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ABSTRACT

Mutnovsky Volcano, located in Kamchatka, Russia, is a young volcano that has formed a series of four overlap-

ping stratocones over its approximately 80 ka history. Erupted products at Mutnovsky range in composition from

basalts to dacites; basalts are the most common. In this study, melt inclusions from representative samples of all

erupted compositions from all four eruptive centers were analyzed to investigate the causes of the compositional

heterogeneity, melt evolution, and pre-eruptive magma dynamics. Melt inclusions from Mutnovsky were sampled

in olivine, plagioclase, orthopyroxene, and clinopyroxene. The melt inclusion data represent a wide range of melt

compositions, from basalt through rhyolite. Geochemical modeling of melt inclusion data, combined with field

evidence and chemical zoning of plagioclase phenocrysts, indicates that fractional crystallization and magma mix-

ing produced the range of erupted bulk rock compositions. The measured variability of melt inclusion composi-

tions in each host mineral phase indicates that different host minerals trapped unique melts that evolved

separately from one another. The melt inclusion data suggest that individual melt portions evolved by fractional

crystallization, perhaps in different magma chambers, within the Mutnovsky plumbing system, and were mixed

prior to eruption. Our data do not indicate whether the mixing events were the cause of eruption or are simply

the manifestation of the eruption process.

Key words: amphibole sponge, fractional crystallization, magma mixing, melt inclusion, partial melt, slab input,

underplated basalt, volcano
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INTRODUCTION

Arc volcanoes provide geochemical insight into the nature

of material transfer from ocean lithosphere and overlying

meta-sediments to the mantle and crust during subduction,

hence placing constraints on the cycling of material

among mantle, crust, and atmosphere (Manning 2004).

The fundamental geologic processes that result in the

formation of arc-related volcanic rocks, from partial melt-

ing of the mantle wedge above subducting ocean litho-

sphere to degassing-induced eruption, have been relatively

well constrained through a combined approach of field,

laboratory, and computational efforts (Putirka & Tepley

2008). What is lacking, however, is a general consensus on

the specific causes of compositional diversity (i.e., hetero-

geneity) observed among magmas erupted from individual

volcanoes. For example, it seems well recognized that com-

posite stratovolcanoes in continental arcs commonly erupt

magmas that are volumetrically dominated by one bulk

composition. That is, erupting dominantly basalt, andesite,

dacite, or rhyolite. However, the observation that arc vol-

canoes commonly erupt a range of compositions has stimu-

lated efforts to constrain the origin of these compositional

variations. A number of hypotheses have been put forth to

© 2013 John Wiley & Sons Ltd
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explain the eruption of compositionally diverse magmas

from individual volcanoes, that is, volcanoes erupted within

individual arc segments and volcanoes in distinct arc set-

tings (Plank & Langmuir 1988). These include formation

and ascent of unique aliquots of magma in the mantle,

each produced by variable degrees of partial melting from

of the mantle (Bacon et al. 1997), variable extents of mix-

ing, assimilation, storage, and homogenization of magmas

at the base of variably thickened crust (Leeman,1983;

Hildreth & Moorbath 1988; Annen et al. 2006), physical

and chemical mixing of magmas in mid- to upper-crustal

magma chambers (Kent et al. 2010), and variable contri-

butions from direct melting of the subducted slab (e.g.,

Kay 1978; Defant & Drummond 1990; Yogodzinski et al.

1995; Bryant et al. 2010).

Historically, a major challenge to investigating the com-

positional variability of magmas erupted from individual

volcanoes arose from the fact that one could sample only

the solidified end products of arc volcanism. That is, the

pre-eruptive silicate melt portion was accessible only for

magmas that erupted largely in their liquid state and

quenched to a glass. Over the past few decades, the recog-

nition that aliquots of silicate liquid are trapped as melt

inclusions in growing crystals has facilitated acquisition of

data that provide insight into the compositional variability

of silicate melts within and among individual erupted mag-

mas (Anderson 1976; Kent 2010). As such, melt inclusions

have become an increasingly important tool for improving

our understanding of the magmatic processes responsible

for compositional diversity among erupted magmas. Melt

inclusions provide much more detailed samples of melt

compositions than we can gain with whole-rock analyses

alone. The chemical composition of melt inclusions dem-

onstrate that melts within individual volcanic systems are

much more diverse than originally thought (e.g., Charlier

et al. 2007), that magma mixing in near-surface magma

chambers may be an important source of compositional

change and eruption triggering (Kent et al. 2010 and ref-

erences therein), and that there can be multiple popula-

tions of compositionally distinct melts present within one

volcanic system (Halter et al. 2004a). Melt inclusions also

provide the best possibility to determine quantitatively the

pre-eruptive volatile contents of melts, and how these are

related to degassing and eruption processes (Blundy &

Cashman 2005; Wallace 2005; M�etrich & Wallace 2008).

In this study, we take advantage of melt inclusions to

explore the compositional diversity among erupted mag-

mas from Mutnovsky Volcano, Kamchatka, a volcano in a

young, continental arc, which has erupted basalt, basaltic

andesite, andesite, and dacite. Mutnovsky is volumetrically

dominated by basalt and basaltic andesite, and discrete

eruptions of intermediate to felsic magmas have erupted

over the approximately 80 ka life of the volcano (Selyangin

1993). We quantified the major, minor, and trace element

chemistry, not including volatiles, of 215 melt inclusions

from 15 different whole-rock samples representing the

complete whole-rock compositional spectrum from Mut-

novsky. The measured Nd, Sr, and Pb isotope abundances

for the whole-rock samples (143Nd/144Nd ranges from

0.513060 to 0.513083, 87Sr/86Sr ranges from 0.703335

to 0.703387 206, Pb/204Pb ranges from 18.315 to

18.361, and 207Pb/204Pb ranges from 15.468 to 15.497)

demonstrate that the magmas are not affected by assimila-

tion of exotic material, and all share a common source.

This obviates the need to back out compositional changes

introduced by assimilation of rocks external to the magma

plumbing system.

The melt inclusion data provide information about com-

positionally discrete melt populations, how the different

melt populations relate to progressive magma evolution,

and how they are related to the phenocryst phases in Mut-

novsky samples. The relationship of the melt inclusion

compositions to whole-rock compositions elucidates the

importance of magmatic differentiation processes such as

fractional crystallization and magma mixing and improves

our understanding of the origin of the diversity of igneous

rocks.

GEOLOGICAL SETTING

Mutnovsky Volcano is a part of the Eastern Volcanic Front

in southern Kamchatka, about 75 km southwest of Petro-

pavlovsk-Kamchatsky (Fig. 1). Mutnovsky formed over the

past 80 ka by eruptions related to four stratocones,

referred to as Mutnovsky I, II, III, and IV. The eruptive

centers have been placed in a relative time sequence, with

Mutnovsky I the oldest and Mutnovsky IV the youngest,

based on glacial deposits and tephrochronology. There are

no radiogenic ages for Mutnovsky. The majority of the

erupted products in all the stratocones are basalt and basal-

tic andesite; however, Mutnovsky I, II, and III also

erupted andesite and dacite. A more detailed description of

Mutnovsky’s geologic setting is found in Robertson

(2011) and Selyangin (1993, 2009).

SAMPLE SELECTION AND METHODS

This article focuses on the chemistry of melt inclusions

from a subset of samples for which the whole-rock and

mineral chemistry were described in detail in Robertson

(2011). A total of 50 whole-rock samples were collected

from across the eruptive centers Mutnovsky I (oldest) to

IV (youngest). We petrographically characterized thin sec-

tions from all whole-rock samples and analyzed all whole-

rock samples for major and trace element abundances

(Robertson 2011). Whole-rock chemistry was performed

by crushing, pulverizing, and then powdering with a steel

disk mill a representative portion of each whole-rock

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 421–439
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sample to ensure complete sample homogenization before

geochemical analysis. Major and trace element abundances

were quantified using inductively coupled plasma mass

spectrometry (ICP-MS) on whole-rock powders at Activa-

tion Laboratories, Ltd. in Ontario, Canada. Major element

abundances were determined using lithium metaborate/

tetraborate fusion of rock powders and analysis on either a

combination simultaneous/sequential Thermo-Jarrell-Ash

ENVIRO II or a Varian Vista 735 ICP-MS. Trace element

abundances were determined using lithium metaborate/

tetraborate fusion of rock powders, which were analyzed

by a Perkin Elmer Sciex ELAN 6000, 6100, or 9000

ICP-MS.

We used a JEOL JXA-8900 SuperProbe electron probe

microanalyzer (EPMA) to quantify the compositions of

plagioclase and pyroxene in all thin sections (Robertson

2011). Plagioclase analyses were performed with a 15 kV

accelerating voltage, a 10 nA Faraday cup current, and a

beam diameter of 5 lm for each spot. Line traverses were

set up across plagioclase grains, from rim to rim, with

7 lm spacing between spots (from the center of one spot

to the center of the next). Monte Carlo simulations of the

energy distribution for these EPMA beam conditions indi-

cate that >98% of the absorbed energy is retained within

the 5 lm spot size. Pyroxene analyses were performed with

a 15 kV accelerating voltage, a 10 nA Faraday cup current,

and a beam diameter of 10 microns for most crystals. We

used an appropriately sized beam for crystals measuring

<10 microns in maximum diameter. Most pyroxene crystals

were only large enough for one analysis per crystal, but

two analyses, core and rim, were performed on crystals lar-

ger than approximately 20 microns. The larger crystals

(i.e., >20 microns) displayed no measurable compositional

zoning, based on core and rim analyses and back-scattered

electron (BSE) imaging.

After petrographic characterization of thin sections for

all whole-rock samples, we selected 15 samples for the pur-

pose of our melt inclusion study. Four samples from Mut-

novsky I, II, and III, and three samples from Mutnovsky

IV were selected. The samples from Mutnovsky I, II, and

III include a basalt, basaltic andesite, andesite, and dacite,

and from Mutnovsky IV include two basalts and a basaltic

andesite. In each case, samples were selected to represent

the range of compositions present in each eruptive center

and for containing the greatest number of petrographically

discernible melt inclusions that met the criteria for LA-

ICP-MS analysis, described below.

We prepared new, double polished 200 lm thick sec-

tions from each of the 15 selected whole-rock samples.

Melt inclusions were selected from olivine, clinopyroxene,

orthopyroxene, and plagioclase, which together constitute

the major phenocryst phases among the Mutnovsky sam-

ples. The size of phenocrysts ranged from approximately

200 to approximately 3000 microns in diameter. Most

melt inclusions were recrystallized, but some partially de-

vitrified and purely glassy inclusions with a shrinkage bub-

ble were also identified and analyzed (Fig. 2). Only those

inclusions that measured ≥10 lm in diameter, located no

deeper in their host mineral than the melt inclusion diame-

ter (i.e., a 10 lm diameter inclusion was not deeper than

≤10 lm below the host mineral surface), and not exposed

at the surface of the thick section were targeted for analy-

sis, following principles outlined in Pettke (2006). When-

ever possible, melt inclusion assemblages (Halter et al.

2004a,b; Bodnar & Student 2006) were analyzed to pro-

vide multiple samples of the same generation of melt,

which is assumed to have been locally compositionally uni-

form at the time of inclusion assemblage formation. Care

was taken to avoid melt inclusions with obvious signs of

postentrapment modification such as alteration, leakage, or

proximity to cracks and/or cleavage traces. Melt inclusions

were not rehomogenized before analysis.

Entire, unexposed melt inclusions were analyzed using

LA-ICP-MS at the University of Bern, Switzerland. The

system is comprised of a GeoLas-Pro 193 nm ArF Excimer

laser ablation system (Lambda Physik, Germany) combined

with an Elan DRC-e quadrupole ICP-MS (Perkin Elmer,

Canada). Individual melt inclusion transient signals were

deconvolved from the host mineral signal using the proce-

dure developed and described by Halter et al. (2002,

2004b) and reviewed and evaluated in Heinrich et al.
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rate from Moore et al. (1992).
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(2003), Pettke et al. (2004, 2012), and Pettke (2006)

through use of the Signal Integration for Laboratory Laser

Systems (SILLS) program (Guillong et al. 2008). The data

reduction strategy yields an uncertainty for each element of

the analyte menu for each melt inclusion and host pheno-

cryst, as described below.

Melt inclusion signal intervals were chosen manually for

each inclusion by visually examining the entire major and

trace element transient signal. Trace elements such as Zr,

Y, and Ce provided the best evidence for distinguishing

the melt inclusion portion of each transient signal relative

to the phenocryst host (Fig. 3). Compositions of the host

minerals and the mixed host plus inclusion signal intervals

were quantified by summing to 100% oxides (Leach &

Hieftje 2000; Halter et al. 2002). An internal standard is

required to determine the analysis-specific mass fraction of

inclusion relative to host mineral in the mixed inclusion

plus host signal interval of each LA-ICP-MS transient sig-

nal to calculate the pure melt inclusion composition. We

comprehensively evaluated four data reduction approaches.

Whole-rock values of K2O and MnO were finally employed

as internal standards: K2O for olivine- and pyroxene-hosted

melt inclusions and MnO for plagioclase-hosted melt inclu-

sions. These elements were chosen because they are incom-

patible in the host minerals for which they were used. The

data reduction approaches that we evaluated were (a) using

whole-rock values of Al2O3 for all melt inclusions (e.g.,

Aud�etat and Pettke, 2003, who employed it for highly

evolved systems); (b) using Al2O3 whole-rock values for

olivine and pyroxene and MgO whole-rock values for pla-

gioclase (e.g., Halter et al. 2002); (c) using Fe-Mg KD val-

ues; and (d) using the fractionation trends method of

Zajacz & Halter (2007). The results of each technique

were evaluated for plausibility of major element concentra-

tions, trace element ratios, and multiple KD mineral-melt

values (Fe-Mg in olivine, Mg in olivine, Ni in olivine, K in

plagioclase, and Mn in pyroxene).

Melt inclusion compositions calculated using both

whole-rock Al2O3 values and Al2O3 and MgO values

(approaches a and b) as an internal standard yielded high

total oxides (i.e., >102 wt.%) and often yielded implausible

values for major elements, such as SiO2, in the hundreds

of wt.% range. Olivine Fe-Mg KD values (approach c) were

used to calculate an internal standard for melt inclusions

hosted in olivine. The Fe/Mg ratio of each melt inclusion

was determined using the Fe/Mg ratio of the host olivine

and a KD value of 0.31, which was calibrated experimen-

tally for basalts at low pressures (0.1–0.3 GPa; Ulmer

1989). Melt inclusion compositions calculated using these

KD-determined internal standards were implausibly

enriched in Al2O3, that is, >60 wt.%, Al2O3. The fraction-

(A) (B)

(C) (D)

Fig. 2. Examples of recrystallized (A and B) and

partially devitrified (C and D) melt inclusions in

olivine (A), orthopyroxene (B), clinopyroxene

(C), and plagioclase (D). Circles show the

locations of melt inclusions analyzed in this

study, which are not visible in the photographs

in B and D. Other melt inclusions were not

analyzed because they did not meet criteria for

analysis (size, depth, quality).

Fig. 3. Example of an LA-ICP-MS signal (melt inclusion 15mrb12 from

sample CM-68). Areas shaded in gray are the gas background (which was

collected from 0 to 50 sec and 120 to 150 sec), areas shaded in blue are

the host mineral (plagioclase), and the area shaded in tan is the melt inclu-

sion signal.

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 421–439
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ation method of Zajacz & Halter (2007) (approach d) is

based on the assumption that the melt inclusions trapped a

range of compositions along a liquid line of descent. In

this method, the mass fraction (x) of melt inclusion relative

to the host phenocryst phase is determined by the intersec-

tion of the regression line describing the liquid line of

decent whole-rock values and the trend of progressive sub-

traction of the host mineral from the mixed signal of host

plus melt inclusion. Incompatible versus compatible ele-

ments, in this case, FeO versus Al2O3 and CaO versus

MgO, are plotted to form regression lines. These two sets

of elements were chosen for comparison, and in each case,

there was a compatible and incompatible element for each

phenocryst phase. For both element pairs, the melt inclu-

sion compositions calculated with the fractionation method

often yielded calculated KD values that were much higher

or lower than experimentally determined published values.

We suspect that the failure of employing major elements as

the internal standard for melt inclusion plus host signal

deconvolution may result from postentrapment partial

re-equilibration of melt inclusion contents with host phe-

nocrysts or even surrounding melt (for detailed discussions

see e.g., Danyushevsky et al. 2002; Schiano 2003; Pettke

2006).

For all melt inclusion samples, the whole-rock K2O and

MnO incompatible element method consistently yielded

calculated values in terms of oxide totals that are

99–102 wt.% and simultaneously yielded olivine Fe-Mg KD

values within approximately 10% of published values.

MELT INCLUSION AND HOST PHENOCRYST
DATA

Table 1 contains the rock type, eruptive center, mineral

assemblage, major element, and Nd, Sr, Pb, and isotope

data for the 15 whole-rock samples analyzed during this

study. Also presented are the latitude and longitude coordi-

nates for samples where this information is known. Table 2

is presented as an online spreadsheet that contains the

chemical data (major, minor, trace elements) for whole

rocks, melt inclusions, and melt inclusion–host phenocrysts

for 215 melt inclusion and 215 host phenocryst samples

analyzed during this study. Each melt inclusion and its host

phenocryst were ablated together and compositionally de-

convolved as described above. Each individual laser ablation

analysis yielded the chemical composition of the targeted

melt inclusion and the surrounding host phenocryst. Thus,

in Table 2, there is one analysis number for a melt inclusion

(e.g., 17mrb06) and that specific melt inclusion host phe-

nocryst (e.g., 17mrb06). Each set of melt inclusion and

host phenocryst analyses is listed in Table 2 below their

respective whole-rock sample number, and the eruptive

center is indicated in parentheses following the whole-rock

sample number. Also presented in Table 2 is the specific

isotope measured for each element. The chemical data for

all melt inclusions are grouped together, as are the data for

the host phenocryst minerals. The compositional data for

samples from Mutnovsky I are followed by data from Mut-

novsky II, then Mutnovsky III, and finally Mutnovsky IV.

Table 1 Whole-rock major element, and Nd, Sr, and Pb isotope data for Mutnovsky samples. Major element data are in weight percent and trace element
data are in parts per million (ppm).

Eruptive center MI MI MI MI MII MII MII MII
Sample CM-97a CM-5 M1-02-08 CM-47 CM-156 CM-142 CM-155 CM-113

Location N 52.469117°
E 158.16235°

Rock Type Basalt Basaltic And. Andesite Dacite Basalt Basaltic And. Andesite Rhyodacite
Mineralogy P, Ol, Opx, Cpx P, Opx, Cpx P, Opx, Cpx P, Opx, Cpx P, Ol, Opx, Cpx P, Ol, Opx, Cpx P, Opx P, Opx
143Nd/144Nd 0.513108 0.513060 0.513089 0.513077
87Sr/86Sr 0.703387 0.703380 0.703355 0.703358
206Pb/204Pb 18.32 18.32 18.35 18.33
207Pb/204Pb 15.47 15.47 15.49 15.47
208Pb/204Pb 38.02 38.01 38.08 38.03

Mg# 0.56 0.44 0.36 0.35 0.55 0.42 0.34 0.28
SiO2 50.52 52.38 58.71 64.68 48.68 53.44 57.27 67.53
Al2O3 17.75 18.18 16.48 16.04 18.65 17.33 15.73 14.63
FeO (T) 9.83 8.91 6.87 5.34 9.51 9.29 9.35 4.72
MnO 0.16 0.16 0.154 0.15 0.3 0.23 0.21 0.108
MgO 7.16 3.88 2.21 1.62 6.4 3.8 2.65 1.05

CaO 8.62 8.36 5.56 4.02 10.82 8.14 5.94 3.31
Na2O 2.41 3.08 3.79 3.76 2.09 3.49 3.88 4.55
K2O 0.54 0.72 1.24 1.98 0.48 0.72 1.3 2.1
TiO2 1.09 1.18 0.91 0.91 1.17 1.31 1.45 0.47
P2O5 0.13 0.24 0.26 0.22 0.15 0.28 0.34 0.1
LOI 0.96 1.46 2.81 0.85 0.93 0.49 0.97 0.21
Total 100.29 99.54 99.74 100.16 100.24 99.55 100.13 99.33

P, plagioclase; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene.

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 421–439
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Melt inclusion and phenocryst host uncertainties

The uncertainty for each element of the analyte menu was

calculated individually for each melt inclusion and melt

inclusion host phenocryst. These data are reported in

Table 2. The average uncertainty and range of uncertain-

ties for major, minor, and trace elements in melt inclusions

and host phenocrysts are statistically small relative to the

measured concentrations for each analyte. For example, the

range of uncertainties for plagioclase-hosted melt inclu-

sions varies as follows: SiO2: 0.21–3.65 wt.%; Al2O3: range

0.20–3.14 wt.%; TiO2: 0.004–0.915; FeO: 0.03–2.07

wt.%; MnO: 0.001–0.87 wt.%; MgO: 0.01–3.64 wt.%;

CaO: 0.64–3.59 wt.%; Na2O: 0.011–1.33 wt.%; K2O:

0.002–1.94 wt.%. The values reported in gray in Table 2

represent the limit of detection, calculated for the melt

inclusions by following Halter et al. (2002) and for the

host mineral following Pettke et al. (2012); element con-

centrations in these samples are below the calculated limit

of detection.

Host phenocryst chemistry

Olivine, clinopyroxene, and orthopyroxene phenocrysts

each exhibit less compositional variability than plagioclase.

The Mg# (molar [Mg/(Mg+Fe)]) ranges from 60 to 76

for clinopyroxene, from 49 to 69 for orthopyroxene, and

from 68 to 81 for olivine. Plagioclase phenocrysts cover a

larger compositional range, from anorthite rich (e.g.,

An93Ab7; 17mrb24) to moderately albite rich (e.g., An35A-

b62Or3; 16mrb16) (Table 1). The EPMA data for plagio-

clase phenocrysts revealed normal (i.e., higher Ca in the

core than the rim of the crystal), reverse (i.e., lower Ca in

the core than the rim of the crystal), and oscillatory zoning

in phenocrysts from all eruptive centers (Robertson 2011).

Melt inclusion chemistry

The chemical compositions of melt inclusions range from

picrobasalt to rhyolite (Table 2, Fig. 4). Whole-rock and

melt inclusion total alkalis versus SiO2 concentrations for

each sample (Fig. 4) reveal a subalkaline composition as is

typical for subduction zone settings and indicate that

whole-rock compositions usually lie in between the com-

positions of individual melt inclusions from the same sam-

ple. Silica variations among melt inclusions from one rock

sample are as small as 10 wt.% (e.g., sample CM-113) to as

large as 24 wt.% (e.g., sample CM-8a). Major element con-

centrations of melt inclusions from all samples have larger

compositional ranges than the range of all whole-rock val-

ues, consistent with other melt inclusion studies (e.g., Kent

et al. 2010). Exceptions are samples M1-02-08, CM-5 and

CM-113 for which almost all analyzed individual melt

inclusions are more silicic than bulk rock values.

Table 2 Electronic Supplement is presented as an online spreadsheet that contains chemical data (major, minor, trace elements) for whole rocks, melt inclu-
sions, and melt inclusion–host phenocrysts for 215 melt inclusion and 215 host phenocryst samples analyzed during this study. The chemical data for samples

from Mutnovsky I are followed by data from Mutnovsky II, then Mutnovsky III, and finally Mutnovsky IV. The chemical data for all melt inclusions are
grouped together in rows A28–A254, as are the data for the host phenocryst minerals in rows A256–A481. Melt inclusions and their host phenocryst were
ablated together and deconvolved. Each laser ablation analysis yielded the chemical composition of a melt inclusion and the surrounding host phenocryst.
The uncertainty for each melt inclusion and separately for each host phenocryst is reported for each analyze. Thus, in Table 2, there is one analysis number
for a melt inclusion (e.g., 17mrb06) and that specific melt inclusion host phenocryst (e.g., 17mrb06).

Eruptive center MIII MIII MIII MIII MIV MIV MIV

Sample M3-08-08 CM-9a M3-09-08 CM-8a CM-206 CM-68 CM-62

Location N 52.4601°
E158.161583°

N 52.463417°
E158.167617°

Rock Type Basalt Basaltic And. Andesite Dacite Basalt Basalt Basaltic And.

Mineralogy P, Ol, Cpx P, Ol, Cpx P, Opx, Cpx P, Opx, Cpx P, Ol, Opx, Cpx P, Ol P, Ol, Cpx
143Nd/144Nd 0.513101 0.513083 0.513079 0.513077
87Sr/86Sr 0.703335 0.703342 0.703346 0.703340
206Pb/204Pb 18.35 18.32 18.36 18.33
207Pb/204Pb 15.48 15.47 15.50 15.50
208Pb/204Pb 38.07 38.02 38.11 38.08
Mg# 0.52 0.55 0.37 0.27 0.51 0.54 0.51

SiO2 48.85 52.8 58.83 69.4 51.08 50.46 54.02
Al2O3 22.65 19 18.01 14.61 18 20.74 17.37
FeO (T) 7.14 7.82 6.55 3.65 9.11 7.86 8.63
MnO 0.131 0.14 0.126 0.1 0.2 0.18 0.15
MgO 4.4 5.38 2.16 0.75 5.3 5.1 5
CaO 12.42 9.18 7.23 3.09 10.22 11.06 8.95

Na2O 2.16 2.49 3.65 4.18 2.5 2.23 3.09
K2O 0.28 0.66 1.62 3.18 0.6 0.54 1.2
TiO2 0.59 0.79 0.84 0.63 1.11 0.77 1
P2O5 0.09 0.15 0.21 0.12 0.17 0.1 0.18
LOI 0.63 0.81 0.71 0.26 1.1 0.84 0.25
Total 100.1 100.09 100.7 100.33 100.4 100.14 100.09
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Fig. 4. Le Bas (Le Bas et al. 1986) diagram classifying whole-rock and melt inclusion samples by total alkalis and silica. Fields plotted on each diagram are

explained in the bottom right panel.
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Fig. 4b. Continued.
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Melt inclusion major and trace element compositions are

broadly similar for all eruptive centers (Mutnovsky I-IV).

Melt inclusion trace element patterns are very similar to

their whole-rock trace element patterns, showing a typical

subduction signature. Melt inclusions are enriched in the

large ion lithophile elements (LILE) and, to a lesser

degree, in the light rare earth elements (LREE), and, are

depleted in the high field strength elements (HFSE), nota-

bly Nb (Fig. 5). When considering the incompatible trace

element ratios Rb versus Ba, Rb versus La, Rb versus Sr,

and Zr versus Th in samples CM-8a and CM-62, whole-

rock values plot close to mixing lines between the most

enriched and depleted (for the trace element of interest)

melt inclusion values (Fig. 6). Simple linear mixing lines

were calculated by choosing end points for the mixing lines

that best represent the extremes of the melt inclusion pop-

ulation for each sample. Note that Sr is the only element

that is somewhat compatible because of the presence of

plagioclase in the system. There are some melt inclusions

that plot outside the general trend of the melt inclusion

population and do not conform to a mixing trend. The

two samples portrayed in Fig. 6 are generally representative

of the entire sample population.

Melt inclusions by host mineral

The melt inclusion data indicate that different phenocryst

host minerals trapped different melt inclusion compositions

(Figs 4–8). Plagioclase is the most prevalent phenocryst

phase at Mutnovsky, occurring in all samples, and it has

the highest number of analyzed melt inclusions and the

widest range of melt inclusion compositions. When com-

pared with whole-rock compositions, clinopyroxene, ortho-

pyroxene, and plagioclase, all contain melt inclusions that

Fig. 5. Trace element abundances normalized to normal mid-ocean ridge basalt (Sun & McDonough 1989) for four representative samples, one from each

eruptive center and of each whole-rock type. CM-68 is a basalt from Mutnovsky IV, CM-5 is a basaltic andesite from Mutnovsky I, M3-09-08 is an andesite

from Mutnovsky III, and CM-113 is a dacite from Mutnovsky II.
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(A)

(B)

Fig. 6. Trace element plots for melt inclusions from two representative samples, CM-8a (A) and CM-62 (B). Mixing lines are plotted that were calculated by

choosing end points that best represent the extremes of the melt inclusion population for each sample between the most and least evolved melt inclusions;

each dot along the mixing line represents 10% mixing increments.
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span the compositional range of the whole rocks and

extend to more silica-rich compositions (Fig. 7). Olivine-

hosted melt inclusions have compositions that overlap the

composition of the whole rock and also extend to more sil-

ica-poor compositions (Fig. 7).

The average concentration of SiO2 among melt inclu-

sions for each host mineral is compared in Fig. 8 with the

whole-rock SiO2 value for each sample. Plagioclase-hosted

melt inclusions have the highest SiO2 values, while olivine-

hosted melt inclusions have the lowest SiO2 values. Sam-

ples CM-206, CM-9a, CM-156, CM-113, and CM-5 have

whole-rock SiO2 concentrations that are lower than all of

the average melt inclusion SiO2 concentrations per host

phenocryst.

One important question in any melt inclusion study is

whether or not the measured variability of melt inclusion

compositions reflects postentrapment crystallization. We

assessed this possibility for each melt inclusion – host phe-

nocryst pair. For plagioclase, the compositions of melt

inclusions vary as follows: Al2O3: 7.42–24.77 wt.%; MgO:

0.33–8.33 wt.%; FeOT: 2.77–16.17 wt.%; SiO2: 48.7–

75.25 wt.%; K2O: 0.19–5.42 wt.%; CaO: 0.45–16.49 wt.%;

Na2O: 0.96–6.06 wt.%; and TiO2: 0.46–1.93 wt.%. We

evaluated whether or not the range of measured concentra-

tions of plagioclase-hosted melt inclusions reflect posten-

trapment modification by assessing the correlation between

highly incompatible elements in plagioclase (e.g., Fe, Ti,

Mg, Sc, Cr, Mn, Y; Aigner-Torres 2003) and the Al2O3

Fig. 7. Frequency diagrams showing the number of melt inclusions and whole rocks with different SiO2 compositions, by melt inclusion host phenocryst. The

whole-rock values plotted include all 50 samples reported in Robertson (2011) and not just the rocks with melt inclusions analyses.
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content of the melt inclusion. Figure 9 illustrates this rela-

tionship for the concentrations of FeO, MgO, TiO2, and Y

in plagioclase-hosted melt inclusions and the Al2O3 con-

centration of the melt inclusion. Postentrapment crystalliza-

tion should increase the concentrations of highly

incompatible elements as the concentration of Al2O3 in the

melt inclusion decreases, which occurs because of the crys-

tallization of plagioclase around the edges of the melt inclu-

sion (Streck & Wacaster 2006). This is not observed for the

majority of melt inclusions. Rather, the concentrations of

FeO, MgO, TiO2, and Y predominantly remain relatively

constant as a function of Al2O3 concentrations of the melt

inclusion. We interpret these data to indicate that the mea-

sured variability of plagioclase-hosted melt inclusion com-

positions reflects the actual diversity of melt compositions

during the evolution of the Mutnovsky magma system.

Similar observations can be made for cpx-, opx-, and

ol-hosted melt inclusions. The compositions of melt

inclusions and cpx-, opx-, and ol-host mineral phases con-

sistently yielded calculated values in terms of oxide totals

that are 99–102 wt.% and yielded olivine Fe-Mg KD values

within approximately 10% of published values. We interpret

these data to indicate that the measured variability of melt

inclusions in cpx-, opx-, and ol-hosted melt inclusions

likely reflects the compositional variability at the time of

entrapment.

DISCUSSION AND INTEPRETATION

Petrographic evidence, field evidence (Fig. 10A), and phe-

nocryst zonation patterns (Robertson 2011) are consistent

with magma mixing and mingling throughout the evolu-

tion of Mutnovsky igneous activity. Field evidence for

magma mingling includes mafic enclaves, interpreted to

have chilled margins, found in a more felsic Mutnovsky I

host (Fig. 10A). Resorbed and sieve-textured plagioclase

phenocrysts are abundant in samples from every eruptive

center and for every major rock composition (Fig. 10B).

EPMA traverses across plagioclase phenocrysts indicate that

plagioclase crystals are commonly zoned (Robertson

2011). Normally zoned and oscillatory-zoned plagioclase

phenocrysts are the most common in Mutnovsky samples,

and there are some reversely zoned plagioclase phenocrysts.

We note that rapid decompression is also a plausible expla-

nation for the observed sieve texture of plagioclase (Nelson

& Montana 1992) and that reverse zoning (i.e., Ca-

enriched rims on sodic plagioclase) can be caused by

decompression-induced resorption of clinopyroxene, which

effectively increases the Ca to Na ratio of the melt, or melt

devolatilization during ascent. The plagioclase dissolution

textures reported by Nelson & Montana (1992) were

reproduced by performing fluid absent, isothermal decom-

pression experiments from an initial pressure of 1.2 GPa to

final pressures of 1.0, 0.8, and 0.6 GPa. Kadik et al.

(1989) demonstrated experimentally that clinopyroxene is

not a stable phase in high-Al Kamchatkan basalts at pres-

sures > approximately 0.7 GPa. Thus, it seems unlikely

that the coarsely sieve-textured plagioclase cores formed by

strictly by decompression. Compositional variation among

plagioclase crystals may also reflect the effects of decom-

pression-induced volatile saturation and changing H2O

concentration of silicate melts. Crabtree & Lange (2011)

Fig. 8. Average SiO2 values for melt inclusions in every host mineral, compared with whole-rock values, for every sample. Each line represents the range in

average values for a given sample. Standard deviations for SiO2 values in melt inclusions from each host mineral are as follows: plagioclase: average 1.03,

range 0.21–3.65 wt.%; olivine: SiO2: average 1.02, range 0.32–3.24 wt.%; cpx: average 1.49, range 0.40–4.10 wt.%; opx: 1.78, range 0.63–4.55 wt.%.

Samples where the whole-rock composition is less evolved than all the average melt inclusion data provide unambiguous evidence for addition of a basaltic

magma just before eruption. Hence, magma mixing appears likely to trigger volcanic eruptions.
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and Frey & Lange (2011) investigated the compositional

variability of plagioclase grains from andesites and dacites

erupted at the western Mexico volcanic belt and suggested

that the effect of higher H2O concentrations of silicate

melt is to reduce the activity of CaO relative to NaO0.5,

favoring higher sodium contents of crystallizing plagio-

clase. If the silicate melt reaches volatile saturation during

ascent, the loss of dissolved H2O from the melt increases

the activity of CaO and increases the Ca/Na ratio of crys-

tallizing plagioclase. The petrographic observations of

dusty, zoned plagioclase in the current study (Fig. 10B),

both normal and reverse chemical zoning of individual pla-

gioclase crystals, and the compositions of plagioclase-

hosted melt inclusion, seem most consistent with magma

mixing and likely also record variation in the pre-eruptive

H2O concentrations and decompression-induced degas-

sing, as the causes of the observed variation of plagioclase

compositions and morphologies. A detailed evaluation of

plagioclase phenocrysts was not considered during this

study.

The measured compositional heterogeneity of erupted

rocks at Mutnovsky was interpreted by Robertson (2011)

to reflect different amounts and variable depths of partial

melting in the subarc mantle source followed by closed sys-

tem fractional crystallization. The new melt inclusion data

presented here allow us to extend that study and further

investigate the cause(s) of the variability of whole-rock

geochemical compositions. The variability of melt inclusion

compositions among different host minerals provides infor-

mation on the pre-eruptive melt compositions as well as

crystallization history. Each host mineral (i.e., olivine, clin-

opyroxene, orthopyroxene, plagioclase) contains a different

range of melt inclusion compositions (Fig. 7), while indi-

vidual phenocrysts have rather uniform melt inclusion

compositions. Notably, some individual plagioclase pheno-

crysts contain multiple melt inclusions that vary in melt

SiO2 content by 6–15 wt.%. This variability likely reflects

the prevalence of plagioclase to crystallize continually

throughout the fractionation history of subvolcanic magma

reservoirs and during eruption. Such an extended period of

crystallization for plagioclase predicts that plagioclase

should trap a wider range of melt compositions relative to

other phases that are not stable throughout the entire crys-

tallization sequence.
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Fig. 9. The concentrations of MgO, FeO, TiO2, and Y in plagioclase-hosted melt inclusions are plotted against the concentration of Al2O3 in the plagioclase

host. These elements (i.e., MgO, FeO, TiO2, and Y) are highly incompatible in plagioclase, and their variation as a function of Al2O3 in the plagioclase-hosted

melt inclusion indicates that the measured range of melt inclusion compositions trapped in plagioclase crystals reflects the compositional variability of melts at

the time of entrapment in plagioclase.
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We highlight that there is no correlation between host

phenocryst size and the range of melt inclusion composi-

tions. Individual plagioclase phenocrysts with large ranges

of melt inclusion compositions range in size from approxi-

mately 200 to 2000 lm diameter. Individual olivine and

pyroxene phenocrysts have similar size ranges, but do not

trap as large of a range in melt inclusion compositions

(e.g., Fig. 6). The ranges of melt inclusion SiO2 values as a

function of different host phenocryst sizes are shown in

Fig. 11. If fractional crystallization was the only differentia-

tion process responsible for the observed whole-rock

chemical variability, this predicts that small phenocrysts,

which likely represent late stage crystallization, would have

trapped the most chemically evolved (i.e., higher SiO2)

melts. However, for the Mutnovsky samples, small

(≤250 lm) phenocrysts also trapped a range of melt inclu-

sion compositions, which vary from basalt to rhyolite

(Fig. 11).

If the small phenocrysts represent crystals that nucle-

ated and grew closer to the time of eruption, then this

observation (i.e., size versus. composition variability) sug-

gests three possibilities. First, that magma mixing caused

some of the compositional heterogeneity of the whole

rocks. In this scenario, it is plausible that the small host

phenocrysts crystallized and trapped different melt inclu-

sion compositions in individual, separate magma batches

that were later mixed together to produce the erupted

whole-rock compositions. Second, that convection within

an evolving and compositionally zoned magma chamber

mechanically mixed together less-evolved and more evolved

magma zones. In this scenario, the bulk magma chamber

may have differentiated primarily by fractional crystalliza-

tion (consistent with the whole-rock data presented in

Robertson 2011), and convective mixing of composition-

ally variable portions of the chamber resulted in the

textural and compositional variability of the erupted rocks.

Third, there may have been periodic injection of mafic

magma into a compositionally evolving magma that was

differentiating primarily by fractional crystallization. This

process could cause convection, on at undefined scale, and,

if this also stimulates eruption, is predicted to yield ‘mixed’

compositions of erupted rocks, consistent with melt inclu-

sion evidence in this study.

Single melt inclusion outliers in plagioclase-hosted melt

inclusions in sample CM-142 can be explained by differ-

ences among melt inclusion assemblages. Melt inclusions

23mrc11-14 were all trapped in one plagioclase pheno-

cryst. The inclusions 23mrc11-13 were part of one melt

inclusion assemblage trapped in the outer portion of the

plagioclase phenocryst (i.e., closer to the crystal rim), and

inclusion 23mrc14 was trapped near the core of the plagio-

clase phenocryst. The measured concentrations of SiO2 in

inclusions 23mrc11-13 are lower than inclusion 23mrc14.

This finding is consistent with reverse zoning with respect

to trapped melt inclusion compositions. Another plagio-

clase phenocryst in the same thin section contained melt

inclusions 23mrc18-19. In that phenocryst, the melt inclu-

sion 23mrc18 was part of a low SiO2 melt inclusion assem-

blage located in the core of the phenocryst and melt

inclusion 23mrc19 was part of a high SiO2 melt inclusion

assemblage located in the rim of the phenocryst. These

compositional observations, that is, lower SiO2 in melt

inclusions in the crystal core and higher SiO2 in melt inclu-

sions in the crystal rim, are consistent with fractional crys-

tallization trends.

Halter et al. (2004a) suggested that different melt inclu-

sion compositions trapped by different host minerals indi-

cates that the phenocrysts did not crystallize from a single

melt that evolved via fractional crystallization. They sug-

gested that such a scenario requires compositionally dis-

tinct, separately evolving magmas (crystals + melt) where

melt was trapped as melt inclusions by the different pheno-

cryst phases. Accordingly, the measured variability of SiO2

concentrations in melt inclusions among different host

(A)

(B)

Fig. 10. Visual evidence consistent with magma mixing observed in the

field (A) and in thin section (B). Part (A) shows mafic enclaves with chilled

margins hosted in a more felsic matrix. Part (B) shows abundant sieve-tex-

tured plagioclase.
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minerals helps constrain the compositions and evolutionary

stages of magmas involved in the formation of Mutnovsky

eruptive centers. The melt inclusions hosted in plagioclase

seem to record both prominent fractional crystallization

(i.e., increasing wt.% SiO2 in melt inclusions trapped from

core to rim, 23mrc18-19) and mixing of different magma

batches (i.e., decreasing wt.% SiO2 in melt inclusions from

core to rim, 23mrc11-14), data that are consistent with

the measured normal and reverse zoning of plagioclase

phenocryst compositions (Robertson 2011).

Olivine-hosted melt inclusions tend to have low silica

compositions (e.g., Fig. 8), suggesting that olivine was

crystallizing as the liquidus phase from a primitive melt

composition. Clinopyroxene-hosted melt inclusions contain

mostly basaltic through andesitic compositions, indicating

that clinopyroxene crystallized from a mafic to intermediate

melt. This could be a single melt evolving via fractional

crystallization or mixing of multiple magma compositions,

similar to magma mixing recorded in plagioclase melt

inclusions. Orthopyroxene-hosted melt inclusions predomi-

nately contain andesitic and dacitic compositions, indicat-

ing that orthopyroxene crystallized from an intermediate

to evolved melt.

Geochemical modeling of whole-rock fractional crystalli-

zation indicates that a normal fractionation sequence

occurred at Mutnovsky, with olivine crystallizing early as

the liquidus phase, clinopyroxene and orthopyroxene crys-

tallizing after olivine, and plagioclase crystallizing through-

out the crystallization sequence. Trace element fractional

crystallization geochemical modeling cannot produce the

range of compositions recorded by melt inclusions among

all the mineral phases combined. Additional evidence for

the primitive nature and early crystallization of olivine and

also clinopyroxene is the high Cr content of melt inclu-

sions hosted within those mineral phases (Fig. 12A; Wilson

1989). Chromium is compatible with respect to primitive

mantle minerals such as olivine, pyroxene, and spinel, so

high (>200 ppm) Cr content in melt inclusions signifies

that these minerals have not extensively crystallized prior

to entrapment. There is some overlap in the melt inclusion

compositions within each host mineral, but because of the

prevalence of different average melt inclusion compositions

for each host mineral and the trace element modeling

results, the data seem consistent with a model wherein dif-

ferent magma batches evolved by fractional crystallization,

with subsequent magma mixing occurring during or prior

to eruption. A lack of equilibrium among coexisting ortho-

pyroxene and clinopyroxene in some samples, assessed

using QUILF (Andersen et al. 1993), is consistent with

magma mixing for such samples. We propose that this is

the result of multiple injections of unique melt aliquots

from the same source, evinced by statistically overlapping

Fig. 11. Melt inclusion SiO2 compositions by host phenocryst size. Host phenocryst sizes are split into categories small (1; ≤250 lm), medium (2; 250–

400 lm), and large (3; ≥400 lm).
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Sr, Nd, and Pb isotopes (Table 1) that evolved separately

and not simply by fractional crystallization of one melt,

except in the case of intramineral melt variation. We note

that low Cr contents of plagioclase-hosted melt inclusions

(Table 1) indicate that plagioclase was not a liquidus phase

in the deep source magma.

Comparing the melt inclusion total alkalis versus silica

data to their host rocks (Fig. 4) further illustrates that the

compositions of whole rocks investigated in this study

likely represent a mixture of melts. In samples where oliv-

ine-hosted melt inclusions are present, these inclusions rep-

resent a mafic mixing end member. In all other samples,

plagioclase or orthopyroxene inclusions represent a felsic

mixing end member. Geochemical modeling of melt

inclusion trace element abundances (IgPet: Carr 2002)

indicates that the most felsic melt inclusions in each

whole-rock sample can be produced by varying degrees

(30–70%) of fractional crystallization (including olivine,

plagioclase, clinopyroxene, and orthopyroxene) of the most

mafic melt inclusions from the same sample. However,

fractional crystallization alone cannot explain the entire

range of melt inclusion compositions found in one pheno-

cryst type. Therefore, the data seem consistent with dis-

crete aliquots of melt that were trapped as fractional

crystallization occurred, prior to magma mixing events.

There are many examples of magma mixing in volcanic

systems discovered only after analyzing melt inclusions,

such as Mount Hood (Kent et al. 2010) and the Farall�on

Negro Volcanic Complex (Halter et al. 2004a), and indi-

vidual phenocrysts, such as the Fish Canyon Magmatic Sys-

tem (Charlier et al. 2007). In the aforementioned volcanic

systems, magma mixing was not apparent when looking at

large scale, whole-rock data, but became obvious after

examining small scale data such as melt inclusions and

chemical zoning of individual phenocrysts. These studies

all focused on volcanic systems that, at least in terms of the

bulk composition of erupted rocks, are largely andesitic

(Mount Hood and Farall�on Negro) or rhyolitic (Fish Can-

yon). Mutnovsky is a dominantly basaltic system that pre-

serves evidence consistent with the characteristics of

magma mixing described in the aforementioned studies.

Magma mixing has been demonstrated in a few basaltic

systems including Stromboli volcano (Francalanci et al.

1989) and mid-ocean ridge volcanism (Dungan & Rhodes

1978), but it is far less commonly observed than in more

intermediate to silicic systems (Izbekov et al. 2004; Kent

et al. 2010). This infrequency of observation should not

be interpreted to imply that magma mixing is not poten-

tially an important process in basaltic systems. Perhaps

magma mixing is simply less obvious because the mixing

inputs are closer in composition to one another, particu-

larly if they have overlapping isotopic compositions

(Table 1) as is the case at Mutnovsky. Similar observations

were reported by Izbekov et al. (2004) for mixing of basalt

and andesite prior to the 1996 eruption of Karymsky Vol-

cano, Kamchatka. Those authors used multiple lines of evi-

dence to suggest that injection of basalt magma into an

andesite reservoir triggered eruption of a poorly mixed

basalt–andesite magma. The earliest eruptions contain evi-

dence for disequilibrium between the basalt and andesite,

and progressively younger eruptions contain composition-

ally equilibrated materials. Several studies reported evi-

dence for magma mixing where the mixed magma was not

chemically homogenized at the time of eruption; for exam-

ple, Unzen, Japan (Nakamura 1995); Dutton, Alaska

(Miller et al. 1999); and Soufri�ere Hills (Murphy et al.

2000). Izbekov et al. (2004) postulated that compositional

homogeneity of mixed magmas is favored if, at the time of

(A)

(B)

Fig. 12. SiO2 versus Cr concentrations for melt inclusions hosted by (A)

minerals and (B) whole-rock samples from the four eruptive centers. The

limit of detection for Cr for each individual melt inclusions ranged from a

low of approximately 1 ppm to a high of approximately 27 ppm (Table 2).

Thus, the data plotted here indicate that ol- and cpx-hosted melt inclusions

trapped the compositionally least evolved melts.

© 2013 John Wiley & Sons Ltd, Geofluids, 13, 421–439
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mixing, the two magmas have similar temperatures, viscosi-

ties, and densities. As the differences in temperature, vis-

cosity, and density of the melts increase, this seemingly

prevents efficient magma mixing and should lead to erup-

tion of compositionally heterogeneous material where

(inefficient) magma mixing is more obvious.

A model for magma ‘chamber’ evolution at Mutnovsky

The melt inclusion and whole-rock chemistry data for sam-

ples from all eruptive centers at Mutnovsky are consistent

with the hypothesis that the erupted rocks represent the

crystallized products of multiple aliquots of different

magma compositions, possibly from different depths of the

shallow-level pre-eruptive plumbing system, that mixed

together prior to and/or during eruption. This is similar

to the model proposed for other arc volcanoes, for exam-

ple Mount St. Helens (Blundy & Cashman 2005), where

the minimum trapping pressure (determined from H2O

contents of melt inclusions) of melt inclusions from sam-

ples from individual eruptions indicate multiple depths of

magma storage from a plumbing system that spanned a

vertical distance on the order of several km. The melt

inclusions from Mutnovsky, as is the case for the whole

rocks, are enriched in the fluid mobile LILE and LREE

(Fig. 5), a finding that is consistent with fluid-driven melt-

ing of the mantle wedge at the base of the Mutnovsky

magma plumbing system, as proposed by Duggen et al.

(2007) based on their interpretation of Sr, Nd, and (dou-

ble-spike MC-ICP-MS) Pb isotope data. As individual

pulses of magma were emplaced into the near-surface envi-

ronment, each pulse differentiated by fractional crystalliza-

tion. The addition of new, hot, potentially volatile-rich,

less-evolved magma is a plausible eruption trigger (Sparks

et al. 1977; Venezky & Rutherford 1997; Eichelberger

et al. 2000; Murphy et al. 2000; Kent et al. 2010), which

could result in the eruption of an apparent single magma

that is in reality a composite of formerly discrete, fraction-

ally crystallized magmas. If input of basaltic magma and

concomitant mixing did not immediately result in erup-

tion, this could provide time sufficient for resorption of

mafic phenocrysts, hence enriching the bulk magma in

those components and decreasing the SiO2 content. This

process could obscure the mafic end member portion of

the melt record as we found via the absence of mafic melt

inclusions in some samples.

CONCLUSIONS

1 Melt inclusion compositions range from low silica (44

wt.%), hosted mainly in olivine, to high silica (75 wt.%),

hosted in plagioclase. Multiple melt populations are

required to explain the range of melt inclusion composi-

tions present in each of the melt inclusion host phases

(olivine, clinopyroxene, orthopyroxene, plagioclase). This

suggests that multiple magma batches were present

throughout the evolution of the Mutnovsky igneous

system.

2 The composition of Mutnovsky melt inclusions is consis-

tent with aqueous fluid-flux melting of the mantle wedge

and compositional differentiation via fractional crystalli-

zation during ascent. As the magmas ponded in the

near-surface subvolcanic environment, they continued to

evolve via fractional crystallization to produce the range

of melt inclusions compositions (basalt to rhyolite) sam-

pled in this study.

3 Periodic injection of new magma, which had undergone

fractional crystallization during ascent, ultimately was

likely responsible for driving volcanic eruptions. At pres-

ent, there are no quantitative constraints on the length

of time that elapsed between the input of individual

magma pulses, or the specific composition of the pre-

existing magma reservoir and the intruding magma.

However, we suggest that the lag time between magma

emplacement and eruption may have controlled the

degree to which erupted materials homogenized. This

conclusion is consistent with Izbekov et al. (2004) who

documented that injection of basalt into andesite magma

caused eruption of a mixed magma at Karymsky Vol-

cano, Kamchatka, with the reservoir returning to a

homogeneous composition within months of the first

eruption.
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