of
normal-Sr inclusions. The high CaO and low Na2O and
TiO2 contents of the inclusions may suggest dissolution of
clinopyroxene; however, this is inconsistent with their
‘normal’ Al2O3 contents (Fig. 2b) and the positive correla-
tion between inclusion CaO and SIE contents. This cor-
relation rules out simple dissolution of any major mineral
phase(s) in the gabbroic mush zones as they all have lower
SIE concentrations than the melt. However, involvement
of small amounts of the residual inter-cumulus melts from
the mush zone may produce the observed trends, as such
melts are expected to be enriched in SIE. It is also possible
that these normal-Sr inclusions represent reaction pro-
ducts that have been extensively (but not completely)
mixed with the host magma prior to entrapment.
The evolved nature of the pillow-rim glass of sample

12-7 (Kamenetsky et al., 1998) makes it more difficult to
estimate its parental melt composition. As detailed in the
Appendix, we considered cases of low-pressure fractiona-
tion of olivine and polybaric fractionation of olivine and
clinopyroxene (Fig. 2b and c; see also Fig. A1 below). If
pillow-rim glasses were formed by low-pressure fractiona-
tion of the parental melts, then, similar to the Siqueiros
sample, the average composition of normal-Sr inclusions
has higher CaO, lower Na2O and lower TiO2 contents
than the parental melts (Figs 2b and c, and A1). In the
case of polybaric fractionation, the average inclusion
composition can match the CaO content of the parental
melts, but the Na2O and TiO2 contents are still lower in
the inclusions (Figs 2b and c, and A1). We thus conclude
that inclusions in this sample are also unlikely to represent
individual primitive melt fractions, mixing of which leads
to the formation of the host lava.
The polybaric fractionation of the parental melts can

be consistent with the presence of high-magnesian clino-
pyroxene phenocrysts in sample 12-7 (Kamenetsky et al.,
1998). However, we consider this unlikely for two rea-
sons. First, the proportion of olivine to clinopyroxene
along the polybaric cotectic shown in Fig. A1b is �3:1.
As clinopyroxene is less dense than olivine, it should be
preferentially retained by the ascending melts, and thus

we can expect >25% of clinopyroxene in the phenocryst
assemblage of the erupted lavas. However, olivine con-
stitutes �90% of the phenocryst assemblage of the sam-
ple (Kamenetsky et al., 1998). Second, the Al2O3 content
of high-magnesian clinopyroxene phenocrysts is low
(3–4 wt %; Kamenetsky et al., 1998), similar to the com-
positions of magnesian clinopyroxene from 9–10�N
MAR that crystallized at �0�2GPa (Sobolev et al.,
1989), and thus it does not appear to reflect crystallization
at high pressure.
Normal-Sr inclusions with the highest CaO contents

from sample 12-7 have low Al2O3 (Fig. 2b), consistent
with dissolution of clinopyroxene. This has been dis-
cussed in detail by Kamenetsky et al. (1998), who advoc-
ated the origin of normal-Sr inclusions via dissolution of
clinopyroxene caused by interaction of ascending paren-
tal melts with pyroxenite bodies within the mantle.
Kamenetsky et al. (1998) did not specify whether this
interaction occurred on the macro- or micro-scale. Inter-
action on the macro-scale appears more likely in this
scenario, as preservation of micro-scale reaction products
as melt inclusions requires high-pressure crystallization of
olivine, which we consider unlikely for reasons outlined
above. However, interaction on the macro-scale is incon-
sistent with the difference in major element contents
between the average inclusion composition and the
estimated compositions of parental melts for sample
12-7 (Figs 2b and c, and A1). Kamenetsky et al. (1998)
did not discuss this issue in detail, citing the evolved
nature of the pillow-rim glass of sample 12-7
(Kamenetsky et al., 1998, p. 121).
Alternatively, interaction with clinopyroxene could

occur within the gabbroic mush zone in the lower crust.
This scenario places the origin of high- and normal-Sr
inclusions from sample 12-7 in a single environment,
which is also supported by similar compositions of host
olivine for high- and normal-Sr inclusions. Interaction of
a primitive melt, saturated in olivine only, with clinopyr-
oxene at crustal pressures leads to formation of high-Cr
spinel [see Bedard & Hebert (1998) for a detailed discus-
sion]. This is consistent with the presence of unusually
high-Cr spinel inclusions in olivine phenocrysts from
sample 12-7 (Kamenetsky et al., 1998). In this scenario,
high-magnesian clinopyroxenes in sample 12-7 are xeno-
crysts that, similar to plagioclase xenocrysts in sample
ALV-2384-3, represent unreacted remnants of the mush-
zone material. The high-magnesian compositions of
these clinopyroxenes may then result from their partial
dissolution in the primitive melt. We also favour this
scenario as it does not require the presence of clinopyr-
oxenite bodies with the mantle, whose existence beneath
the 43�N MAR cannot be demonstrated.
At the same time, we note that the origin of normal-Sr

inclusions from sample 12-7 cannot be explained by simple
dissolution of clinopyroxene in a single primitive melt, as
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there is no correlation between the SEI and CaO con-
tents in the normal-Sr melt inclusions.

ANOMALOUS INCLUSIONS FROM

SUBDUCTION-RELATED LAVAS

For the purposes of this section, inclusions from a
subduction-related magmatic suite are considered
anomalous if their compositions are well outside the
range defined by the major element contents of primitive
(>6 wt %MgO) rocks from the suite, and ‘normal’ if they
are within that range. Compared with MORB inclusions,
anomalous inclusions from subduction-related samples
display a much greater range of major element concen-
trations (Fig. 1). A common feature of anomalous
subduction-related inclusions is their high CaO contents,
although some anomalously low CaO inclusions also
exist.
The major element compositions of anomalous inclu-

sions in high-Fo olivine phenocrysts from primitive
subduction-related lavas are shown in Fig. 3. The samples
from which inclusion compositions are shown in Fig. 3
cover most of the compositional spectrum of subduction-
related magmatism, and were collected from a number of
settings worldwide (see Fig. 3 caption for details). Inclu-
sion compositions are compared with the field of pub-
lished primitive subduction-related volcanic rocks from
the same locations (see Fig. 3 caption for details). It
should be noted that, for clarity, ‘normal’ inclusions
from subduction-related lavas are not plotted in Fig. 3.
Anomalous inclusions from all subduction-related sam-

ples that are characterized by increasing TiO2 with
increasing CaO form the ‘high-TiO2’ trend in Fig. 3
(red triangles). In all other plots, most of the high-TiO2

inclusions overlap with those characterized by decreasing
Al2O3 with increasing CaO (the ‘low-Al2O3’ trend; yel-
low circles). However, some of the high-TiO2 inclusions
also have high Al2O3 contents. Other inclusions charac-
terized by increasing Al2O3 with increasing CaO but
‘normal’ TiO2 contents define the ‘high-Al2O3’ trend
(green squares). In other plots, the ‘high-Al2O3’ trend
overlaps with the ‘low-Al2O3’ trend. We have also iden-
tified a high-CaO, high-SiO2 trend (‘high-SiO2’ trend;
maroon stars), a low-CaO, high-SiO2 trend (blue circles),
and a low-CaO, low-SiO2 trend (purple diamonds), all of
which are distinct in all plots on Fig. 3.
The compositions of melt inclusions at the extremes of

each trend (Table 3) do not resemble any primitive
magma compositions either sampled in subduction-
related settings or produced experimentally [see also the
discussion by Kogiso & Hirschmann (2001)].
In general, each trend includes inclusions from differ-

ent samples from different localities, and inclusions from
a single sample can be present in different trends.
For example, inclusions from sample EL-9 (Tavua

shoshonitic volcanic centre in Fiji; this study) plot within
the low-CaO, high-SiO2 trend, the low-CaO, low-SiO2

trend, and the low-Al2O3 trend with both high- and
normal-P2O5 contents, and this sample also has
numerous ‘normal’ inclusions. Compositions of represen-
tative inclusions from this sample are presented in
Tables 2 and 3.
In some samples, all inclusions in high-Fo olivine

phenocrysts (Fo >85) have anomalous compositions. For
example, inclusions in high-Fo olivines from Tavua
sample EL-10 (Table 2) have anomalously high CaO
contents (Fig. 4), plotting along the high-TiO2 and low-
Al2O3 trends in Fig. 3. Inclusions in less forsteritic olivine
phenocrysts (Fo80–79) from this sample are similar to the
compositions of evolved lavas of the Tavua suite (MgO
<4 wt %; Fig. 4). Similar observations have been made
elsewhere (e.g. Schiano et al., 2000).
Samples EL-9 and EL-10 have been collected in close

proximity to each other from the same volcano. These
samples have very similar major element compositions
(Table 2) and the same range of olivine phenocryst com-
positions (Fig. 4). However, samples EL-9 and EL-10
differ in the size and abundance of melt inclusions in
high-Fo olivines. In EL-10, where all inclusions have
anomalous compositions, melt inclusions are large (up
to 200mm; Fig. 5a) and numerous, whereas in EL-9,
where a large proportion of inclusions have ‘normal’
compositions, inclusions are rare and small (<50 mm;
Fig. 5b).
Sample D2-1 from the Hunter Ridge also has both

normal and anomalous inclusions in high-Fo olivine
phenocrysts (Tables 2 and 3). However, unlike EL-9,
this sample contains numerous large inclusions (Fig. 5c).
Anomalous inclusions in this sample plot at the extreme
end of the ‘high-SiO2’ trend (Fig. 3). The compositions of
these inclusions are highly depleted in Al2O3, TiO2,
Na2O and K2O, and, in many respects, they resemble
the composition of clinopyroxene. Although these com-
positions clearly reflect melting of clinopyroxene, it is
important to note that they cannot represent complete
melting of an accidentally trapped clinopyroxene during
experimental reheating. This is demonstrated in Table 1
by modelling the mixing of a normal inclusion from
sample D2-1 with a high-magnesian clinopyroxene from
this sample. Although such mixing can reproduce a
number of the compositional features of the anomalous
inclusions, it results in a significantly lower FeO content.
The modelling also indicates that the proportion of clino-
pyroxene in the mix should be �75 wt % to match the
Al2O3 and Na2O contents of the anomalous inclusion.
This would require the presence of a large (�50 vol. %),
easily identifiable clinopyroxene crystal in the inclusion,
which is clearly not the case as this inclusion has been
recrystallized to a fine-grained aggregate during natural
cooling (Fig. 5d), typical for all inclusions in this sample
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(Fig. 5c). This indicates that these inclusions had
anomalous compositions prior to experimental reheating.
The high FeO content of the inclusions is probably
explained by post-entrapment re-equilibration with the
host phenocryst (Danyushevsky et al., 2000a, 2003).
Extreme anomalous inclusion compositions, such as

those from sample D2-1, are rarely found. Such composi-
tions require entrapment prior to any significant mixing

of the dissolved contaminant(s) with the host magma,
and thus they are significantly easier to interpret. In
most cases, anomalous inclusions represent compositions
that have been variably mixed with the host magma prior
to entrapment. Such mixing masks the initial character-
istics of the contaminant(s) and makes it significantly
more difficult to understand the origin of anomalous
inclusions.

Fig. 3. Compositions of anomalous melt inclusions in high-Fo olivine from primitive subduction-related samples. Our data from Fiji and the
Hunter Ridge are complemented by inclusion compositions from Kamenetsky & Clocchiatti (1996), Della-Pasqua (1997), Della-Pasqua & Varne
(1997), Gioncada et al. (1998), Sisson & Bronto (1998), Metrich et al. (1999) and Schiano et al. (2000). The dataset includes primitive samples from
tholeiitic, calc-alkaline, ankaramitic, high-K, and shoshonitic magmatic suites from New Zealand, Fiji, the Hunter Ridge, Vanuatu, Indonesia, the
Philippines, the Roman Province and Mt. Etna. The inclusions are grouped by their chemical affinities. Green squares, high-Al2O3, high-CaO
trend (inclusions from Vanuatu and the Philippines); red triangles, high-TiO2, high-CaO trend (inclusions from Fiji, Mt Etna and Indonesia); blue
circles, high-SiO2, low-CaO trend (inclusions from Fiji); maroon stars, high-SiO2, high-CaO trend (inclusions from Fiji and the Hunter Ridge);
purple diamonds, low-SiO2, low-CaO trend (inclusions from Fiji); yellow circles, low-Al2O3, high-CaO trend (inclusions from Fiji, Indonesia,
Vanuatu, the Roman Province and New Zealand). It should be noted that some trends overlap on some plots. Arrows point to approximate
positions of ‘average’ compositions of calcic plagioclase (Plag), clinopyroxene (Cpx), apatite (Apt), calcite (Cal), titanite (Sph), low-Ca pyroxene
(low-Ca px), K-feldspar (K-fsp) and phlogopite (Phl). (See text for discussion.)
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Inclusions with anomalously low-CaO contents repres-
ent examples where clinopyroxene has not affected their
compositions. Such inclusions are best represented by
sample VT-3 from another Fijian shoshonitic centre

(Vatu-i-Cake island). The VT-3 inclusions define a
trend of increasing SiO2, Al2O3, K2O and P2O5 contents
with decreasing CaO (the low-CaO, high-SiO2 trend,
Fig. 3), whereas TiO2 and Na2O contents remain

Table 3: Compositions of melt inclusions at the extremes of each trend in Fig. 3

1 2 3 4 5 6 7

Location: Fiji Hunter Ridge Fiji Philippines Fiji Indonesia Fiji

Magma type: shoshonite tholeiite shoshonite calc-alkaline shoshonite ankaramite shoshonite

Trend in Fig. 3: low-CaO, high-SiO2 high-SiO2 low-CaO, low-SiO2 high-Al2O3 high-TiO2 low-Al2O3, low-P2O5 low-Al2O3, high-P2O5

Sample no.: VT-3/OL-1/24 D2-1/B1-OL109 EL9/OL-3/133 B45/53 EL10/OL-2/4m-2 DP97-48001/OL84 EL9/OL-5/542

SiO2 53.68 54.31 45.02 44.57 45.93 44.88 47.76

TiO2 0.75 0.06 1.21 0.73 1.41 0.92 0.64

Al2O3 16.07 2.49 16.21 16.83 11.92 12.21 13.39

FeO* 10.02 11.09 8.83 7.34 9.24 10.29 9.21

MnO 0.17 0.22 0.09 0.12 0.12 0.17 0.11

MgO 6.10 16.22 9.20 8.22 8.38 11.37 7.98

CaO 5.96 15.18 10.86 18.17 18.43 17.58 15.58

Na2O 2.93 0.28 3.56 2.73 1.65 1.55 2.11

K2O 3.74 0.01 4.28 0.91 2.36 0.97 2.09

P2O5 0.52 0.01 0.67 0.37 0.49 0.07 1.03

Cr2O3 0.05 0.14 0.09 —— 0.07 —— 0.11

Total 100 100 100 100 100 100 100

Fo host 83.8 90.5 91.4 88.6 89.6 90.2 88.4

Fo host, composition of host olivine phenocrysts (mol %); all inclusions have been reheated to remelt the daughter crystals,
as described in the text, and quenched to glass; all compositions are normalized to 100% anhydrous; analyses 4 and 6 are
from Metrich et al. (1999) and Della-Pasqua (1997), respectively.
*All Fe given as FeO.

Fig. 4. CaO vs MgO (wt %) contents of melt inclusions in olivine (Fo78–91) phenocrysts from samples EL-9 (open circles) and EL-10 (filled circles)
from the Tavua shoshonitic volcanic centre in Fiji. Compositions of the Tavua volcanic rocks are shown by grey triangles. The difference in CaO
contents of the high-MgO inclusions between the two samples should be noted. (See text for discussion.)
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constant. Some inclusions from Tavua shoshonites
(Table 2) also plot along this trend. This trend can be
reproduced by the assimilation of a K-feldspar–biotite–
apatite assemblage by a primitive shoshonitic magma.
Like Tavua, Vatu-i-Cake represents the subaerial

expression of a large Pliocene (3�84Ma; Whelan et al.,
1985) volcanic complex that lies within the Fijian arc-
crust, of which a substantial component is likely to be
monzonitic (intrusive equivalent of evolved shoshonite)
(Gill & Whelan, 1989; Setterfield et al., 1991; D. Carroll,
personal communication, 2002). As K-feldspar, biotite
and apatite are all essential phases in monzonites, the
likely origin of the low-CaO, high-SiO2 trend at both
volcanic centres is from the interaction between primitive
shoshonitic magma and a pre-existing monzonitic crust
or semi-solidified mush zone.

Figure 3 shows arrows to several mineral phases that
may be expected to occur within the mush zones of the
magmatic plumbing systems in subduction-related set-
tings. Each of the trends defined by anomalous inclusions
can be explained by contamination of a primitive
subduction-related magma with a combination of these
phases. As discussed in the previous section, this type of
assimilation does not always represent simple admixing of
contaminants to the primitive magma, as some of the
phases may melt incongruently. Lack of detailed know-
ledge of the dissolution reactions makes it difficult to
quantitatively model the compositions of the anomalous
inclusions. This modelling is further complicated by post-
entrapment diffusive re-equilibration of the inclusions
with their hosts, which resets the Fe/Mg values of the
inclusions (Danyushevsky et al. 2000a).

Fig. 5. (a) Recrystallized melt inclusions in an olivine phenocryst from sample EL-10, Fiji. The numerous large inclusions should be noted.
(b) Naturally quenched glassy melt inclusions in an olivine phenocryst from sample EL-9, Fiji. The rare small inclusions should be noted.
(c) Recrystallized melt inclusions in olivine phenocryst from sample D2-1, the Hunter Ridge, SW Pacific. The numerous large inclusions should be
noted. (d) Recrystallized anomalous inclusion D2-1/B10-OL24 in olivine Fo90�0 (sample D2-1, the Hunter Ridge, SW Pacific). (e) Primary fluid
inclusion in olivine phenocryst S2-OL98 (Fo90�3) from sample ALV-2384-3, Siqueiros Transform Fault, EPR. (f ) Primary sulphide inclusion in
olivine phenocryst S1-OL41 (Fo90�5) from sample ALV-2384-3, Siqueiros Transform Fault, EPR.
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DISCUSSION

The presence of anomalously high-CaO melt inclusions
in high-Fo olivine phenocrysts from various magmatic
suites has been emphasized previously (e.g. Kamenetsky
& Clocchiatti, 1996; Kamenetsky et al., 1997, 1998;
Metrich et al., 1999). On the basis of the compositions
of high-Ca inclusions from subduction-related settings,
Schiano et al. (2000) have proposed the existence of a
distinct type of primitive, low-SiO2, high-CaO magma in
island-arc settings. Schiano et al. (2000) suggested that
such magmas form during melting of clinopyroxene-
rich lithologies in the shallow mantle wedge and/or
lower arc crust. Because, in samples described by Schiano
et al. (2000) all inclusions in olivine phenocrysts with
Fo >85 have high CaO contents whereas inclusions in
olivine phenocrysts with lower Fo contents have ‘normal’
arc compositions (this is similar to sample EL-10 from Fiji
described above), those workers further suggested that the
compositional variations among high-Ca inclusions
reflect mixing between the high-CaO magma and the
most primitive ‘normal’ arc melts trapped in olivine Fo85.
Regardless of whether low-SiO2, high-CaO composi-

tions can be produced during melting of a clinopyroxene-
rich source [see discussion by Kogiso & Hirschmann
(2001)], a number of observations make this explan-
ation for the origin of the anomalous high-Ca inclusions
unlikely.
Most importantly, in subduction-related samples,

anomalous inclusions with very different compositions
can coexist in one sample (see examples above).
Moreover, in compositionally similar samples collected
from a single volcano, melt inclusions can display a range
of anomalous compositions. A good example of this
occurs at the Tavua shoshonitic volcanic centre in Fiji.
Samples EL-8, EL-9 and EL-10 all have similar major
element compositions (Table 2) and the same range of
Fo contents of olivine phenocrysts (Fig. 4). Sample EL-8
has three types of high-CaO inclusions within the ‘high
TiO2’ and ‘low-Al2O3’ trends in Fig. 3 (the ‘low-Al2O3’
inclusions have both high and low P2O5 contents), and
this sample also has high-SiO2, low-CaO inclusions.
Sample EL-9 has ‘normal’ inclusions, two types of low-
Ca inclusions (with high and low SiO2) and high-CaO,
low-Al2O3 inclusions with both high and low P2O5 con-
tents. Sample EL-10 has high-CaO inclusions only,
which belong to the high-TiO2 and low-Al2O3 trends
(Fig. 3). It is unlikely that five different primitive magmas,
all with vastly different anomalous compositions, have
simultaneously existed under this volcano, and that none
of these magmas has erupted or, at least, significantly
affected (by mixing) the compositions of the erupted lavas
(all of which are typical primitive shoshonites; Table 2).
The high-CaO, low-Al2O3 inclusions from Tavua

samples are very similar to the high-CaO, low-Al2O3

inclusions from Vanuatu, Indonesia, New Zealand and
the Roman Volcanic Province in Italy (references are
given in the caption to Fig. 3); although the samples
from the literature have not been studied in as much
detail as the Fijian shoshonites, it is likely that all such
inclusions have similar origin.
Gaetani et al. (2002) have suggested that the anoma-

lously high CaO contents of inclusions in high-Fo olivine
may result from CaO diffusion into the inclusions from
their host phenocrysts, caused by an increase in the
activity of CaO in the magma around the host pheno-
cryst. However, this mechanism is unlikely to be respon-
sible for the anomalous high-CaO inclusions in our
samples, as compositional profiles through olivine adja-
cent to the high-CaO inclusions indicate thatCaOdiffuses
out of them, i.e. there is a decrease in the CaO content of
olivine away from the inclusions. This is demonstrated in
Fig. 6, which presents compositional profiles through
livine around two inclusions from sample D2-1, for
which compositions are presented in Tables 2 and
3. There is a clear gradient in CaO content in the olivine
around anomalous inclusion D2-1/B1-OL109, whereas
no measurable gradient is observed around ‘normal’
inclusion D2-1/B1-OL217. As discussed in detail by
Danyushevsky et al. (2003), diffusion of CaO out of anom-
alous inclusions is an indication that the trapped composi-
tion had a CaO content that was too high to be in
equilibrium with the host at the moment of entrapment.
In many samples with anomalous primitive inclusions

described above, either from MORB or subduction-
related suites, none of the inclusions in high-Fo
phenocrysts have ‘normal’ compositions. High-Fo olivine
phenocrysts in these samples are generally characterized
by large (100–200mm inclusions are common), abundant
melt inclusions. The occurrence of numerous large
inclusions probably indicates fast crystallization rates of
the high-Fo phenocrysts (Roedder, 1984).
Fast crystallization rates can be caused by a fast cooling

rate; however, it is important to note that high-Fo olivine
phenocrysts most probably crystallize within the plumb-
ing system prior to eruption [see discussion by
Danyushevsky et al. (2002c)]. Considering the origin of
high-Fo olivine-phyric volcanic rocks in detail,
Danyushevsky et al. (2002c) have advocated a magmatic
plumbing system (after Sinton & Detrick, 1992; Marsh,
1995, 1998), which involves magma passing through a
sequence of interconnected chambers with well-
developed mush columns (Fig. 7). The mush columns
contain crystals and residual melts left behind by passing
magma batches that fractionate en route to eruption, and
in general, the mineral phases coexisting in the mush
zones will often be derived from variably evolved mag-
mas (Sinton & Detrick, 1992; Davidson & Tepley, 1997;
Marsh, 1998; Gamble et al., 1999; Cole et al., 2001). The
actual temperature and composition of the mush zone
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will generally depend on the rate of supply of primitive
magma into the plumbing system. However, in most
cases the extent of mush-column fractionation is large,
as indicated by the eruption temperatures and ground-
mass compositions of the erupted olivine-phyric lavas [see
the detailed discussion by Danyushevsky et al. (2002c)].
Consequently, the mush zones are in general significantly
cooler than the primitive magma, and therefore a signific-
ant portion of the crystal mass is not in equilibrium with
the primitive magma.
Within the plumbing system, the fastest cooling rates

of the primitive magma are expected at its margins
(Huppert & Sparks, 1980), where it is in contact with
the wall rocks and/or pre-existing semi-solidified mush
zones (depending on the specific environment). This loca-
lized cooling of the primitive melt will be accompanied by
partial dissolution of the mush-zone phases that are not in
equilibrium with the primitive melt, and mixing of the
reaction products with the primitive magma [dissolution–
reaction–mixing (DRM) processes].
In such environments the contaminant is often

comagmatic and geologically contemporaneous; that is,

it represents phases formed during fractionation of earlier
batches of the same magma type. As a result, although
they create large localized heterogeneities in major and
trace element compositions, the DRM processes do not
necessarily lead to obvious isotopic anomalies.
Also unlike commonly considered assimilation pro-

cesses, the DRM processes may involve incongruent
melting and formation of new phases [e.g. a case
with aluminous spinel described above; also see
Bedard & Hebert (1998)]. Quantitative modelling of the
DRM processes thus requires experimental investigation
of the reactions between a specific primitive melt and a
specific contaminant.
Rapid cooling within these reaction zones should facil-

itate localized rapid crystallization of high-Fo olivines
from the primitive magma (Fig. 7), leading to entrapment
of numerous large inclusions (Fig. 5a). The compositions
of such inclusions are likely to record the DRM processes
in progress, which leads to the anomalous major and/or
trace element compositions of inclusions.
The trends, defined by anomalous inclusions in

subduction-related magmas in Fig. 3, probably represent

Fig. 6. Compositional profiles in olivine phenocrysts around two melt inclusion from sample D2-1 from the Hunter Ridge. The compositions of
these inclusions are given in Tables 2 and 3. Inclusion D2-1/B1-OL217 is normal, whereas inclusion D2-1/B1-OL109 is anomalous, representing
the extreme of the ‘high-SiO2’ trend in Fig. 3. Profiles were analysed on two sides of the inclusions and are symmetrical. Mg-number ¼ 100Mg/
(Mg þ Fe). Position of the glass–olivine boundary (thick grey line) is determined using stoichiometry (cations per four oxygens; Danyushevsky et al.,
2000a). Analyses at the boundary are affected by the analytical overlap between glass and olivine. The increasing CaO contents in olivine around
the anomalous inclusion should be noted. (See text for discussion.)
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variable extents of mixing between the reaction products
and the primitive magma prior to entrapment by the
olivine phenocrysts. The interpretation of the mechan-
isms leading to the formation of the anomalous inclusion
compositions would be significantly aided by the occur-
rence of inclusions whose compositions are minimally
affected by pre-entrapment mixing. However, such inclu-
sions are extremely rare (the only two examples known to
us are inclusions S2-OL54-GL from sample ALV-2384-3
from the Siqueiros Transform, which records dissolution
of plagioclase, and B1-OL109 from sample D2-1 from
the Hunter Ridge, which records dissolution of clino-
pyroxene), which has complicated the identification of
specific DRM reactions and has led to a number of
alternative explanations for the origin of anomalous
inclusions (see discussion above).
Inside the magma body, away from the reaction zones,

slower cooling rates do not favour trapping of inclusions
(Fig. 7), thus ‘normal’ inclusions are much less common
and small (Fig. 5b). Thus we suggest that the difference
between Fijian shoshonite samples EL-9 and EL-10,
which have been described in detail above, are due to

sample EL-9 containing olivine phenocrysts that crystal-
lized mainly inside the magma body, whereas olivine
phenocrysts in sample EL-10 crystallized at the margins
of the magma body.
We consider that the population of melt inclusions in

high-Fo olivine phenocrysts is naturally biased towards
anomalous compositions when crystallization occurs in
response to rapid cooling within the magmatic plumbing
system. This natural bias is further advanced by
our preference for selecting samples for analysis with
numerous large melt inclusions, because of their ease
of study and suitability for a range of microanalytical
techniques.
An alternative cause for fast crystallization rates of

high-Fo olivine is the loss of H2O during degassing of a
primitive magma at shallow levels, as a result of the well-
known effect of H2O on depressing melt crystallization
temperature. This can occur in tectonic settings where
primary magmas either have high H2O contents or
are able to ascend to the surface bypassing well-
developed magmatic plumbing systems. Crystallization
accompanied by degassing has been documented for

Fig. 7. Schematic illustration of a magmatic plumbing system dominated by well-developed mush zones (after Marsh, 1995, 1998). A primitive
magma experiences rapid localized cooling at its margins, where it is in contact with the wall rocks and/or pre-existing semi-solidified mush zones.
This is accompanied by partial melting of the mush-zone phases and mixing of the reaction products with the primitive magma. Rapid cooling
within these reaction zones facilitates localized rapid crystallization of high-Fo olivines, leading to entrapment of numerous large inclusions with
predominantly anomalous compositions. Inside the magma body, away from the reaction zones, slower cooling rates do not favour trapping of
inclusions, and thus ‘normal’ inclusions are much less common and small. (See text for discussion.)
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high-Ca boninites from the northern termination of the
Tonga Arc (Danyushevsky et al., 1995) and komatiites
from Belingwe, Zimbabwe (Danyushevsky et al., 2002a).
In both cases high-Fo olivines contain numerous large
inclusions that all have ‘normal’ compositions. However,
crystallization during degassing does not preclude the
occurrence of DRM processes. For example, high-Fo
olivines from sample D2-1 from the Hunter Ridge have
numerous large ‘normal’ inclusions, but anomalous inclu-
sions are also common. Crystallization of high-Fo olivine
from this sample is interpreted to have been accompanied
by degassing of an H2O-rich fluid, as indicated by the
presence of primary H2O-rich fluid inclusions (Durance-
Sie et al., in preparation).
DRM processes should have the largest impact on the

compositions of melt inclusions trapped by olivine phe-
nocrysts that crystallize early from hot primitive mafic
magmas. In contrast, the more ‘evolved’ (less forsteritic)
olivine phenocrysts crystallize from melts that are com-
paratively cooler, and, therefore, have less reaction
potential because of their lower temperature and reduced
compositional contrast with the mush-zone phases. This
can explain why anomalous inclusions are preferentially
found in high-Fo olivine phenocrysts relative to evolved
phenocrysts.
The proposed mechanism for the origin of anomalous

inclusions is consistent with the wider range of anomalous
major element concentrations in inclusions from primit-
ive subduction-related lavas relative to MORB. Primitive
subduction-related magmas undergo more substantial
fractionation than MORB (e.g. andesites and more
evolved lavas are common in subduction-related settings,
whereas erupted MOR melts are largely basaltic).
Generally, this is because subduction-related magmas
have higher H2O contents and occur in settings with
thicker crust. The greater extent of fractionation of the
subduction-related magmas generally leads to a larger
variety of mineral types in the mush zones within the
plumbing systems. Thus, in the subduction-related
settings there are generally greater temperature differ-
ences and compositional disequilibrium between the
primitive melts and the mush-zone assemblage, both
facilitating the DRM processes.
A possible role for DRM processes in the origin of

some anomalous inclusions has been also suggested by
Bedard et al. (2000). Considering in detail the structure
and composition of the lower crust of the Bay of
Islands Ophiolite, Newfoundland, they suggested that
diverse populations of melt inclusions in MORB olivine
phenocrysts can be explained by crystallization of these
olivines in a contaminated boundary layer where
the primitive magma interacts with the walls of an
intracrustal conduit; the diverse inclusion populations
represent incomplete mixing in these contaminated
boundary layers.

Additional considerations of the effects of
the DRM processes on MORB melt
inclusions

As a result of DRM processes, the compositions of inclu-
sions that contain the reaction products are depleted in
elements that are incompatible in the solid phases
involved (see Table 1 for some examples). This is usually
more pronounced in MORB than in subduction-related
inclusions, as the geochemical characteristics of the latter
are more diverse because of the involvement of slab-
derived component(s). In inclusions with compositions
affected by the DRM processes, elements that are simi-
larly incompatible in the dissolution reactions form well-
defined trends in element–element variation diagrams,
which pass through the composition of the parental melt
of the sample and the origin (Fig. 8). It should be noted
that the ‘apparent’ relative incompatibilities recorded by
these trends differ significantly from those during mantle
melting. For example, in sample ALV-2384-3, the high-
Sr, SIE-depleted inclusions whose compositions reflect
dissolution of plagioclase (� clinopyroxene), display
apparent incompatibility of Zr that is the same as that of
Ce and Sm. The observed relationship cannot be pro-
duced during mantle melting, where Ce is significantly
more incompatible than Sm (e.g. Sun & McDonough,
1989), but is consistent with DRM reactions dominated
by plagioclase, as all three elements are strongly incom-
patible with this mineral. As minerals involved in the
reactions considered here do not contain volatiles, the
anomalous inclusions from sample ALV-2384-3 that
have low concentrations of SIE are also volatile under-
saturated (S is shown as an example in Fig. 8).
This issue is emphasized here because the compositions

of the inclusions from the Siqueiros samples, which
we consider to reflect variable extents of DRM processes,
have been used by Sobolev & Hofmann (1999) and Saal
et al. (2002) to infer relative compatibility of volatile ele-
ments (S and CO2) during mantle melting. Both studies
used inclusions from samples collected from dive ALV-
2384, including sample ALV-2384-3 considered in detail
here and by Danyushevsky et al. (2003). Although
inclusions affected by the dissolution reactions are indeed
undersaturated in volatiles, their compositions cannot
be used to infer magma generation conditions. We
also suggest that the parental melts for sample ALV-
2384-3 have been saturated in both CO2-rich fluid and
sulphide melt at the depths of crystallization, as some
olivine phenocrysts contain fluid and sulphide inclusions
(Fig. 5e and f ).

The effects of DRM processes on the
compositions of erupted lavas

Despite having a significant impact on the composi-
tions of melt inclusions in high-Fo olivines, DRM
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processes are generally less important for the main
volume of melt within the magmatic plumbing system,
as they are not recorded in the compositions of erupted
lavas shown in Figs 2 and 3. However, in some cases
the effects of DRM processes can also be identified in
the erupted lavas. Figure 9 presents compositions of
melt inclusions in olivine compared with the host lavas
from primitive Icelandic tholeiites (Hengill swarm,
Gurenko & Chaussidon, 1995). The trace element pat-
terns of the SIE-depleted inclusions from these samples
are similar to the high-Sr, SIE-depleted inclusions from
MORB samples ALV-2384-3 and 12-7 (Fig. 2). How-
ever, unlike those two examples, the host Icelandic lava
also has a positive Sr anomaly [other high-Sr examples
of primitive Icelandic tholeiites have been described by
Hemond et al. (1993)]. Also unlike samples ALV-2384-
3 and 12-7, the SIE-depleted Icelandic inclusions do
not have higher CaO and lower Na2O contents than
the host lava (compare Figs 2 and 9). It should be
noted that Icelandic inclusions have similar Na2O
and CaO contents to inclusions in samples ALV-
2384-3 and 12-7. However, in this case the host

Icelandic lava has unusually high CaO and low
Na2O contents, and thus we suggest that the com-
positions of the host lavas are also affected by DRM
processes in this case.
The effect of DRM processes on the compositions of

erupted MORB lavas, such as positive Sr anomalies
combined with relatively low SIE and high CaO con-
tents, has also been identified in the most primitive
pillow-rim glasses from the Ocean Drilling Program
(ODP) Hole 896A (McNeill & Danyushevsky, 1996;
Danyushevsky et al., in preparation) and in samples col-
lected at �16�7�N, MAR (Silantiev & Danyushevsky, in
preparation). The common occurrence of DRM pro-
cesses has also been inferred from the geology of lower
oceanic crust exposed as ophiolite complexes (e.g. Bedard
et al., 2000). The general effects of interaction between
primitive melts and the lower oceanic crust with respect
to the compositions of erupted lavas, such as unusually
low contents of incompatible elements and positive Sr
anomalies in some MORB and ophiolites, have been
discussed by Elthon et al. (1986), Bedard (1993), Hemond
et al. (1993) and Bedard et al. (2000).

Fig. 8. Compositions of melt inclusions in high-Fo olivine phenocrysts from MORB from the Siqueiros Transform Fault, EPR. Open diamond,
normal-Sr inclusions from this study; large filled diamonds, high-Sr inclusions from this study; open circles, compositions from Saal et al. (2002);
large filled circles, compositions of pillow-rim glass from sample ALV-2384-3 (Danyushevsky et al., 2003). To account for effects of fractionation,
all compositions are recalculated as described in the Appendix. All elements except S are normalized to the primitive mantle of Sun &
McDonough (1989). Grey arrows show best-fit lines that pass through the origin. The systematic difference in S contents between the datasets
of Saal et al. (2002) and Danyushevsky et al. (2003) is due to employment of different analytical techniques, as demonstrated by analysed S contents
in pillow-rim glass ALV-2384-3: 1090 ppm found by Danyushevsky et al. (2003) vs 935 ppm found by Saal et al. (2002). (See text for discussion.)
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Concluding remarks

Summarizing the available data on anomalous melt
inclusions in primitive olivine phenocrysts, we demon-
strate that such inclusions are prone to localized contam-
ination as a result of the common occurrence of DRM
processes in mid-ocean ridge and subduction-related set-
tings. As these processes are generally far less important

in constraining bulk magma compositions, the composi-
tions of the anomalous inclusions should not be used in
the context of petrogenetic interpretations. Currently,
most anomalous inclusions are interpreted to represent
geologically significant, large-volume melts in the mag-
matic system, whose fractionation leads to crystallization
of the host olivine phenocrysts (e.g. Kamenetsky et al.,
1998; Schiano et al., 2000; Sobolev et al., 2000). We
emphasize that approaches developed for studies of
bulk-rock compositions should not be automatically
adopted for the study of melt inclusions. The occurrence
of inclusions with unusual compositions does not neces-
sarily imply the existence of new geologically significant
magma types, as their origin may be related to DRM-
type processes.
These conclusions do not undermine the importance of

studies of melt inclusions in primitive phenocrysts. In
suites where anomalous inclusions are common, samples
containing phenocrysts with rare small inclusions may
record unmodified melt compositions not associated
with reaction zones. (e.g. Tavua shoshonite samples
described above). All inclusions, regardless of their origin,
can be used to infer the cooling histories of olivine phe-
nocrysts (Danyushevsky et al., 2002c). Anomalous inclu-
sions can be used to investigate the DRM processes,
which normally occur on a micro-scale only and
thus cannot be identified from the study of bulk-rock
compositions.
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APPENDIX: CALCULATIONS OF

PARENTAL MELT COMPOSITIONS

FOR MORB SAMPLES DESCRIBED

IN THIS PAPER

The compositions of melt inclusions in high-Fo olivines
from sample ALV-2384-3 [Siqueiros Transform Fault,
East Pacific Rise (EPR); Danyushevsky et al., 2003],
sample 12-7 (43�N, MAR; Kamenetsky et al., 1998) and
samples from the Hengill swarm, Iceland (Gurenko &
Chaussidon, 1995) are more primitive (e.g. have higher
MgO contents) than pillow-rim glasses of those samples.
To allow direct comparison between pillow-rim glass and
melt inclusion compositions (Figs 2 and 9), the former
have been corrected for the effect of fractionation.

Modelling the reverse of crystallization at
low pressure

All calculations were performed at 0�1MPa and melt
Fe2þ/Fe3þ ¼ 9 [corresponding to fO2 values around
the quartz–fayalite–magnetite (QFM) buffer]. During
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Fig. A1. Compositions of pillow-rim glasses (filled circles) and melt inclusions in high-Fo olivine phenocrysts (open diamonds) in olivine from
43�N MAR. Data are from Shibata et al. (1979) and Kamenetsky et al. (1998). Filled squares show compositions of pillow-rim glasses that have
been recalculated to 12�3 wt % MgO as described in the Appendix. (a) Dashed black line represents a low-pressure (1 atm) fractionation trend of
the most magnesian pillow-rim glass. At these conditions, the most magnesian glass has olivine only (plus spinel) on its liquidus. Along this
fractionation path, clinopyroxene appears on the liquidus at 8�3 wt % MgO and plagioclase at 8 wt % MgO. Continuous grey line represents the
reverse of olivine crystallization calculated from the composition of the most magnesian pillow-rim glass. (b) Dashed black line represents part of
the low-pressure fractionation trend from (a). The high-MgO end of the trend in this figure corresponds to the moment of clinopyroxene
saturation. Continuous grey line represents a polybaric olivine–clinopyroxene fractionation trend. Numbers next to the trend in the CaO–MgO
plot indicate pressure in kbar. (See text for discussion.)
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calculations it was assumed that all elements shown in
Figs 2 and 9 are perfectly incompatible in olivine.
Pillow-rim glasses of sample ALV-2384-3 and other

similar samples from the Siqueiros Transform Fault [see
Perfit et al. (1996) and Danyushevsky et al. (2003) for a
detailed description of these samples] have highMgOcon-
tents (9–9�5 wt %) and thus have olivine only (plus spinel)
on their liquidus. This is demonstrated by increasing
Al2O3 and CaO contents with decreasing MgO content
of these glasses. Thus to account for the effects of
fractionation, pillow-rim glass compositions from the
Siqueiros samples have been recalculated to 11�5 wt %
MgO by modelling the reverse of olivine crystallization
[see Danyushevsky et al. (2000a, appendix) for a detailed
description of such calculations]. Variations in the com-
positions of primitive pillow-rim glasses from the
Siqueiros Transform have resulted in a range of compo-
sitions of the estimated parental melts shown as a field in
Fig. 2b and c. The value of 11�5wt%MgO corresponds to
the average MgO content of melt inclusions, which range
from 11 to 12�5 wt % (Danyushevsky et al., 2003). Com-
positions of all inclusions have been also recalculated to
11�5 wt % MgO by modelling olivine fractionation.
Pillow-rim glasses of the Icelandic samples are also

saturated in olivine only (Gurenko & Chassidon, 1995).
Thus to account for the effects of fractionation, pillow-
rim glass compositions from the Siqueiros samples have
been recalculated to 13�3 wt % MgO by modelling the
reverse of olivine crystallization. The value of 13�3 wt %
MgO corresponds to the average MgO content of melt
inclusions (Gurenko & Chassidon, 1995). Compositions
of all inclusions have also been recalculated to 11�5 wt %
MgO by modelling olivine fractionation. Re-
equilibration of melt inclusions with their host pheno-
crysts prior to eruption (‘Fe-loss’; Danyushevsky et al.,
2000a) has been taken into account by assuming that
the FeO contents of the trapped inclusion compositions
correspond to those along the fractionation trend of
the host lavas.
Pillow-rim glasses of MORB samples from 43�NMAR

(Shibata et al., 1979; Kamenetsky et al., 1998) are gener-
ally more evolved than glasses of the Siqueiros samples.
Figure A1a demonstrates that major element composi-
tional variations in the 43�NMAR glasses can be reason-
ably reproduced by modelling fractionation of the most
primitive glass at 0�1MPa. The calculations have been
performed using the model of Danyushevky (2001). At
these conditions the most magnesian glasses have olivine
only (plus spinel) on their liquidus. Clinopyroxene

appears on the liquidus at 8�3 wt % MgO, followed by
plagioclase at 8 wt % MgO.
Melt inclusions in olivine phenocrysts from the 43�N

MAR sample have an averageMgO content of 12�3wt%,
ranging between 11 and 13 wt % (Kamenetsky et al.,
1998; Fig. A1a). Thus the compositions of pillow-rim
glasses from this area have been recalculated to
12�3 wt % MgO by modelling the reverse of the olivine–
plagioclase–clinopyroxene cotectic shown in Fig. A1a
[see also Danyushevsky et al. (2000b, appendix B) for a
more detailed explanation of the principles for model-
ling the reverse of olivine–plagioclase–clinopyroxene
fractionation]. During calculation with every pillow
glass composition, it has been assumed that plagio-
clase appeared on the liquidus at 8 wt % MgO and
clinopyroxene at 8�3 wt % MgO (i.e. at higher MgO
content the melt evolved in the olivine-only field). The
mismatch between individual glass compositions and the
forward modelling trend shown in Fig. A1a results in a
range of recalculated glass compositions (Fig. A1a), which
is shown as a field in Fig. 2b and c. Compositions of all
inclusions have also been recalculated to 12�3 wt %MgO
by modelling olivine fractionation.

Modelling the reverse of polybaric
crystallization

In the 43�N MAR pillow-rim glasses, there is no direct
evidence that the most magnesian compositions have
crystallized at a low pressure. It is thus possible that the
high-CaO compositions of melt inclusions in high-Fo
olivines from this sample are related to the compositions
of pillow-rim glasses by polybaric fractionation of olivine
and clinopyroxene. This is supported by the presence of
magnesian clinopyroxene phenocrysts in the 43�N MAR
sample (Kamenetsky et al., 1998)
Figure A1b shows a polybaric cotectic (from 0 to

0�9GPa) that passes through melt inclusion compositions
in the MgO–CaO plot. This cotectic corresponds to an
average proportion of olivine to clinopyroxene of 3:1. In
CaO–MgO space, the compositions of the melt inclu-
sions are thus consistent with a scenario in which they
represent individual melt fractions from which polybaric
fractionation and mixing has produced the compositions
of pillow-rim glasses from this area. This is also true for
the Al2O3 contents of the melt inclusions. However, the
NaO2 and TiO2 contents of the melt inclusions are lower
than that required to match the compositions of pillow-
rim glasses (Fig. A1b).
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