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Abstract

Highly explosive eruptions of basaltic composition are relatively rare and poorly understood, yet they may be quite important

in terms of atmospheric impact because of the generally much higher concentrations of S in basaltic systems compared with the

typical explosive felsic eruptions. We have determined concentrations of H2O, major, trace and volatile (S, Cl) elements by

EPMA and SIMS from melt inclusions and groundmass glasses of the 1986, 1853 and prehistoric explosive eruptions of

basaltic magmas from the Chikurachki volcano, northern Kurile arc. Melt inclusions are hosted by olivine (Fo72–78),

orthopyroxene (mg#=72–75), clinopyroxene (mg#=71–77) and plagioclase (An74–96) phenocrysts. Estimated crystallization

conditions were in the range from 910 to 1180 8C at less than 400 MPa total pressure and oxygen fugacity of NNO+1 to +2 log

units. Inclusion glasses are basaltic to andesitic in composition. Relative to N-MORB, the melts are enriched in LREE ([La /

Sm]n =1.8–2.6) and Sr ([Sr /Ce]n =1.7–2.4), and show Nb, Zr and Ti depletions typical for arc magmas ([Nb /La]n =0.2–0.3,

[Zr /Sm]n =0.6–0.9, [Ti /Gd]n =0.4–1.1). The pre-erupted melts were volatile rich (up to 6.4 wt.% H2O, 2900 ppm S and 1400

ppm Cl), which may explain the strongly explosive character of volcanic activity. Much lower volatile contents in the

groundmass glasses compared to inclusions reflect the extent of eruptive magma degassing. The wide range of volatile contents

in glass inclusions is interpreted as a result of complex patterns of magma ascent, phenocryst growth and partial degassing at

high-level reservoirs before eruption. The most H2O- and S-poor inclusions are close to groundmass values and may relate to

magmas degassed in the summit reservoir, which drained back and mixed with less degassed magmas at depth. Estimations of

total volatile release to the atmosphere, based on the difference between maximum melt inclusion contents and matrix glass,

suggest that the 1986 and 1853 explosive eruptions released 3400 and 2500 metric tons H2O, 300 and 200 tons SO2 and 8 and
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12 tons Cl, respectively. This is about ten times higher for SO2 and ten times lower for Cl than for the 1989–1990 eruptions of

the Redoubt volcano.

D 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic map of the northern Kurile Islands with the

locality of Chikurachki volcano. Contours show isobaths for the

top of the Wadati–Benioff zone from Tatsumi et al. (1994).
1. Introduction

Highly explosive volcanic (plinian) eruptions are

characterized by very large eruption rates, high erup-

tion columns and widely dispersed fallout deposits

(Walker, 1973, 1980; Wilson and Walker, 1987).

They therefore represent efficient mechanisms to

transport volatiles and other material from EarthTs
interior to the upper atmosphere, where global disper-

sion can take place. Injection of water, halogens and

sulfur into the atmosphere leads to formation of solid

and liquid aerosols which can significantly affect

global climate and the stability of the ozone layer

(Brasseur and Granier, 1992). A number of factors

influence the character of volcanic eruptions, includ-

ing conduit geometry, magma viscosity and degassing

history (e.g. Carey and Sparks, 1986). Typically, pli-

nian eruptions are associated with water-rich interme-

diate to silicic magmas (andesitic to dacitic) and these

have been the most thoroughly studied. Less common

and much less well understood, are the highly explo-

sive eruptions of basaltic magmas. Only a limited

number of these are presently known in the literature

and most of them are from subduction settings where

water can be expected to play a key role. These are the

plinian and subplinian eruptions of Tolbachik, Kam-

chatka (Fedotov and Markhinin, 1983); Masaya and

Cerro Negro, Nicaragua (Williams, 1983; Roggensack

et al., 1997); Sumisu Rift, Japan (Gill et al., 1990);

Ambrym, Vanuatu (Robin et al., 1993); Tarawera

1886 eruption, New Zealand and Etna 122 BC, Italy

(Houghton et al., 2004); and Chikurachki, Kurile

Islands (Ovsyannikov and Muravyev, 1992; Belousov

et al., 2003), which is the subject of our study.

The Chikurachki volcano is one of the three most

active volcanoes of the Kurile arc, and it has a history

of explosive eruptions of basaltic magma (Belousov et

al., 2003). We present here new petrologic and geo-

chemical data for phenocryst-hosted melt inclusions

and groundmass glasses collected from plinian erup-

tive events of Chikurachki with the aim of determin-
ing the pre-eruptive physical conditions of magma

storage and the composition of the melt phase, partic-

ularly its water and volatile concentrations (S, Cl).

From these data, we constrain the processes of magma

evolution (crystallization, mixing and degassing) in

the Chikurachki system, discuss the degassing behav-

ior of the different volatile components, and estimate

the release of water, sulfur dioxide and chlorine to the

atmosphere from the eruptive events.
2. Geological setting and eruptive styles

Chikurachki is a young, very active stratovolcano

located in the southern part of Paramushir Island in

the northern Kurile island arc just south of Kamchatka

(Fig. 1). Volcanism results from westward subduction

of the Pacific plate under the Eurasian plate. The Late

Holocene stratocone of the volcano is built on a thick
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sequence of Pleistocene lava flows (Gorshkov, 1967).

The cone has steep, smooth slopes, which are virtually

uneroded. A shallow crater of approximately 450 m in

diameter is located at the top of the volcano.

Since the beginning of historical records (1711 for

this region), Chikurachki erupted in 1853–1859,

1958, 1961, 1964, 1973, 1986, 2002 and 2003. Belou-

sov et al. (2003) distinguished two dominant eruptive

styles of the volcano based on descriptions of the

historical eruptions and investigation of the deposits:

strombolian (1958, 1961, 1964, 1973, 2002, 2003)

and plinian (1853 and 1986). The strombolian type

eruptions typically lasted days to weeks. Heights of

the eruption columns were commonly less than 500 m

above the crater, and in exceptional cases the columns

reached 3 km height. The pyroclastic deposits of the

strombolian-type eruptions consist of basaltic ash and

small bombs. The 1986 plinian eruption was de-

scribed in detail by Ovsyannikov and Muravyev

(1992). No direct observational data exist about the

1853 eruption, and its assignment as a plinian event is

based on extent and nature of the tephra deposits in

comparison with the 1986 eruption.

2.1. Plinian deposits and eruption parameters

2.1.1. Fallout deposits of the 1853 and 1986 plinian

eruptions

The fallout deposits cover elliptical areas strongly

elongated from the crater: the 1853 towards NE, and

the 1986 towards SE (Fig. 8 in Belousov et al., 2003).

The deposits are very similar. Each comprises a sin-

gle, massive layer without notable grading. This indi-

cates that the eruptions commenced and ceased

abruptly, with no significant pulsations of discharge

rate in the course of the eruptions. The deposits

consist exclusively of juvenile material represented

by well-sorted, coarse-grained ash and lapilli of basal-

tic scoria. The density of pyroclastic particles ranges

from 1.1 to 1.9 g/cm3 (average 1.5–1.6 g/cm3) and

vesicularity is 30–60% (Belousov et al., 2003). The

high vesicularity and good sorting of the deposits

suggest a purely magmatic mechanism for the erup-

tions. Belousov et al. (2003) estimated the erupted

volumes of the 1853 and 1986 fallout deposits

to be 0.09 and 0.12 km3, respectively, corres-

ponding to 0.03 and 0.04 km3 dense rock equiva-

lent (DRE).
2.1.2. Fallout deposits of prehistoric plinian eruptions

Soil sections around the volcano contain multiple

layers of black to dark gray basaltic scoria 5–20 cm

thick, locally as thick as 2.5 m. These deposits contain

well-sorted, coarse-grained ash and lapilli very similar

to those of the 1853 and 1986 fallout. The deposits are

interpreted by Belousov et al. (2003) as fallout depos-

its of prehistoric plinian eruptions of Chikurachki

volcano, which is the only active basaltic volcano in

the region. Based on the thickness of paleosols sepa-

rating the fallout layers as well as several C14 ages

obtained, Belousov et al. (2003) concluded that the

intervals between plinian eruptions of Chikurachki

volcano comprised 100–200 years during the last

several thousands years.

2.2. Samples studied

2.2.1. Whole rocks

This study is based on analyses of glassy lapilli from

the 1853 (sample CHK3/4), 1986 (sample CHK16) and

two prehistoric fallout deposits (samples CHK13/1 and

13/2). The lapilli are porphyritic. The groundmass is

vitreous to devitrified, strongly vesiculated (20–30

vol.% vesicles) and has variable contents of microphe-

nocrysts and microlites (up to 200 Am) consisting of

needle-like plagioclase, rounded olivine, prismatic to

elongated augite and isometric opaque grains. Pheno-

crysts are mostly 0.2–3.0 mm in size and dominated by

plagioclase (Pl, 70–90% of all phenocrysts), which

forms euhedral, elongated, twinned grains occurring

as single crystals or as clusters of grains. Other pheno-

cryst phases include rare, subhedral to rounded olivine

(Ol; 0.2–0.5 mm), and euhedral, prismatic to broken,

resorbed clinopyroxene (Cpx; 0.3–1.0 mm) (Fig. 2a).

Orthopyroxene (Opx) phenocrysts occur as isolated,

subhedral to rounded grains in samples CHK3/4, 13/1

and 13/2 but they are very abundant in sample CHK16

(up to 20% of all phenocrysts). Fe–Ti oxides also occur

as phenocrysts (up to 0.3 mm) in amounts ranging from

a few to a few tens of grains per thin section.

2.2.2. Inclusions in minerals

We studied exclusively primary inclusions of melt

and trapped crystals which were found in all major

phenocryst phases (Fig. 2b–d). Due to rapid cooling

of the magma on eruption, nearly all melt inclusions

are naturally quenched to glass. However, some lapilli
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Fig. 2. Photomicrographs of typical inclusions of melt (glass) and crystals in olivine and plagioclase (Pl) phenocrysts from glassy lapilli. (a)

Plagioclase phenocrysts containing glass inclusions in strongly vesiculated glassy lapilli; (b) Glass inclusion in olivine containing a gas bubble

and a small crystal of magnetite (Mt); (c) Series of primary glass inclusions in plagioclase; (d) Olivine host with a glass inclusion containing two

plagioclase crystals (accidentally trapped, not daughter phases) and a separate inclusion of Pl crystal.
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from the same tephra samples contain multiphase

inclusions composed of glass, daughter crystals of

sub-micrometer size and one or more shrinkage bub-

bles, along with some completely recrystallized melt

inclusions. This difference in inclusion appearance

may reflect local differences in the cooling rate within

tephra fallout. Melt inclusions in Ol, Cpx and Opx

hosts are commonly rounded and elliptical (Fig. 2b);

those in Pl and Cpx phenocrysts tend to have more

irregular, elongate shapes (Fig. 2c). The size of inclu-

sions ranges from a few microns to about 150 Am.

They are present as single individuals and also as

groups of inclusions. For this study, we analyzed

only well-quenched glassy inclusions lacking visible

silicate daughter crystals, although some contained

very small grains of Fe–Ti oxides (1 to 10 Am in

size) whose formation is attributed to oxidation due

to post-entrapment H-loss (discussed below).

Trapped crystalline inclusions occur either individ-

ually or in combination with a melt phase (Fig. 2d).

Particularly common are inclusions of Fe–Ti oxides,

which are present in all phenocryst types, whereas the

more scarce inclusions of Pl, Cpx and Opx occur in Ol

and Cpx hosts. Low-density gas inclusions (spherical
or irregular shapes up to 15 Am in size), and glass

inclusions having anomalously large gas bubbles

occur in some Ol and Pl phenocrysts. Their presence

suggests oversaturation of magma with a fluid phase

and partial degassing at the stage of host mineral

crystallization.
3. Analytical techniques

3.1. Electron probe microanalysis

Major elements in minerals and glasses were ana-

lyzed using the Cameca SX-100 electron microprobe

at the GeoForschungsZentrum Potsdam (GFZ) and the

Jeol Superprobe JXA-8200 microprobe at the Max

Planck Institute for Chemistry (MPI) in Mainz. Ac-

celerating voltage was 15 kV, and the beam current

and beam size were 20 nA and 1–2 Am for minerals,

10–12 nA and 10–15 Am for glass analyses at GFZ.

The conditions at MPI were the same for all phases

except olivine and spinel, which were analyzed at 20

kV and 20 nA. Counting times were 20–60 s depend-

ing on element concentration. Standards used were the
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Cameca and Jeol sets (mostly synthetic and natural

minerals and oxides), as well as the Smithsonian set of

natural glasses and minerals (Jarosewich et al., 1980).

Typical analytical uncertainties were better than 1–2%

for SiO2, Al2O3, MgO, CaO, 2–4% for TiO2, FeO and

Na2O, approximately 5–10% for K2O and P2O5, and

approximately 20% for MnO.

Sulfur and chlorine in inclusion and groundmass

glasses were analyzed in the same block with major

elements, using 60 s counting times on peaks and 30 s

on background. Under the conditions applied, the

detection limit was around 250–300 ppm for both S

and Cl. As reference materials to control precision and

accuracy of the S and Cl measurements, we used the
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72–73 wt.% SiO2 (Table 1). The data points deviating from the 1 :1-
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lyzed at GFZ. The total analytical error of S and Cl,

including both precision and accuracy of measure-

ments, was better than 10% relative, or up to 20%

relative for lower concentrations (i.e.,b500 ppm).

Concentrations of H2O were determined by SIMS

on several inclusions (see below) and were also esti-

mated by the bdifferenceQ method from EPMA analy-

ses (e.g., Devine et al., 1995). Based on the EPMA

analyses of standard glasses used for H2O calibration

by SIMS and comparisons of glass inclusions analyzed

by both EPMA and SIMS, we estimate that the uncer-

tainty of the bdifferenceQ method in our case was less

than 1.2 wt.% H2O (2j-error Fig. 3a), about the same

as reported by Devine et al. (1995) and Straub and

Layne (2003).

3.2. Secondary ion mass spectrometry

3.2.1. Li, Be and B concentrations

Glass inclusions were analyzed for Li, Be and B

concentrations using the Cameca ims 6f instrument at

GFZ following the technique described by Chaussidon

and Libourel (1993). Standards and unknown samples

were sputtered with a nominal 12.5 kV 16O� primary

beam of ~2–10 nA current and ~15–20 Am in diameter.

The energy slit was centered and opened at 25 to 50 V.
Table 1

SIMS reference materials used for calibration of Li, Be and B

Reference Nb SiO2

(wt.%)

Li

ppm

Be

ppm

B

ppm

7Li+ / 30Si+ 9

material
a

ion ratio RSD io

Reference values Measured valuesc

JV1 2 72.26 1719 41.1 1920 9.20E–01 0.3 9

DK89 4 73.04 171 7.8 14 4.28E–02 1.4 1

GB4 4 72.94 384 11.3 970 9.64E–02 4.6 2

NBS 610 2 72.00 487.9 452 351 1.28E–01 2.0 1

NBS 612 2 72.00 41.8 38.3 32 1.02E–02 0.1 8

a Natural and synthetic glasses used for calibration: JV1 is an obsidian g

glasses (Chaussidon and Libourel, 1993; Chaussidon and Jambon, 1994; M

are NIST certified glass reference materials (Gladney and Roelandts, 1987

610 and 612 glasses is that of the matrix doped by trace elements (50–50
b In this table and Table 2, N=number of replicates over the entire anal
c Ion ratio represents uncorrected ion isotopic ratios measured with ion

during replicate analyses of reference materials; it represents 1 sigma s

indicates a total range in case of two measurements divided over the aver
d In this table and Table 2, relative sensitivity factors are defined as the ra

over element atomic concentration normalized to Si atomic concentratio

considered during calculation of analytical precision. The follo

SiO2)=0.86216� log(7Li+ / 30Si+ )+1.53457, R =0.996; log(ppm Be/wt.%

B/wt.% SiO2)=0.94018� log(11B+/ 30Si+)+2.17711, R =0.999.
A 150 Am contrast aperture and a 750 Am field aper-

ture were used, giving an approximately 60 Am field of

view. Secondary, high-energy (N80 eV) 7Li+, 9Be+,
11B+and 30Si+ ions were accelerated by 10 kV and

analyzed at a mass resolving power M /DM ~1650–

1750 with counting times of 2, 4, 4 and 2 s, respec-

tively. Ion intensities were corrected for the electron

multiplier dead time (14 ns). Typical ion intensities

observed under these conditions were 200–300 cps for
7Li+and 11B+, 10 cps for 9Be+and 3�104 cps for 30Si+.

Measurements were preceded by a 300 s unrastered

preburn to remove gold coating and any surface con-

tamination. Each measurement comprised 70 to 100

mass cycles. Element concentrations relative to SiO2

were calculated using calibration curves obtained by

linear regressions from a set of 6 reference glasses

(Table 1). The observed internal precision and external

reproducibility of Li /Si, Be /Si and B/Si ratio mea-

surements was better than 5%. Variations of primary

beam intensity, between 2 and 10 nA depending on

element concentrations in a given reference material,

were found to have no systematic influence on the

relative sensitivity factors (RSF, defined as the ratio

of total ionic intensity for a given element to the ionic

intensity of Si divided by the respective element

ratios in atomic concentration for the material; i.e.,
Be+ / 30Si+ 11B+ / 30Si+ Li Be B

n ratio RSD ion ratio RSD

Relative sensitivity factorsd

.82E–03 0.3 1.28E–01 0.0 1.491 0.800 0.334

.94E–03 1.3 1.09E–03 3.2 0.705 0.842 0.395

.75E–03 2.2 6.83E–02 7.1 0.706 0.823 0.357

.06E–01 0.6 2.84E–02 0.1 0.728 0.783 0.404

.58E–03 0.3 2.77E–03 0.3 0.677 0.748 0.433

lass (Pichavant, 1987); GB4 and DK89 are CRPG internal reference

. Chaussidon, pers. communication, 1998), SRM 610 and SRM 612

; Pearce et al., 1997). The nominal SiO2 content of 72 wt.% in SRM

0 ppm).

ytical session.

probe, RSD (given in percent)=relative standard deviation obtained

tandard deviation [1r SD] calculated for three measurements and

age ion ratio of a given element.

tios of element total ionic intensity normalized to ionic intensity of Si

n [i.e., (Li+ /Si+ ) / (Li /Si), etc.]. The value given in italic was not

wing calibration curves were obtained: log(ppm Li/wt.%

SiO2)=0.97842� log(9Be+/ 30Si+ )+1.71894, R =0.999; log(ppm



A.A. Gurenko et al. / Journal of Volcanology and Geothermal Research 147 (2005) 203–232 209
(Li+ /Si+) / (Li /Si). Possible chemical matrix effects

due to the difference between relatively low-silica

(50.4–58.5 wt.% SiO2) glass inclusions and the high-

silica reference glasses used for calibration (72–73

wt.% SiO2) were assessed and are not believed to

exceed the analytical uncertainty of F10% relative

(2r). This follows from SIMS analyses of secondary
Table 2

H2O calibration by SIMS

Reference

materiala
N SiO2

wt.%

H2O

wt.%

1H+ /30Si+b H RSFd

ion ratio RSDc

Reference

values

Measured

values

24 October, 2002

Olivine 1 38.06 – 1.470E–02 3.4 –

R316 3 52.88 2.11 7.689E–01 4.8 9.991E–03

TRDS-27 4 53.87 2.10 8.219E–01 4.8 1.093E–02

29-3 2 52.39 0.50 1.831E–01 3.9 9.947E–03

20-1 2 49.71 0.11 5.027E–02 2.5 1.178E–02

26 October, 2002

Olivine 1 38.61 – 1.413E–02 3.3 –

TRDS-27 2 53.87 2.10 8.188E–01 1.3 1.089E–02

TRDS-15 2 54.72 2.10 7.787E–01 1.6 1.052E–02

30-2 2 51.71 0.60 2.046E–01 3.1 9.143E–03

40-2 3 50.38 0.15 3.978E–02 6.7 6.927E–03

9 December, 2002

Olivine 1 40.16 – 5.211E–03 12.7 –

30-2 2 51.71 0.60 1.976E–01 1.7 8.830E–03

40-2 2 50.38 0.15 4.404E–02 2.6 7.669E–03

TRDS-27 2 53.87 2.10 7.508E–01 1.3 9.986E–03

TRDS-15 2 54.72 2.10 7.654E–01 2.4 1.034E–02

10 December, 2002

Ab10 3 59.54 5.50 1.478E–00 2.9 8.296E–03

Ab25 3 63.96 6.72 1.693E–00 2.9 8.355E–03

Ab100 3 66.28 8.48 2.260E–00 1.8 9.159E–03

12 December, 2002

Olivine 1 40.00 – 1.229E–02 3.8 –

AOQ 3 75.07 1.86 5.257E–01 2.6 1.100E–02

P1 3 68.72 2.09 5.974E–01 1.2 1.018E–02

P2 3 68.10 4.00 9.912E–01 1.4 8.750E–03

HPG6 3 73.94 6.57 1.699E–00 4.3 9.914E–03

HPG12 3 73.89 6.13 1.520E–00 1.8 9.500E–03

14 December, 2002

Olivine 1 40.16 – 7.582E–03 5.2 –

30-2 2 51.71 0.60 1.713E–01 0.9 7.655E–03

20-1 1 49.71 0.11 2.153E–02 1.8 5.045E–03

40-2 1 50.38 0.15 4.063E–02 4.3 7.075E–03
reference glasses and Macquarie tholeiitic glasses with

48–51 wt.% SiO2, 4.3–7.6 ppm Li, 0.4–1.5 ppm Be,

and 0.7–3.5 ppm B (ICP-MS data, Kamenetsky et al.,

2000; V. Kamenetsky, personal communication, 2001),

for which the same set of high-Si glass standards was

employed (Fig. 3b–d). Chaussidon and Libourel

(1993), Chaussidon and Jambon (1994) and Straub

and Layne (2003) also concluded that chemical matrix

effect on SIMS analyses of Be and B for basaltic to

rhyolitic glasses was less than the external precision.

3.2.2. H2O and trace elements

The concentrations of H2O and trace elements

(REE, Nb, Th, Sr, Y, Zr, V and Cr) were determined

using the Cameca ims 3f instrument at the MPI in

Mainz. For H2O analysis, conditions were similar to

those described by Sobolev and Chaussidon (1996),

with 12.5 kV accelerating voltage for the 16O� prima-

ry beam, 4.5 kV secondary accelerating voltage, �80

V offset and M /DMc300. The energy slit was cen-

tered and opened to 25 V. A 150 Am contrast aperture

and a 750 Am field aperture were used. Analyses were

performed in three blocks of 6 cycles over the masses
1H, 30Si and 47Ti, each counted for 2 s. Titanium was

monitored to detect and, if necessary, correct for
Notes to Table 2:
a Natural glasses used for calibration: R316, TRDS-27 and

TRDS-15 are pillow rim glasses from Troodos ophiolite, Cyprus

(Rautenschlein et al., 1985; Sobolev et al., 1993); 20-1, 29-3,

30-2 and 40-2 are MORB glasses (Danyushevsky et al., 1993;

A.V. Sobolev, personal communication, 1994); Ab10, Ab25,

Ab100=synthetic quartz–albite glasses, AOQ=synthetic quartz–

albite–orthoclase glass; P1, P2=synthetic peraluminous glasses,

HPG6, HPG12=synthetic haplogranitic glasses provided by R.

Thomas (personal communication, 2002) and F. Holtz (personal

communication, 2003); for background information on experi-

mental and analytical conditions see Holtz et al. (1992, 2001),

and references therein). The SiO2 contents in the individual

glass chips used for calibration were re-analyzed by electron

microprobe.
b 1H+ / 30Si+ =ion ratio measured and then corrected for H2O

background on olivine.
c RSD=relative standard deviation obtained during replicate anal-

yses of reference materials used for calibration; it represents 1r SD

calculated for three measurements, indicates a total range in case of

two measurements and represents internal analytical precision in

case of one measurement, normalized to the average 1H+ / 30Si+ ion

ratio.
d RSF=relative sensitivity factors of H normalized to Si are

expressed as in Table 1. The following calibration curve was

obtained: wt.% H2O/wt.% SiO2=0.05698� 1 H+ / 30Si+ , R =0.994.
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overlap with host minerals in the case of small (b40

Am) inclusions. A set of natural and synthetic glasses

with water concentrations ranging from 0.1 to 8.5

wt.% H2O (Table 2) was used for calibration. The

olivine host grains were repeatedly analyzed through-

out each session to monitor the H2O background

level, and inclusion analyses were started when H2O

concentration measured on olivine was equivalent to,

or lower than, 0.03 wt.%. Typical count rates were

3�5�104 cps on the 1H peak, 2�4�102 on the 47Ti

peak and 2�3�104 on the 30Si peak. The external

precision, assessed from multiple measurements of

reference glasses, was better then 7% relative (Table

2). We found no significant chemical matrix effect for

H2O due to the difference in SiO2 content between

unknown and reference glasses, based on the excellent
Table 3

Precision and accuracy of trace element analyses by SIMS

Elements

(ppm)

KL2G

REF

21–24 October 2002, N =5 6–8 Dece

Mean F1rSD RSD DRV Mean

K 4000 3816 91 2.4 �4.6 3624

Ti 15,600 15,540 261 1.7 �0.4 15,400

V 370 262 7 2.7 �29.2 249

Cr 310 298 6 2.0 �3.9 290

Sr 364 398 4 1.0 9.3 379

Ba 123 137 5 3.6 11.4 124

Y 26.8 24.9 0.5 2.0 �7.1 24.1

Zr 159 156 5 3.2 �1.9 150

Nb 15.8 17.7 0.4 2.3 12.0 16.2

Hf 4.14 4.03 0.61 15.1 �2.7 3.78

Th 1.03 1.08 0.12 11.1 4.9 0.8

La 13.2 13.5 0.4 3.0 2.3 12.8

Ce 32.9 34.7 1.2 3.5 5.5 32.2

Pr 4.71 5.18 0.22 4.2 10.0 4.85

Nd 21.7 23.0 1.0 4.3 6.0 21.7

Sm 5.55 6.05 0.33 5.5 9.0 5.71

Eu 1.95 2.17 0.09 4.1 11.3 2.06

Gd 6.10 5.93 0.74 12.5 �2.8 5.58

Tb 0.93 0.92 0.09 9.8 �1.1 0.81

Dy 5.35 5.64 0.22 3.9 5.4 4.98

Ho 0.99 1.03 0.04 3.9 4.0 0.95

Er 2.64 2.77 0.09 3.2 4.9 2.34

Tm 0.34 0.38 0.02 5.3 11.8 0.31

Yb 2.13 2.21 0.12 5.4 3.8 1.88

Lu 0.30 0.34 0.05 14.7 13.3 0.23

Precision and accuracy of trace element analyses was controlled by multip

N=number of replicates; REF=reference values of trace element concentrati

Mean=average value obtained from replicate analyses of KL2-G; 1r SD=1

deviation obtained during a given analytical session and defined as 100�
values (over a given analytical session) that characterizes the accuracy o

analyses of melt inclusions and groundmass glasses (Table 8) were correc
linear correlation (R =0.994) between H2O/SiO2 and
1H+ / 30Si+ ratios and similarity of slopes of the cali-

bration line between out study (0.05698; Table 2) and

those obtained in the CRNS-Nancy SIMS laboratory

using different reference glasses (0.03327 by Sobolev

and Chaussidon, 1996; 0.04447 by Gurenko et al.,

1998; 0.0649 by Gurenko and Schmincke, 2002).

The analysis of trace elements employed similar

instrument settings as for H2O, except that a larger

field aperture (1800 Am) was used. Each analysis

consisted of 5 sequential scans of the masses 16O,
30Si, 35Cl, 39K, 44Ca, 47Ti, 51V, 52Cr, 88Sr, 89Y, 90Zr,
93Nb, then the REE masses from 133 to 180 and

finally mass 232Th. The remaining oxide interferences,

e.g., light rare earth element (LREE) oxides interfer-

ing with heavy rare earth elements (HREE) were
mber 2002, N =5 16–17 December 2002, N =3

F1rSD RSD DRV Mean F1rSD RSD DRV

70 1.9 �9.4 3830 200 5.2 �4.3

100 0.6 �1.3 16,067 321 2.0 3.0

4 1.6 �32.7 263 7 2.7 �28.9

5 1.7 �6.5 296 3 1.0 �4.5

2 0.5 4.1 377 6 1.6 3.6

2 1.6 0.8 122 3 2.5 �0.8

0.2 0.8 �10.1 24.4 0.6 2.5 �9.0

2 1.3 �5.7 156 4 2.6 �1.9

0.2 1.2 2.5 17.2 0.6 3.5 8.9

1.15 30.4 �8.7 4.03 0.66 16.4 �2.7

0.12 15.0 �22.3 0.91 0.21 23.1 �11.7

0.2 1.6 �3.0 12.7 0.2 1.6 �3.8

0.7 2.2 �2.1 32.3 0.3 0.9 �1.8

0.14 2.9 3.0 4.79 0.11 2.3 1.7

0.5 2.3 0.0 21.5 0.4 1.9 �0.9

0.27 4.7 2.9 5.44 0.22 4.0 �2.0

0.09 4.4 5.6 1.91 0.07 3.7 �2.1

0.52 9.3 �8.5 5.3 0.2 3.8 �13.1

0.05 6.2 �12.9 0.77 0.07 9.1 �17.2

0.22 4.4 �6.9 4.87 0.12 2.5 �9.0

0.06 6.3 �4.0 0.89 0.06 6.7 �10.1

0.14 6.0 �11.4 2.44 0.17 7.0 �7.6

0.08 25.8 �8.8 0.31 0.04 12.9 �8.8

0.13 6.9 �11.7 1.89 0.15 7.9 �11.3

0.03 13.0 �23.3 0.31 0.03 9.7 3.3

le analyses of KL2-G reference glass during each analytical session;

ons (given in parts per million) of KL2-G from Jochum et al. (2000);

sigma standard deviation; RSD (given in percent)=relative standard

1r SD/Mean; DRV (given in percent)=deviation from the reference

f trace element analyses and defined as 100� (Mean /Ref�1); all

ted for DRV values.



Table 4

Summary of silicate mineral compositions

Sample Chk3/4 Chk16 Chk13/1 Chk13/2

Olivine

Nphen 39 4 35 24

Fo 72.4–75.5 71.1–74.6 68.9–74.4 73.1–78.3

CaO 0.14–0.25 0.15–0.16 0.13–0.23 0.11–0.18

NiO b0.09 b0.06 b0.05 b0.09

Ngrm 3 1 – 7

Fo 68.7–71.7 70.5 – 68.5–72.9

CaO 0.35–0.64 0.25 – 0.18–0.74
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corrected by peak deconvolution (Zinner and Crozaz,

1986; Fahey et al., 1987). Relative sensitivity factors

(Table 2) were determined from analyses of basaltic

reference glasses (Jochum et al., 2000). Instrument

drift was controlled and correction applied using

daily replicate analyses of KL2-G reference glass

(Table 3). The obtained analytical error was better

than 10% relative for all elements except Gd, Tm,

Lu, Hf and Th whose uncertainties range between

11% and 30% relative (Table 3).

NiO b0.03 b0.03 � b0.05

Augite

Nphen 8 26 – 5

mg#cpx 72.0–76.9 73.7–76.7 – 74.3–74.6

TiO2 0.30–0.54 0.36–0.53 – 0.54–0.56

Al2O3 2.2–4.2 2.0–2.9 – 3.0–3.2

CaO 18.7–21.3 18.9–20.3 – 19.3–19.9

Na2O 0.22–0.31 0.19–0.28 – 0.29–0.30

Ngrm 1 4 – –

mg#cpx 66.6 63.4–70.0 – –

TiO2 1.43 0.69–1.35 – –

Al2O3 6.5 4.1–6.0 – –

CaO 18.0 10.4–13.4 – –

Na2O 0.22–0.31 0.20–0.32 – –

Pigonite

Ngrm 1 6 – 2

mg#cpx 65.1 65.2–70.3 – 71.3–71.8

TiO2 1.00 0.23–0.80 – 0.26–0.29

Al2O3 4.5 1.7–5.3 – 1.4–1.5

CaO 9.2 4.0–9.8 – 3.0–6.0

Na2O 0.29 0.05–0.41 – 0.03–0.08

Orthopyroxene

Nphen – 12 – –

mg#opx – 71.7–75.3 – –

TiO2 – 0.17–0.26 – –

Al2O3 – 1.1–1.8 – –

CaO – 1.5–2.0 – –

Plagioclase

Nphen 18 79 34 21

An 81.8–94.9 80.4–93.0 73.9–91.6 82.9–91.2

Ngrm 5 4 – 2

An 51.5–59.0 49.8–60.8 – 54.6–56.3

Individual analyses are available on request; N=number of micro-

probe analyses, phen=phenocrysts, grm=groundmass; Fo=mol%

forsterite in olivine, mg#=100�Mg/ (Mg+Fetot), atomic ratio,

where Fetot is a total iron as FeO; An=mol% anorthite, TiO2,

Al2O3, CaO, NiO and Na2O contents are given in wt.%, – =phase

is not present or not analyzed.
4. Mineral chemistry

Compositions of Ol, Cpx, Opx, Pl and Fe–Ti oxides

are summarized in Tables 4–6. Olivine phenocrysts

range in composition from Fo69 to Fo78 with the ma-

jority (97 of 102 analyses) between Fo72 and Fo76.

Olivine in the groundmass has similar forsterite con-

tents as the phenocrysts (Fo69–73; Table 4). No system-

atic intra-sample difference in forsterite contents was

found. Calcium contents are 0.11–0.25 wt.% CaO in Ol

phenocrysts and 0.18–0.74 wt.% CaO in groundmass

grains; nickel concentrations are similar in both Ol

types, ranging from the detection limit (0.01–0.02

wt.% NiO) to 0.09 wt.%NiO (Table 4). These are fairly

low values for Ni in basaltic olivines, and probably

reflect rapid Ni depletion from the primary melt due to

abundant crystallization of Ol and/or Ni-bearing sul-

fide early in magma evolution.

Orthopyroxenes are present only as phenocrysts in

tephra from the 1853 and 1986 eruptions and they

correspond chemically to bronzite with mg-numbers

[mg#=100�Mg/ (Mg+Fetot)] ranging from 72 to 75

(Table 4). The concentrations of Ti, Al and Ca in Opx

are low and slightly variable (0.17–0.26 wt.% TiO2,

1.1–1.8 wt.% Al2O3 and 1.5–2.0 wt.% CaO), but

show no relation to mg-number. Low-Ca pyroxene

of the groundmass is pigeonitic (mg#=65–72, 0.23–

1.0 wt.% TiO2, 1.7–5.3 wt.% Al2O3 and 3.0–9.2 wt.%

CaO). Clinopyroxenes are augite and present as phe-

nocrysts and as groundmass grains; their mg-numbers

range from 63 to 77 in both cases and minor compo-

nents include 0.30–1.4 wt.% TiO2, 2.0–6.5 wt.%

Al2O3 and 0.19–0.32 wt.% Na2O (Table 4).

Plagioclase phenocrysts range from An74 to An95,

while groundmass Pl is considerably less calcic, with

An50–60 (Table 4). Plagioclase inclusions in olivine



Table 5

Selected compositions of crystal inclusions of spinel-group minerals and their hosts

Sample Chk3/4 Chk16 Chk13/1 Chk13/2

Grain 9-1 10-1 2-5 1-1 7-1 12-1 6-1 9-1 2-2 17-2

Inclusionsa

SiO2 0.09 0.10 0.10 0.10 0.11 0.10 0.16 0.11 0.12 0.10

TiO2 5.18 5.98 6.96 7.11 7.05 7.43 5.78 5.99 5.70 7.84

Al2O3 7.16 5.62 4.78 4.89 4.89 4.66 6.77 6.68 6.23 4.85

Cr2O3 0.16 0.09 0.05 0.08 0.05 0.16 0.08 0.10 0.06 0.05

Fe2O3 51.42 51.82 51.41 50.93 50.99 49.75 51.67 50.90 52.57 49.95

FeO 30.03 31.11 32.44 32.72 32.57 32.68 30.89 30.71 30.94 33.54

MnO 0.30 0.38 0.40 0.38 0.36 0.35 0.30 0.36 0.32 0.41

MgO 4.17 3.76 3.60 3.50 3.57 3.47 4.26 4.25 4.10 3.49

NiO 0.01 0.09 0.01 0.05 0.03 0.11 0.02 0.04 0.01 0.04

Total 98.52 98.95 99.75 99.76 99.62 98.71 99.93 99.14 100.05 100.27

mg#sp 19.8 17.7 16.5 16.0 16.3 15.9 19.7 19.8 19.1 15.6

cr#sp 1.5 1.1 0.7 1.1 0.7 2.3 0.8 1.0 0.6 0.7

Sp 15.3 12.1 10.3 10.5 10.5 10.1 14.3 14.2 13.2 10.4

Crt 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1

Mt 70.3 71.3 70.6 69.9 70.1 69.0 69.9 69.3 71.3 68.2

Usp 14.2 16.4 19.1 19.5 19.4 20.6 15.6 16.3 15.4 21.4

Fe2+ /Fe3+ 0.65 0.67 0.70 0.71 0.71 0.73 0.66 0.67 0.65 0.75

Host mineralb Ol Cpx Ol Opx Cpx Pl Ol Ol Ol Cpx

SiO2 38.17 50.52 37.81 53.40 51.53 44.10 37.18 37.90 37.98 50.91

TiO2 0.03 0.49 b0.01 0.25 0.40 0.01 0.02 0.04 0.05 0.54

Al2O3 0.03 3.28 0.03 1.75 2.53 34.01 0.02 0.04 0.02 3.02

Cr2O3 0.02 b0.01 b0.01 b0.01 b0.01 ND b0.01 0.01 b0.01 b0.01

FeO 22.83 8.69 23.04 16.43 8.70 0.74 24.63 23.99 23.81 9.41

MnO 0.44 0.25 0.43 0.54 0.37 0.01 0.39 0.46 0.42 0.34

MgO 39.08 15.16 37.96 26.05 15.77 0.03 37.63 37.96 37.90 15.41

CaO 0.16 20.69 0.15 1.79 19.81 18.87 0.17 0.19 0.16 19.90

Na2O ND 0.26 ND 0.01 0.26 0.82 ND ND ND 0.29

K2O ND ND ND ND ND 0.02 ND ND ND ND

NiO 0.03 b0.01 0.02 ND 0.01 ND 0.01 0.02 0.04 0.01

Total 100.79 99.34 99.44 100.22 99.38 98.61 100.05 100.61 100.38 99.83

mg#, An 75.3 75.7 74.6 73.9 76.4 92.6 73.1 73.8 73.9 74.5

a Inclusions of spinel-group minerals. Fe2O3 and FeO concentrations are calculated assuming spinel stoichiometry, mg#sp = 100�Mg/

(Mg+Fe2+ ), cr#sp =100�Cr / (Cr+Al) given as atomic ratios. Sp=spinel [(Fe2+,Mg)Al2O4], Crt=chromite [(Fe2+,Mg)Cr2O4], Mt=magnetite

[(Fe2+,Mg)Fe2O4] and Usp=ulvöspinel [Fe2TiO4] are end-member contents given in mol%. ND=not determined.
b Composition of host mineral. In this table and Table 5, Ol=olivine, Cpx=clinopyroxene, Opx=orthopyroxene, Pl=plagioclase;

mg#=100�Mg/ (Mg+Fetot), atomic ratio, for olivine, clinopyroxene and orthopyroxene, An=mol% anorthite for plagioclase.
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and clinopyroxene hosts have the same rather wide

range of An contents (An76–90) as the phenocryst

compositions. This is surprising because the host Ol

and Cpx grains have nearly constant compositions,

which argues against changes in the major element

composition of melt during crystallization (Table 6).

We believe the variable An content in plagioclase is

related to changing H2O contents, a parameter that can

strongly effect plagioclase composition (e.g., Sisson

and Grove, 1993a) but has no effect on Ol or Cpx mg-
number. A few colorless to somewhat bluish Pl crys-

tals of An95–96, probably of xenocrystic origin, were

noted in sample CHK13/1. They contain inclusions of

greenish high-Al spinel and very rare glass inclusions.

The composition of Fe–Ti oxides was determined

on grains included in Ol, Pl, Cpx and Opx pheno-

crysts, as well as those present in the groundmass.

The oxides are dominated by magnetite [Mt;

(Fe2+,Mg)Fe2O4], spinel [Sp; (Fe2+,Mg)Al2O4] and

ulvöspinel [Usp; Fe2TiO4] components, with a full



Table 6

Compositions of silicate crystal inclusions and their host minerals

Sample CHK3/4 CHK16 CHK13/1

Grain 2-1 5-1 3-1 2-1 6-1 7-1 6-2 7-2 1-1 7-1 11-1 13-1

Inclusions Pl Pl Opx Pl Pl Pl Opx Opx Pl Pl Pl Pl

SiO2 46.38 45.79 53.57 46.01 46.36 46.41 53.17 53.88 48.47 45.76 47.13 47.93

TiO2 0.05 b0.01 0.22 0.01 0.02 0.02 0.17 0.24 0.03 0.02 0.01 0.02

Al2O3 31.87 34.24 2.04 33.81 33.15 32.87 1.36 1.74 31.33 33.37 33.81 32.87

Cr2O3 ND ND b0.01 ND ND ND 0.01 0.01 ND ND ND ND

FeO 2.03 1.79 15.54 0.71 1.06 0.99 15.89 16.60 1.36 1.31 1.37 1.44

MnO 0.06 0.11 0.49 0.01 0.03 0.01 ND ND 0.04 0.03 0.02 b0.01

MgO 0.59 0.31 26.73 0.06 0.08 0.08 27.25 25.87 0.11 0.06 0.07 0.06

CaO 16.85 17.44 1.70 17.92 17.44 17.32 1.65 1.93 15.42 18.46 17.32 16.59

Na2O 1.58 1.29 ND 1.47 1.64 1.74 ND ND 2.67 1.15 1.73 2.08

K2O 0.07 0.03 0.02 0.02 0.03 0.04 0.01 0.06 0.03 0.02 0.04 0.03

NiO ND ND 0.07 ND ND ND 0.01 b0.01 ND ND ND ND

Total 99.48 101.00 100.38 100.02 99.81 99.48 99.52 100.33 99.46 100.18 101.50 101.02

mg#, An 85.1 88.0 75.4 87.0 85.3 84.4 75.4 73.5 76.0 89.8 84.5 81.4

Host mineral Ol Ol Ol Ol Cpx Cpx Cpx Cpx Ol Ol Ol Ol

SiO2 38.54 38.72 37.84 37.68 50.98 51.27 51.08 51.62 37.74 37.91 37.56 37.62

TiO2 0.02 0.02 0.03 b0.01 0.44 0.37 0.40 0.38 0.01 b0.01 0.01 0.01

Al2O3 0.01 0.02 0.01 0.03 2.57 2.30 2.21 2.52 0.02 0.01 0.03 0.03

Cr2O3 b0.01 0.02 0.01 0.01 0.02 0.02 b0.01 0.01 b0.01 b0.01 0.01 0.01

FeO 24.44 24.15 24.04 26.08 8.81 8.64 9.10 8.98 23.49 24.35 24.46 24.18

MnO 0.55 0.53 0.55 0.57 0.33 0.32 ND ND 0.51 0.44 0.46 0.45

MgO 36.99 37.08 37.63 35.91 15.44 15.61 16.30 15.77 38.01 37.82 37.89 37.75

CaO 0.08 0.09 0.19 0.14 19.91 19.68 19.75 20.11 0.09 0.10 0.16 0.17

Na2O ND ND ND ND 0.25 0.25 0.19 0.28 ND ND ND ND

NiO 0.01 0.02 0.09 0.06 0.03 b0.01 0.01 0.01 0.01 0.01 0.03 b0.01

Total 100.64 100.65 100.39 100.48 98.78 98.46 99.04 99.68 99.88 100.64 100.61 100.22

mg#, An 73.0 73.2 73.6 71.1 75.8 76.3 76.2 75.8 74.3 73.5 73.4 73.6

For explanations see captions for Table 5.
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compositional range being Mt68–74Sp10–16Usp12–21.

The chromite [Crt; (Fe2+,Mg)Cr2O4] component is

negligible (0.1–0.3 mol%; Table 5). The Fe2+ /Fe3+

ratios calculated from spinel stoichiometry are from

0.6 to 0.7 and show no relation to the age of eruption.
5. Glass composition

5.1. Major elements

The compositions of glassy melt inclusions in Ol,

Cpx, Opx and Pl hosts, together with bulk-rock and

groundmass glass compositions are given in Table 7

and important features are illustrated in Figs. 4 and

5. Before interpreting these data it is necessary to

discuss corrections for changes in composition after
trapping by equilibration with, or crystallization of,

the host minerals during cooling. It is well known

that melt inclusions in olivine can lose significant

amounts of Fe after trapping due to Fe–Mg ex-

change with the host followed by diffusion of Fe

through the Ol matrix (e.g., Sobolev, 1983; Gurenko et

al., 1991; Danyushevsky et al., 2000). Similar iron

loss could also be observed in Cpx-hosted inclu-

sions but the effect is weaker, probably due to the

lower rate of Fe–Mg inter-diffusion in clinopyrox-

ene than in olivine (Chakraborty, 1997; Dimanov

and Sautter, 2000; Azough and Freer, 2000). For

inclusions in Pl, the effect is negligible since there

is nearly no capacity for Fe–Mg exchange with the

host mineral. For the samples analyzed in this study,

the FeO contents of inclusions in Ol, Cpx, Opx and

Pl host minerals are all very similar, so we conclude



Table 7

Major elements, H2O, S and Cl contents in glass inclusions

Sample CHK3/4 CHK13/1

Grain No 1-1 2-1 4-1 9-1 18-1 10-1 11-1 13-1 14-1 16-3 1-1 1-2 2-1

Glass inclusionsa

SiO2 52.12 55.13 51.12 53.23 52.51 54.75 54.77 55.16 51.41 52.55 52.17 51.57 51.31

TiO2 1.34 1.00 0.50 1.26 0.98 1.00 1.08 0.73 0.84 0.95 0.98 0.99 0.93

Al2O3 16.72 15.76 16.46 16.70 15.98 16.26 14.84 17.01 16.79 16.45 17.40 16.45 16.54

FeOtot 9.89 10.06 11.32 9.83 10.05 8.81 11.07 7.78 9.51 8.84 10.87 10.96 11.21

MnO 0.20 0.23 0.25 0.21 0.24 0.25 0.36 0.18 0.26 0.19 0.24 0.22 0.23

MgO 4.52 4.20 4.87 4.11 4.14 3.50 3.51 3.22 4.13 3.60 4.21 4.62 4.94

CaO 8.13 7.83 9.61 8.47 8.38 7.46 7.03 7.73 8.09 8.02 9.07 8.74 8.64

Na2O 2.61 2.74 2.25 2.66 3.00 3.24 3.07 3.31 2.51 2.56 3.11 2.45 2.60

K2O 0.80 0.77 0.40 0.80 0.76 0.88 0.75 0.99 0.78 0.90 0.76 0.67 0.71

P2O5 0.27 0.26 0.18 0.28 0.21 0.22 0.22 0.22 0.17 0.21 0.19 0.20 0.22

Total 96.60 97.98 96.96 97.55 96.25 96.37 96.70 96.33 94.49 94.27 99.00 96.87 97.33

S 0.15 0.13 0.29 0.15 0.12 0.10 0.11 0.08 0.18 0.11 0.17 0.13 0.15

Cl 0.09 0.10 0.08 0.09 0.08 0.10 0.10 0.09 0.11 0.09 0.10 0.10 0.09

H2Ocalc 3.2 1.8 2.7 2.2 3.6 3.4 3.1 3.5 5.2 5.5 0.7 2.9 2.4

Host mineralb Ol Ol Ol Ol Ol Cpx Cpx Pl Pl Pl Ol Ol Ol

SiO2 38.17 37.52 37.88 38.17 37.77 50.47 51.28 46.07 45.54 47.53 37.74 38.06 38.55

TiO2 0.02 0.02 0.01 0.02 0.01 0.50 0.50 0.02 0.08 0.17 0.01 0.03 0.01

Al2O3 0.02 0.03 0.02 0.02 0.06 3.60 2.21 33.87 32.19 30.83 0.02 0.02 0.03

Cr2O3 BDL BDL BDL 0.01 BDL 0.01 0.01 ND ND ND BDL BDL 0.01

FeOtot 23.22 25.25 24.10 23.04 24.39 8.01 10.68 0.74 1.48 1.98 23.49 23.72 23.69

MnO 0.43 0.57 0.49 0.49 0.55 0.22 0.51 0.01 0.03 0.05 0.51 0.50 0.47

MgO 38.94 37.20 37.42 39.00 37.39 15.00 15.43 0.06 0.37 0.58 38.01 38.23 37.88

CaO 0.16 0.16 0.25 0.16 0.17 21.30 18.70 18.17 17.54 16.22 0.16 0.20 0.18

Na2O ND ND ND ND ND 0.24 0.31 1.34 1.33 1.89 ND ND ND

K2O ND ND ND ND ND ND ND 0.02 0.06 0.15 ND ND ND

NiO 0.02 BDL 0.04 0.04 0.03 0.01 0.01 ND ND ND 0.01 BDL 0.04

Total 100.98 100.75 100.21 100.95 100.37 99.36 99.64 100.30 98.62 99.40 99.95 100.76 100.86

mg#, An 74.9 72.4 73.5 75.1 73.2 76.9 72.0 88.1 87.6 81.8 74.3 74.2 74.0

KD 0.273 0.283 0.277 0.247 0.269 0.212 0.219 5.82 4.11 2.75 0.239 0.262 0.276

Corrected compositionsc

SiO2 52.1 55.1 51.1 53.0 52.5 54.4 54.5 55.2 51.5 52.6 51.9 51.4 51.3

TiO2 1.3 1.0 0.5 1.2 1.0 1.0 1.1 0.7 0.8 0.9 1.0 1.0 0.9

Al2O3 16.7 15.7 16.4 16.4 16.0 15.5 14.4 17.0 16.8 16.5 17.1 16.2 16.5

Fe2O3 2.7 2.6 2.7 2.7 2.7 2.1 3.3 1.6 1.9 1.7 3.2 2.8 2.9

FeO 7.5 7.7 8.9 7.6 7.6 6.9 8.1 6.4 7.8 7.3 8.2 8.6 8.6

MnO 0.2 0.2 0.3 0.2 0.2 0.2 0.4 0.2 0.3 0.2 0.2 0.2 0.2

MgO 4.5 4.3 5.0 4.6 4.1 4.3 4.0 3.2 4.1 3.6 4.7 5.0 4.9

CaO 8.1 7.8 9.6 8.3 8.4 8.2 7.5 7.7 8.1 8.0 8.9 8.6 8.6

Na2O 2.6 2.7 2.2 2.6 3.0 3.0 2.9 3.3 2.5 2.6 3.1 2.4 2.6

K2O 0.8 0.8 0.4 0.8 0.8 0.8 0.7 1.0 0.8 0.9 0.7 0.7 0.7

P2O5 0.3 0.3 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

H2O 3.2 1.8 2.7 2.2 3.6 3.2 2.9 3.5 5.2 5.5 0.7 2.9 2.4

S 0.2 0.1 0.3 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2

Cl 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Pcryst-melt, MPad 330 200 0.1 240 80 90 130 0.1 150 0.1 230 240 270

Tcryst-melt, 8C
d 1018 1031 1003 1028 989 1008 1004 970 939 908 1055 1027 1032

TS&G93, 8C
d 1077 1096 1086 1102 1039 1048 1038 1032 1001 974 1154 1085 1101

Tmean,8C
d 1048 1064 1045 1065 1014 1028 1021 1001 970 941 1105 1056 1067

Host-add (%)e 0 0.3 0.3 1.5 0 7.2 4.6 0 0 0 1.4 1.3 0
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CHK13/2

4-1 9-1 10-1 11-1 19-1 19-2 18-1 10-1 12-1 12-3 14-2 20-1

53.79 51.38 50.85 53.08 53.00 53.76 56.35 51.80 54.74 55.17 53.77 51.41

1.47 0.95 0.99 1.12 1.03 1.03 0.97 0.94 0.82 1.29 1.09 0.88

16.25 16.76 16.16 17.58 15.64 15.92 14.47 16.62 15.95 13.66 15.72 16.32

10.64 11.05 10.95 10.54 10.27 9.78 10.21 10.22 8.59 11.57 9.28 9.08

0.22 0.23 0.24 0.25 0.21 0.24 0.22 0.25 0.23 0.30 0.18 0.19

3.29 4.24 4.80 3.99 4.22 3.88 4.20 4.29 3.89 4.57 4.47 4.23

8.40 8.92 8.45 8.81 8.11 7.89 6.62 8.30 7.12 7.59 7.54 7.45

2.27 2.65 2.75 3.29 2.87 3.03 2.50 2.89 2.35 3.14 2.90 2.72

0.86 0.62 0.69 0.83 0.80 0.82 1.23 0.78 1.01 1.08 0.97 0.96

0.30 0.20 0.20 0.24 0.24 0.26 0.19 0.21 0.17 0.26 0.24 0.21

97.49 97.00 96.08 99.73 96.39 96.61 96.96 96.30 94.87 98.63 96.16 93.45

0.07 0.18 0.13 0.12 0.06 0.07 0.04 0.15 0.12 0.04 0.09 0.1

0.11 0.10 0.09 0.12 0.10 0.11 0.13 0.11 0.10 0.13 0.11 0.1

2.3 2.7 3.7 0.0 3.5 3.2 2.9 3.4 4.9 1.2 3.6 6.4

Ol Ol Ol Ol Ol Ol Pl Ol Pl Pl Pl Pl

38.61 37.59 37.64 37.47 37.40 37.40 46.91 37.85 46.15 46.28 45.33 45.87

BDL 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.03 0.03 0.03 0.02

0.01 0.02 0.03 0.03 0.02 0.02 33.42 0.02 33.85 33.72 34.21 33.38

BDL 0.01 BDL 0.01 0.02 0.02 ND BDL ND ND ND ND

24.24 24.33 24.28 24.42 24.58 24.58 0.70 23.88 0.62 0.66 0.68 0.68

0.44 0.47 0.46 0.49 0.45 0.45 ND 0.40 BDL 0.01 BDL BDL

37.41 37.57 37.39 37.73 37.32 37.32 0.08 37.60 0.07 0.07 0.05 0.09

0.18 0.17 0.18 0.17 0.16 0.16 16.95 0.13 17.91 17.85 18.25 17.97

ND ND ND ND ND ND 1.82 ND 1.38 1.46 1.20 1.43

ND ND ND ND ND ND 0.04 ND 0.02 0.03 0.03 0.03

0.01 BDL 0.04 0.04 0.01 0.01 ND BDL ND ND ND ND

100.90 100.17 100.03 100.37 99.98 99.98 99.93 99.89 100.03 100.11 99.78 99.47

73.3 73.4 73.3 73.4 73.0 73.0 83.5 73.7 87.7 87.0 89.2 87.3

0.200 0.248 0.285 0.245 0.271 0.261 3.51 0.267 4.28 4.30 5.87 4.58

52.8 51.1 50.8 53.0 52.9 53.6 56.3 51.8 54.8 55.1 53.8 51.4

1.4 0.9 1.0 1.1 1.0 1.0 1.0 0.9 0.8 1.3 1.1 0.9

15.3 16.5 16.2 17.5 15.6 15.8 14.5 16.6 16.0 13.6 15.7 16.3

3.1 3.0 2.9 3.2 2.6 2.5 2.5 2.6 1.5 3.7 2.1 1.8

8.7 8.6 8.3 7.7 7.7 7.9 7.9 7.9 7.3 8.3 7.4 7.5

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2

5.0 4.8 4.8 4.2 4.3 4.1 4.2 4.4 3.9 4.6 4.5 4.2

7.9 8.8 8.4 8.8 8.1 7.8 6.6 8.3 7.1 7.6 7.5 7.5

2.1 2.6 2.7 3.3 2.9 3.0 2.5 2.9 2.4 3.1 2.9 2.7

0.8 0.6 0.7 0.8 0.8 0.8 1.2 0.8 1.0 1.1 1.0 1.0

0.3 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.3 0.2 0.2

2.2 2.7 3.7 0.0 3.5 3.2 2.9 3.4 4.9 1.2 3.6 6.4

0.1 0.2 0.1 0.1 0.1 0.1 0.0 0.2 0.1 0.0 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

330 190 280 170 150 190 420 230 240 250 380 380

1046 1018 1017 1078 1002 1006 1003 1006 950 1035 993 931

1098 1089 1056 1168 1042 1051 1051 1059 998 1092 1048 970

1072 1054 1037 1123 1022 1029 1027 1033 974 1064 1021 951

5.4 1.7 0 0.5 0.2 0.1 0 0.4 0 0 0 0

(continued on next page)
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Table 7 (continued)

Sample CHK16 Groundmass glasses

Grain 2-1 2-2 3-1 6-1 13-1 13-2 13-3 14-2 15-1 15-2 3/4Gl 13/1Gl 13/2Gl 16Gl

Glass inclusionsa

SiO2 54.88 56.09 50.43 57.19 55.06 53.00 53.95 55.61 58.49 57.91 55.75 55.16 58.28 57.32

TiO2 1.10 0.99 1.09 0.88 1.22 1.04 0.97 0.93 0.81 0.87 1.13 1.13 1.18 1.00

Al2O3 16.64 16.31 17.81 16.87 13.45 15.85 15.62 16.25 16.38 15.56 15.18 16.76 15.63 16.28

FeOtot 8.87 9.64 9.05 7.02 12.05 9.71 8.89 8.10 7.04 7.48 10.54 9.66 8.84 9.11

MnO 0.29 0.21 0.26 0.17 0.33 0.25 0.23 0.24 0.19 0.19 0.26 0.24 0.23 0.25

MgO 3.87 3.59 2.14 2.35 5.33 4.08 3.75 3.32 2.76 3.05 4.11 2.94 2.63 3.32

CaO 7.67 8.21 10.63 6.05 6.75 7.24 7.55 7.20 6.57 6.53 7.77 9.00 8.12 7.26

Na2O 3.11 2.93 2.33 3.63 3.28 2.87 2.67 2.70 3.18 3.24 2.86 2.96 3.18 3.39

K2O 0.85 1.13 0.51 1.42 1.16 1.11 1.09 1.16 1.42 1.36 0.94 0.94 1.09 1.13

P2O5 0.26 0.27 0.16 0.27 0.32 0.22 0.22 0.26 0.22 0.26 0.27 0.24 0.26 0.27

Total 97.54 99.37 94.41 95.85 98.95 95.37 94.94 95.77 97.06 96.45 98.81 99.03 99.44 99.33

S 0.11 0.13 0.28 0.15 0.09 0.16 0.17 0.13 0.10 0.12 0.01 0.01 0.01 0.02

Cl 0.10 0.10 0.08 0.11 0.13 0.11 0.13 0.10 0.08 0.10 0.08 0.09 0.09 0.08

H2Ocalc 2.2 0.4 5.2 3.9 0.8 4.4 4.8 4.0 2.8 3.3 1.1 0.9 0.5 0.6

Host mineralb Ol Ol Ol Cpx Pl Pl Pl Pl Pl Pl – – – –

SiO2 37.68 37.68 37.81 50.84 46.33 46.43 46.43 46.45 47.25 47.17 – – – –

TiO2 BDL BDL BDL 0.45 0.02 BDL 0.01 0.03 0.01 0.02 – – – –

Al2O3 0.03 0.03 0.03 2.60 33.98 33.76 33.51 33.40 32.79 32.85 – – – –

Cr2O3 0.01 0.01 BDL 0.01 ND ND ND ND ND ND – – – –

FeOtot 26.08 26.08 23.04 9.28 0.68 0.66 0.71 0.73 0.73 0.72 – – – –

MnO 0.57 0.57 0.43 0.37 0.01 BDL ND ND ND ND – – – –

MgO 35.91 35.91 37.96 15.59 0.07 0.07 0.07 0.07 0.08 0.08 – – – –

CaO 0.16 0.16 0.15 19.33 17.86 17.78 17.31 17.13 16.65 16.78 – – – –

Na2O ND ND ND 0.24 1.43 1.49 1.63 1.68 1.95 1.96 – – – –

K2O ND ND ND ND 0.02 0.04 0.04 0.04 0.05 0.04 – – – –

NiO 0.06 0.06 0.02 0.04 ND ND ND ND ND ND – – – –

Total 100.50 100.50 99.44 98.75 100.40 100.23 99.71 99.53 99.51 99.62 – – – –

mg#, An 71.1 71.1 74.6 75.0 87.2 86.6 85.2 84.7 82.3 82.4 – – – –

KD 0.317 0.270 0.144 0.199 6.09 4.75 3.76 3.83 4.13 4.25 – – – –

Corrected compositionsc

SiO2 54.9 56.1 49.3 56.5 55.0 53.0 54.0 53.8 58.5 58.0 55.6 55.1 58.2 57.2

TiO2 1.1 1.0 1.0 0.9 1.2 1.0 1.0 1.1 0.8 0.9 1.1 1.1 1.2 1.0

Al2O3 16.6 16.3 16.2 15.9 13.4 15.9 15.6 15.7 16.4 15.6 15.1 16.7 15.6 16.3

Fe2O3 2.0 2.4 2.4 1.5 3.8 2.3 1.7 2.0 1.3 1.5 2.9 2.6 2.3 2.4

FeO 7.0 7.4 8.7 6.0 8.6 7.7 7.3 7.5 5.8 6.2 7.9 7.3 6.8 6.9

MnO 0.3 0.2 0.2 0.2 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.3

MgO 3.9 3.6 5.0 3.5 5.3 4.1 3.8 4.5 2.8 3.1 4.1 2.9 2.6 3.3

CaO 7.7 8.2 9.7 7.2 6.7 7.2 7.6 7.5 6.6 6.5 7.8 9.0 8.1 7.2

Na2O 3.1 2.9 2.1 3.3 3.3 2.9 2.7 2.9 3.2 3.2 2.9 3.0 3.2 3.4

K2O 0.9 1.1 0.5 1.3 1.2 1.1 1.1 1.0 1.4 1.4 0.9 0.9 1.1 1.1

P2O5 0.3 0.3 0.1 0.2 0.3 0.2 0.2 0.2 0.2 0.3 0.3 0.2 0.3 0.3

H2O 2.2 0.4 4.8 3.5 0.8 4.4 4.8 3.6 2.8 3.3 1.1 0.9 0.5 0.6

S 0.1 0.1 0.3 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0

Cl 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Pcryst-melt, MPad 230 0.1 0.1 180 680 380 100 370 150 210 130 0.1 0.1 150

Tcryst-melt, 8C
d 1014 1027 981 1000 1093 976 936 999 982 980 1036 967 983 1034

TS&G93, 8C
d 1087 1127 1023 1029 1123 1020 991 1047 1043 1023 1104 1136 1106 1115

Tmean,8C
d 1051 1077 1002 1015 1108 998 964 1023 1013 1002 1070 1052 1045 1075

Host-add (%)e 0 0 8.9 9.8 0 0 0 0 0 0 0 0 0 0
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that Fe-loss has been minor. Also, inclusions

trapped by Ol, Cpx and Pl have similar major

element compositions at a given MgO content

(Fig. 4), which suggests that effects of post-entrap-

ment crystallization of the host minerals are minor.

Nevertheless, these effects can readily be corrected

for using appropriate crystal-melt equilibrium mod-

els given robust estimates of trapping temperature.

We used the PETROLOG program of Danyush-

evsky (2001) to correct for post-trapping Ol- and

Cpx-crystallization, and the Opx-melt model of

Ariskin et al. (1993) to account for any Opx crys-

tallization. In all cases, the calculated corrections

involved adding less than 10 wt.% of host mineral,

and in most cases less than 3 wt.% (Table 7). Fig. 4

shows that the correction procedure improves the

coherency of inclusion data from different mineral

hosts, plotted on major element variation diagrams

of MgO vs. CaO/Al2O3. Note that an equivalent

correction for post-trapping crystallization in Pl-

hosted inclusions was not made because of the

large uncertainty in existing Pl-melt models (dis-

cussed in Danyushevsky et al., 1996). However,

since plagioclase is commonly the last phase on

the liquidus of H2O-rich, high-Al2O3 basaltic

magma (e.g., Kersting and Arculus, 1994), post-

entrapment effects should be low compared to

other minerals. This is born out by the fact that

Pl-hosted inclusions in our study have very similar

compositions to those trapped in Ol, Cpx and Opx

(Table 7; Fig. 4). Finally it is worth emphasizing

that the recalculation procedure employed can only
Notes to Table 7:
a Concentrations of major elements in glass inclusions analyzed by elec

calculated bby differenceQ from 100 of the sum of major elements, S and
b Composition of host mineral; Ol=olivine, Opx=orthopyroxene, Cpx=c

(Mg+ Fetot), atomic ratio for Opx and Cpx; An=mol% anorthite for Pl. K

Opx and Cpx KD=(Fe /Mg)cryst / (Fe /Mg)melt calculated using the conten

Na)plag / (Ca /Na)melt. ND=not determined, BDL=below detection limit, – =
c Composition of glass inclusions in Ol, Cpx and Opx are corrected for p

inclusions in Pl and groundmass are not corrected (see text) but normalize

based on the Fe2+ /Fe3+ratios in inclusions of magnetite coexisting with m

model of Borisov and Shapkin (1990).
d Tcryst-melt given in 8C and Pcryst-melt given in MPa-temperature and p

(1983), Cpx-melt and Pl-melt geothermometers of Danyushevsky (2001) an

saturated conditions for inclusions in Ol, Cpx and Pl (Danyushevsky, 2001)

using empirical equation from Sisson and Grove (1993b). Tmean, 8C=
e Host-add=amounts of olivine or orthopyroxene given in wt.% added

entrapment crystallization (see text).
significantly affect the concentrations and ratios of

those elements in the melt which are also compat-

ible in the host mineral, and it represents merely a

dilution factor for most incompatible minor, trace

and volatile elements.

The corrected compositions of glass inclusions

and groundmass glasses are plotted in Fig. 5 along

with whole-rock data for volcanic rocks from the

Kurile island arc taken from the literature (Bailey et

al., 1987a,b; Ikeda, 1998; Ikeda et al., 2000; Takagi

et al., 1999). Based on their glass compositions, the

erupted melts classify as medium- to low-K tholei-

itic basalt to andesite, typical for magmas from the

Kurile arc (Fig. 5a,b). The compositions of melts

from the different eruptive events show considerable

overlap, with the 1853 eruption standing out slightly

from the others due to more evolved compositions

(higher SiO2, K2O and lower FeO). Variations dia-

grams with SiO2 as a differentiation index show that

inclusions and groundmass glasses follow simple

trends of decreasing FeO, CaO (Fig. 5c,d) and

increasing Na2O and K2O (not shown), which are

similar to the whole-rock variation trends defined by

the Kurile Island arc data. These differentiation

trends can be successfully modelled as liquid lines

of descent. Least-squares mixing calculations (not

shown) reproduce the range of melt inclusion com-

positions displayed by any one eruption event by

removal of the common phenocryst phases in the

proportions: 0–3 wt.% of olivine, 7–9 wt.% of

clinopyroxene, 0–6 wt.% of orthopyroxene, 10–17

wt.% of plagioclase and 4–5 wt.% of magnetite
tron microprobe; FeOtot=total iron as Fe2+, H2Ocalc=water contents

Cl.

linopyroxene, Pl=plagioclase; mg#=mol% Fo for Ol and 100�Mg/

D=distribution coefficient between glass inclusion and host. For Ol,

ts of FeOtot in both coexisting phases; for plagioclase, KD=(Ca /

no value.

ost-entrapment crystallization of host mineral; compositions of glass

d to 100% after calculation of Fe2O3 and FeO contents in the melt,

elt using experimental data of Maurel and Maurel (1982) and the

ressure calculated from the Ol-melt geothermometer of Ford et al.

d Opx-melt geothermometer of Ariskin et al. (1993) assuming H2O-

, and dry conditions for Opx; TS & G93, 8C — temperature calculated

average value for Tcryst-melt and TS & G93 presented in Fig. 8.

to melt in order to correct the inclusion compositions for post-
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Fig. 4. CaO/Al2O3 ratios vs. MgO contents of glass inclusions in coexisting Ol, Pl, Cpx and Opx phenocrysts. The left panels show uncorrected

compositions, the right panels present analyses corrected for post-entrapment crystallization of Ol, Cpx and Opx (see text).
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(using mineral compositions from Tables 4 and 5,

sum of squared residuals=0.05–0.06).

5.2. Volatile concentrations

The concentrations of H2O, S and Cl in glass

inclusions and groundmass glasses are listed in Tables
7 and 8 and selected features are shown in Fig. 6. The

results show no systematic differences in volatile

contents for the separate eruption events. The volatile

concentrations in groundmass glass, which may be

taken as a measure for the degassed melt, are 0.3–

1.1 wt.% H2O, b350 ppm S and 750–930 ppm Cl.

The glassy inclusions have a wide range of volatile
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concentrations (0–6.4 wt.% H2O, 390–2920 ppm S,

760–1360 ppm Cl) which overlaps at its low end with

the groundmass glass, and extends to high values that,

especially for H2O, match those estimated for unde-

gassed magmas from other subduction zone settings

(e.g., Sisson and Grove, 1993a,b; Danyushevsky et

al., 1993; Sobolev and Chaussidon, 1996; Khubunaya

and Sobolev, 1998; Straub and Layne, 2003). There is

no correlation between the concentration of H2O in

the inclusion glasses and incompatible major elements

such as K2O (Fig. 6a) or TiO2, and P2O5 (not shown),

which suggests that the range in water contents in the

trapped melts is not controlled by fractional crystalli-

zation but instead is due to variable degrees of degas-

sing in the ambient magma at the time and place of

trapping (see discussion). Chlorine also shows no

correlation with K2O (Fig. 6b), and there appears to

be little or no systematic relationships of the volatile
components with each other, as indicated by the scat-

ter of H2O/Cl (Fig. 6c) and H2O/S ratios (not

shown).

The highest H2O contents were found in melt

inclusions hosted by plagioclase, with up to 6.4

wt.% H2O. It is possible to test whether this value

represents the melt composition present at the time of

trapping by comparing the Ca /Na ratios of plagio-

clase and melt inclusions with experimentally-deter-

mined partitioning of Ca and Na between Pl and

coexisting melt as a function of water content. As

determined by Sisson and Grove (1993a), the equilib-

rium constant for Ca–Na exchange between plagio-

clase and melt [KD
Ca–Na= (Ca /Na)plag / (Ca /Na)melt]

increases from approximately 1.7 for melts with 2

wt.% H2O to 5.5 for melts with 6 wt.% H2O in the

pressure range between 100 and 500 MPa. Our pla-

gioclase and glass inclusion compositions yield an



Table 8

Water and trace element concentrations in Ol-hosted glass inclusions analyzed by SIMS

Sample CHK3/4 CHK13-1 CHK13/2 CHK16

Grain 1-1 2-1 4-1 9-1 13-1 18-1 3/

4GL

1-1 1-2 2-1 4-1 9-1 10-1 11-1 19-1 19-2 13/

1GL

10-1 13/

2GL

15-1 16GL

N 1 – 2 1 – – – 2 1 2 1 2 2 2 1 1 2 – – – –

H2O 3.42 ND 3.27 2.57 ND ND ND 1.47 3.61 3.28 3.1 3.30 3.40 0.94 3.40 3.50 0.27 ND ND ND ND

1r 0.02 – 0.05 0.01 – – – 0.09 0.11 0.02 0.10 0.12 0.03 0.02 0.05 0.09 0.11 – – – –

N 1 1 – 1 – 1 – 1 – 1 – 1 1 1 – – – 1 – – –

Li 5.8 6.4 ND 5.5 ND 6.6 ND 8.3 ND 8.0 ND 7.6 7.5 9.2 ND ND ND 7.6 ND ND ND

1r 0.1 0.1 – 0.1 – 0.1 – 0.1 – 0.1 – 0.1 0.1 0.1 – – – 0.1 – – –

Be 0.41 0.49 ND 0.43 ND 0.41 ND 0.58 ND 0.53 ND 0.55 0.53 0.57 ND ND ND 0.52 ND ND ND

1r 0.01 0.02 – 0.01 – 0.01 – 0.02 – 0.02 – 0.02 0.02 0.02 – – – 0.02 – – –

B 16.9 17.6 ND 17.2 ND 16.1 ND 18.5 ND 17.0 ND 17.4 16.9 18.7 ND ND ND 18.1 ND ND ND

1r 0.1 0.2 – 0.2 – 0.1 – 0.2 – 0.2 – 0.2 0.2 0.2 – – – 0.2 – – –

N 1 1 – – 1 1 2 2 1 1 1 1 1 1 1 1 2 1 1 1 2

K 6656 7788 ND ND 8095 6090 7380 6034 6020 6342 7617 5566 5545 6897 7612 7032 7370 6436 8304 11,055 8761

Ti 6756 6977 ND ND 3968 5481 6810 5816 5834 5802 8320 5642 5501 6344 5810 6209 8434 5602 6594 4254 5309

V 476 408 ND ND 226 369 400 384 411 423 676 369 375 431 314 360 687 356 339 213 247

Cr 22.0 21.1 ND ND 10.4 15.9 18.4 16.7 16.7 18.4 22.7 16.0 18.5 17.9 81.6 13.4 15.2 14.4 10.6 9.5 9.7

Sr 402 467 ND ND 447 443 389 448 425 423 386 448 417 459 369 385 407 430 418 382 449

Ba 214 215 ND ND 237 199 227 207 194 206 229 204 200 225 210 206 222 215 246 278 252

Y 25.8 31.2 ND ND 19.8 25.0 30.8 23.7 22.6 22.7 26.0 24.3 22.6 24.4 23.0 26.3 26.1 24.5 28.9 22.1 26.3

Zr 64.5 70.8 ND ND 57.2 55.2 74.8 55.8 56.7 54.3 67.6 55.6 52.9 62.6 63.3 69.5 65.5 58.5 72.3 72.3 71.7

Nb 1.40 1.96 ND ND 1.27 1.40 1.53 1.28 1.34 1.35 1.44 1.32 1.19 1.32 1.39 1.42 1.41 1.40 1.92 1.60 1.70

Hf 2.05 0.71 ND ND 2.03 2.74 2.01 2.66 0.56 3.11 2.41 1.78 1.34 2.01 1.05 3.23 0.49 1.02 2.51 2.52 1.62

Th 1.33 1.11 ND ND 1.93 1.05 1.55 1.31 1.04 1.05 1.08 1.05 1.19 1.13 1.25 1.27 1.02 1.09 1.22 2.47 2.00

La 6.83 7.23 ND ND 7.0 6.11 7.27 6.92 6.35 6.23 7.10 6.81 6.55 7.28 6.6 6.7 7.17 6.92 7.51 7.66 7.38

Ce 17.5 17.2 ND ND 16.73 15.5 18.9 16.5 15.5 15.4 18.1 16.5 15.8 17.5 17.42 18.33 17.3 15.7 19.1 17.9 18.7

Pr 2.50 2.37 ND ND 2.7 2.59 3.09 2.52 2.54 2.52 2.42 2.31 2.47 2.71 2.3 2.8 2.48 2.49 2.76 2.54 2.85

Nd 12.2 12.9 ND ND 10.93 11.9 14.04 11.3 11.0 10.9 11.8 12.5 11.3 12.2 10.19 11.62 12.0 12.1 12.8 11.4 13.3

Sm 3.70 3.65 ND ND 3.03 3.07 4.27 3.43 3.10 3.35 3.84 2.95 2.90 3.46 2.95 3.24 3.38 3.39 3.88 3.44 2.97

Eu 1.32 1.09 ND ND 0.90 0.91 1.43 1.15 0.90 1.17 1.12 1.21 1.15 1.22 0.77 1.21 1.15 1.01 1.36 0.98 0.93

Gd 4.15 4.85 ND ND 4.33 3.82 5.21 4.49 2.85 3.97 5.32 3.78 3.89 3.57 3.95 4.30 3.68 4.58 4.24 3.26 4.06

Tb 0.70 0.68 ND ND 0.94 0.78 0.78 0.57 0.48 0.54 0.83 0.58 0.49 0.54 0.60 0.52 0.53 0.79 0.62 0.52 0.78

Dy 4.44 4.21 ND ND 3.54 4.35 4.99 4.58 4.35 3.60 5.33 3.96 3.72 4.03 4.71 4.83 5.03 3.96 4.99 4.04 4.34

Ho 1.02 0.93 ND ND 0.72 0.87 1.14 0.87 1.01 0.82 0.89 0.91 0.76 0.91 0.87 0.99 0.89 0.92 1.06 0.80 1.02

Er 2.71 2.81 ND ND 2.35 2.56 3.24 2.71 2.33 2.40 3.80 2.39 2.34 2.63 3.31 3.28 3.27 2.73 3.14 2.27 2.21

Tm 0.36 0.61 ND ND 0.38 0.34 0.53 0.34 0.48 0.36 0.34 0.38 0.24 0.41 0.17 0.36 0.32 0.35 0.46 0.38 0.46

Yb 2.98 2.80 ND ND 2.25 2.89 3.53 2.46 2.69 2.59 2.88 2.66 2.31 2.90 2.57 2.91 3.22 2.75 3.65 2.33 2.80

Lu 0.39 0.53 ND ND 0.43 0.36 0.76 0.51 0.46 0.40 0.73 0.34 0.37 0.37 0.75 0.65 0.95 0.30 0.60 0.32 0.30

(La/Sm)n 1.94 2.08 – – 2.43 2.09 1.79 2.12 2.15 1.96 1.95 2.43 2.38 2.21 2.35 2.18 2.23 2.15 2.04 2.34 2.61

(Nb/La)n 0.22 0.29 – – 0.19 0.25 0.23 0.20 0.23 0.23 0.22 0.21 0.19 0.19 0.23 0.23 0.21 0.22 0.27 0.22 0.25

(Zr/Sm)n 0.62 0.69 – – 0.67 0.64 0.62 0.58 0.65 0.58 0.63 0.67 0.65 0.64 0.76 0.76 0.69 0.61 0.66 0.75 0.86

(Ti/Gd)n 0.79 0.70 – – 0.44 0.69 0.63 0.63 0.99 0.71 0.76 0.72 0.68 0.86 0.71 0.70 1.11 0.59 0.75 0.63 0.63

(Ba/Nb)n 56.5 40.6 – – 69.0 52.6 54.9 59.8 53.5 56.4 58.8 57.2 62.2 63.0 55.9 53.7 58.2 56.8 47.4 64.3 54.8

(Th/Nb)n 18.4 11.0 – – 29.5 14.6 19.7 19.9 15.1 15.1 14.6 15.4 19.4 16.6 17.5 17.4 14.0 15.1 12.3 30.0 22.8

(K/Nb)n 18.5 15.4 – – 24.8 16.9 18.7 18.3 17.4 18.2 20.5 16.4 18.1 20.3 21.3 19.2 20.3 17.9 16.8 26.8 20.0

(Sr/Ce)n 1.91 2.26 – – 2.23 2.38 1.72 2.26 2.28 2.29 1.78 2.26 2.20 2.19 1.77 1.75 1.96 2.28 1.82 1.78 2.00

Glass inclusions were analyzed for Li, Be and B (given in parts per million) using the Cameca ims 6f ion microprobe at GFZ Potsdam, and for

H2O (given in weight percent) and trace elements (given in parts per million) using the Cameca ims 3f ion microprobe at MPI for Chemistry

(Mainz); N=number of replicates, 1r represents internal analytical precision in case of one measurement (each measurement involves 6 cycles

(water) or 5 cycles (traces), thus the internal precision is the 1r SD of the cycles relative to the mean value) and indicates a deviation from the

mean in case of two measurements. Element ratios are given normalized to N-MORB composition (Hofmann, 1988).
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Fig. 6. H2O, S and Cl concentrations in glass inclusions and glassy matrix. (a) H2O vs. K2O, (b) Cl vs. H2O, (c) H2O vs. Cl and (d) S vs. FeO.

The H2O data were obtained by SIMS and electron microprobe bby differenceQ method. The latter are reported only for samples lacking SIMS

data. The H2O and Cl solubility isobar for 200 MPa in basaltic melts (panel c) is from Webster et al. (1999). Concentrations of H2O and Cl

dissolved in glass inclusions suggest minimum pressure of phenocryst crystallization and melt inclusion trapping corresponding to 200 MPa.

The MORB and OIB shaded field (panel d) contains data of Wallace and Carmichael (1992 and references therein). Solid line represents

saturation of basaltic magmas with sulfide sulfur (Mathez, 1976).
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overall mean value for KD
Ca–Na of 4.5F0.9 (Table 7),

which agrees well with the experimental KD-values

for relatively H2O-rich melts. This indicates that rel-

atively high H2O contents of Pl-hosted inclusions

were not a result of post-entrapment crystallization

but represent real H2O contents in the magma plumb-

ing system.

Our data for S and FeO in Chikurachki glasses are

plotted together with literature data for MORB and

OIB magmas for comparison on Fig. 6d. Sulfur sol-

ubility in basaltic magmas has been shown to be a

function of iron content if S is dissolved as sulfide,

and the corresponding solubility limit from Mathez

(1976) is also shown on Fig. 6d. Many of the Chir-

urachki glass inclusions have higher S concentrations

than the MORB or OIB field, whereas the groundmass

glasses are consistently much lower in S (b350 ppm),

consistent with loss of S by eruption degassing. There

is no correlation of S with FeO in the inclusion glasses
as would be expected for S dissolved mostly as sul-

fide, and also, many of the measured S concentrations

exceed the solubility curve of Mathez (1976). We

interpret this to indicate a higher proportion of sulfur

is dissolved as sulfate than in MORB or OIB magmas,

which is consistent with the higher oxidation state of

subduction-zone magmas. Estimated oxygen fugaci-

ties in the Chikurachki magmas are DNNO+1 to +2

(see below), and in accordance with data of Wallace

and Carmichael (1994 and references therein), around

60% to 80% of sulfur dissolved in the melt under

these conditions could be present as SO4
2�. Like H2O,

the range of S values in melt inclusions is large, and

we interpret inclusions with lower S concentrations

than the MORB or OIB field to have partially lost S

by degassing.

Measured chlorine concentrations in melt inclu-

sions range from about 0.08 to 0.13 wt.% (Fig. 6),

and concentrations in the groundmass glass are at the
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low end of this range (0.07–0.09 wt.%). The poor

correlations of Cl with H2O and S in the Chikurachki

melt inclusions, and the low to negligible differences

in Cl concentrations between melt inclusions and

groundmass glasses, indicates that degassing of Cl

appears to have been much less effective in these

magmas than water or sulfur. The solubility of Cl in

silicate melts is a complex function of P–T and melt

composition (e.g., Metrich and Rutherford, 1992;

Webster, 1992; Carroll and Webster, 1994; Webster

et al., 1999; Signorelli and Carroll, 2001). Whereas

chlorine solubility in hydrous, alkaline-poor, siliceous

melts is low, leading to the potential for Cl oversatu-

ration and loss during crystallization, basaltic and

andesitic magmas may remain undersaturated in Cl,

at least until water saturation is achieved (Webster et

al., 1999; Signorelli and Carroll, 2001). However, as

shown by Stix and Layne (1996), the distribution

coefficient for Cl between melt and aqueous vapor

is moderate, so even after water saturation there will

not be a strong depletion of Cl from the melt.

5.3. Trace elements

Trace elements in melt inclusions and ground-

mass glasses are listed in Table 8 and selected

features are presented in Fig. 7. There are no sig-

nificant differences in trace element concentrations

between glass inclusions and groundmass glasses,
S
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Fig. 7. Trace element distribution in glass inclusions normalized to N-M

whole-rock data (shaded field) of the Kurile Arc basalts to andesites (dat
nor do the separate eruption events from Chikur-

achki stand out in the trace element plots. Overall,

the glass inclusions are slightly enriched in light

rare earth elements (LREE) relative to the heavy

rare-earths (HREE); e.g. [La /Sm]n =1.8–2.6, where

the subscript n means normalized to N-MORB

composition from Hofmann (1988). They also

show significant depletions in high-field-strength

elements (HFSE) relative to N-MORB (e.g., [Nb /

La]n =0.2–0.3, [Zr /Sm]n =0.6–0.9, [Ti /Gd]n =0.4–

1.1) and enrichments in Th and the large-ion litho-

phile elements (LILE) (e.g., [Ba /Nb]n =41–69, [Th /

Nb]n =11–30, [K /Nb]n =15–27 and [Sr /Ce]n =1.7–

2.4) (Fig. 7). The high field-strength elements Y, Zr,

Nb and Yb show good positive correlations with

each other (RN0.7). These compositional features

are typical for subduction zone-related magmas

and are widely attributed to the selective addition

of elements released from the subducted slab and

introduced by melt and/or fluid transport into the

depleted mantle wedge (e.g., Arculus, 1994; Pearce

and Peate, 1995; Tatsumi and Eggins, 1995).

Concentrations of fluid-mobile trace elements Li

(5.8–9.2 ppm), Be (0.41–0.58 ppm) and B (16.1–

18.7 ppm) in the glasses (Table 8) are in the mid

range of concentrations reported for Kurile arc mag-

mas with SiO2 b60 wt.% (1.0–17 ppm Li, 0.19–

1.26 ppm Be and 4.5–36.6 ppm B; Bailey et al.,

1987a,b; Ryan et al., 1995; Ishikawa and Tera,
Glass inclusions
Groundmass glasses

Zr Eu Ti Gd Tb Dy Ho Er Y Yb Lu

nd arc volcanic rocks

ORB composition (Hofmann, 1988), and shown in comparison to

a sources as in Fig. 5).
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1997). Ishikawa and Tera (1997) found very similar

concentrations of B in the Chikurachki lavas (14.4–

15.5 ppm) to our results. In general, the concentra-

tions of Be, B and Li show good positive correla-

tions with each other and with Cl, and this group

also tends to show positive correlations with other

potentially fluid-mobile elements Ba, Sr and even

La (correlation coefficients R N0.7). These correla-

tions are greatly improved if, instead of element

concentrations, ratios to a fluid-immobile incompat-

ible element (e.g., Nb in Fig. 8) are used to mini-

mize effects of variable partial melting or

fractionation. In the geologic setting of island arc

magmatism relevant to Chikurachki, it is reasonable

to assume that the main source of Cl and other

fluid-mobile incompatible elements (Li, Be, B, Ba,

Sr) is ultimately the subducting slab and not the

mantle wedge (e.g., Brenan et al., 1995; Ayers et

al., 1997; Stalder et al., 1998). The strong positive

correlations of Cl /Nb with (Li, Be, B, Ba, Sr) /Nb
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element concentrations, and reveals strong positive correlation for these e
ratios in the inclusion glasses suggests that these

elements have a common source (slab component)

and that their distribution in the erupted magmas is

controlled by transport by a Cl-rich fluid.
6. Intensive parameters of magma crystallization

6.1. Temperature

The temperature range of magma crystallization

was estimated using (1) mineral geothermometry

based on equilibria among Ol, Opx, Cpx and Fe–Ti

oxides, with calibrations incorporated in the QUILF

program (Andersen et al., 1993); (2) mineral-melt

geothermometers using compositions of melt inclu-

sions and host crystals, using expressions of Ford et

al. (1983) for inclusions in Ol, and Danyushevsky

(2001) for inclusions in Pl and Cpx, realized in the

PETROLOG program (Danyushevsky, 2001); and (3)
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A.A. Gurenko et al. / Journal of Volcanology and Geothermal Research 147 (2005) 203–232224
empirical equation of Sisson and Grove (1993b) re-

lating temperature, pressure, liquid composition and

melt H2O contents (Fig. 9, Table 9).

From experimental data of Sisson and Grove

(1993a,b) and Grove et al. (2003), we selected 27

glasses whose compositions are similar to those of
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Fig. 9. Temperature of magma crystallization vs. H2O contents in

the melt. (a) Temperatures calculated using the QUILF program

(Andersen et al., 1993) and compositions of Ol, Cpx, Opx

phenocrysts, Sp inclusions and microphenocrysts in groundmass

glasses. The H2O contents on the X-axis are compositions of

phenocryst-hosted melt inclusions and groundmass glasses. Error

bars on the groundmass glasses represent aF1 sigma standard

deviation (Table 9). (b) Temperatures calculated from mineral-

melt geothermometers for inclusion glass-host crystal pairs

(Danyushevsky, 2001; Sisson and Grove, 1993b). These tempera-

tures show strong inverse correlation with H2O contents of glass

inclusions, and agree with QUILF results only for the water-rich

glasses. The temperatures calculated for water-poor inclusions are

thought to be overestimates due to H2O degassing and using

water-dependent geothermometers (see text). Intersection of the

H2O–T array from mineral-melt thermometry with the QUILF

field gives an estimate of non-degassed water contents in the

melt between approximately 4 and 7 wt.% H2O (see text).
the Chikurachki inclusions and calculated temperatures

using the geothermometers employed in our study. The

temperatures calculated from the Sisson and Grove

(1993b) equation agreed with the experimental tem-

peratures within 30–40 8C. The plagioclase-melt

geothermometer of Danyushevsky (2001) yielded a

greater deviation from experimental temperatures (av-

erage 70 8C), with both over- and underestimation of

the experimental temperature, while the two-pyroxene

geothermometer (QUILF) systematically overesti-

mated the experimental temperatures by an average

of ~60 8C. The test of QUILF geothermometer used

in single-pyroxene mode provided an uncertainty of

F15–35 8C for most glasses, or for some cases, as high

as F70 8C.
It is instructive to compare the temperatures calcu-

lated from methods that are independent of melt water

contents and those where water is explicitly included.

The QUILF temperatures are based on exchange equi-

libria among coexisting H2O-free phases (Ol, Cpx,

Pig, Opx, Sp), and the temperatures obtained range

from 910 to 980 8C. When individual QUILF tem-

peratures are plotted against H2O contents of melt

inclusions hosted by the phenocrysts used for calcula-

tions (Fig. 9a), there is no relationship between tem-

perature and melt water content. By contrast,

temperatures calculated from mineral-melt equilibria

of Sisson and Grove (1993b) and Danyushevsky

(2001) show a strong and systematic variation with

melt water contents (Fig. 9b). Examination of Table 9

shows that the Sisson and Grove (1993a,b) tempera-

tures are systematically higher than those calculated

from Danyushevsky (2001), probably because the ef-

fect of H2O on crystallization temperature is handled

differently in these two models. However, the devia-

tion is typically 40–60 8C, which is on the same order

of a realistic standard error for the temperature calcu-

lations of F40 8C, and therefore the difference be-

tween the methods is insignificant at the 95%

confidence level. We emphasize that the inverse cor-

relation of temperatures with melt H2O contents

showed by mineral-melt geothermometry (Fig. 9b)

does not necessarily reflect real variations in crystalli-

zation temperatures. The water-independent QUILF

results agree with mineral-melt geothermometers

only for inclusions with high melt water contents.

For the others, we believe that the mineral-melt tem-

peratures are overestimated because inclusions have



Table 9

Estimated temperature, pressure and redox conditions of magma crystallization

Sample Geothermo/

barometer, Ref.

CHK3/4 1986 eruption CHK16 1853 eruption CHK13/1&CHK13/2

Prehistoric eruption

Interval MeanF1r Interval MeanF1r Interval MeanF1r

Temperature ( 8C)a

Incl in Ol Ol-melt, DN2001 989–1037 – 981–1027 – 979–1078 –

S&G93 1033–1127 – 1023–1127 – 1042–1168 –

Incl in Pl Pl-melt, DN2001 914–1019 – 937–999 – 939–1055 –

S&G93 974–1072 – 991–1045 – 969–1098 –

Incl in Cpx Cpx-melt, DN2001 1003–1017 – 947–1000 – – –

S&G93 1026–1049 – 1030–1061 – – –

Incl in Opx S&G93 – – 1036–1045 – – –

Matrix Gl Ol-melt, DN2001 1030 – 1027 – 967–983 –

S&G93 1097 – 1110 – 1106–1116 –

QUILFphen Sp+Ol+Cpx 912–978 949F21 912–939 920F20 909–976 951F23

Sp+Ol+Opx – – 936–948 942F28 – –

Cpx–Opx 1095 – 1044–1124 1080F38 – –

QUILFgrm Sp+Ol+Pig+Cpx 1069–1178 1116F54 999–1009 1002F4 – –

Sp+Ol+Pig – – – – 934–1138 1022F78

Pressure (MPa)b

Incl in Ol Ol–Cpx-melt, DN96 0.1–330 180F90 0.1–230 80F130 0.1–330 180F110

Incl in Pl Ol–Cpx-melt, DN96 0.1–290 80F100 70–670 220F170 240–590 380F100

Incl in Cpx Ol–Cpx-melt, DN96 80–190 120F50 0.1–180 90F90 – –

Oxygen fugacity (DNNO)c

Sp-melt D&S96 1.7–2.1 1.9F0.1 1.1–1.8 1.3F0.1 1.3–2.1 1.6F0.2

QUILF Sp+Ol+Opx 1.1–1.7 1.4F0.1 1.2–1.6 1.3F0.1 1.2–1.6 1.5F0.1

a Temperatures calculated using empirical models of crystal-melt equilibria corrected for H2O in the melt using the program PETROLOG

(Danyushevsky, 2001) and model of Sisson and Grove (1993b), with glass inclusion compositions corrected for post-entrapment host crystal-

lization (Table 7); temperature calculations take the pressure estimates into account (b); Incl in Ol, Pl, Cpx=inclusions in olivine, plagioclase,

clinopyroxene. QUILF temperatures calculated using the program QUILF (Andersen et al., 1993) using compositions of coexisting Ol, Opx, Cpx

and Fe–Ti oxides, and pressures of magma crystallization (subscripts phen=phenocrysts, grm=groundmass. References: DN2001=Danyushevsky

(2001), S&G93=Sisson and Grove (1993b), DN96=Danyushevsky et al. (1996), D&S96=Danyushevsky and Sobolev (1996).
b Pressure of crystallization calculated from method of Danyushevsky et al. (1996) under assumption of multiple saturation of melt with Ol

and Cpx; similar assumption was done for Pl-and Opx-hosted inclusions (see text).
c Oxygen fugacity (given in log unit deviation from NNO buffer) calculated from the compositions of spinel coexisting with melt (Sp-melt),

QUILF=redox conditions calculated from olivine–orthopyroxene–magnetite equilibrium using the QUILF program.
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partially lost H2O, either from degassing of the magma

or by H2O dissociation and loss of H after trapping, as

suggested by Sobolev and Danyushevsky (1994). If

this is true, comparison of the H2O–T relationships

shown in Fig. 9b with water-independent temperature

estimates can be used to reconstruct the original unde-

gassed H2O contents in the magmas (see below).

The QUILF temperatures calculated from ground-

mass mineral compositions are considerably higher

than those calculated from phenocryst data, although

there is a quite large uncertainty (Table 9, Fig. 9a). This

temperature difference is contrary to expectation if

phenocrysts formed at an earlier stage of crystallization
than the groundmass. We ascribe this apparent temper-

ature increase to magma degassing and rapid crystalli-

zation at shallow depths. Loss of H2O will cause

abundant crystallization of minerals because their liqui-

dus temperatures are directly related to H2O contents in

the melt. As a result of fast and abundant crystalliza-

tion, the temperature in the degassingmagma could rise

locally due to the latent heat of crystallization.

6.2. Pressure

Pressures were estimated from the empirical meth-

od described in detail by Danyushevsky et al. (1996).
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The method employs the experimentally determined

difference in Ol and Cpx temperatures of crystalliza-

tion as a function of pressure, and has an estimated

error of F250 MPa at the 95% confidence level. The

necessary condition for its use is multiple saturation of

melt with olivine and clinopyroxene (i.e., cotectic

crystallization). This is justified in our case by petro-

graphic evidence for coexisting phenocrysts of Ol,

Cpx and Pl in the tephra. Also, because co-precipita-

tion of plagioclase is indicated by the presence of Pl

inclusions in both Ol and Cpx phenocrysts, we could

use this approach to estimate crystallization pressure

based on compositions of inclusions in Pl as well. The

samples yielded a range of pressures from nearly

atmospheric to a few hundred MPa (average 100–

200 MPa for the 1986 and 1853 eruptions and 200–

400 MPa for the prehistoric tephra; Table 9). Consid-

ering that these values are of the same order as the

uncertainty of the method, we can conclude only that

the pressure of crystallization was low. An indepen-

dent pressure constraint was obtained by comparison

of measured H2O and Cl contents in inclusion glasses

with solubility isobars from Webster et al. (1999). As

shown in Fig. 6c, the data suggest a maximum pres-

sure of 200 Mpa for H2O–Cl solubility. Pressures can

also be estimated from experimental H2O–CO2 solu-

bilities (Newman and Lowenstern, 2002 and refer-

ences therein). Estimates are between 95 and 300

MPa if we assume that H2O was the dominant fluid

component in equilibrium with melt containing 3.5–

7.5 wt.% H2O. These are minimum estimates for the

true crystallization pressures since CO2 is assumed to

be negligible. Higher values for CO2 would shift the

pressure to higher values as well.

6.3. Redox conditions

The redox conditions of magma crystallization

were estimated using the equilibrium composition of

spinel coexisting with melt after Danyushevsky and

Sobolev (1996) and using the Ol–Opx–Mt equilbria

incorporated in the QUILF program (Anderson et al.,

1993). The oxygen fugacity values calculated by both

methods agree within the uncertainties of the methods

(approximately F0.6 log units) and correspond to

NNO+1 to NNO+2 for all samples studied (Table

9). These estimates are very close to those obtained

from compositionally similar basalts from the Klyu-
chevskoi volcano, Kamchatka, by Mironov et al.

(2001) but are significantly higher than those proposed

by Khubunaya and Sobolev (1998) for more primitive

calc-alkaline magmas of the same volcano (FMQ).
7. Heterogeneity of trapped melts as evidence for

pre-eruption degassing

Several lines of evidence suggest pre-eruptive

degassing of H2O and S from the magma at the

stage of phenocryst crystallization (trapping). First,

there is the disparity between temperatures obtained

by anhydrous mineral equilibria (QUILF) and melt-

mineral thermometry that depends on melt water con-

tents (Fig. 9). If we equate the temperatures obtained

from these two methods, we can estimate non-

degassed H2O contents of the Chikurachki magmas

at about 4–7 wt.% H2O, which corresponds to the

upper range of values actually measured in melt inclu-

sions. Similar high water concentrations (up to 6 wt.%

H2O) were reported from melt inclusion studies of

other subduction-related basaltic to andesitic magmas

(Izu-Bonin arc: Straub and Layne, 2003; Cerro Negro,

Nicaragua: Roggensack et al., 1997). Second, the

water and sulfur concentrations in primary glass inclu-

sions extend over wide ranges, from high values

reasonable for non-degassed subduction zone magmas

based on other studies (e.g., Danyushevsky et al.,

1993; Nilsson and Peach, 1993; Metrich and Cloc-

chiatti, 1996; Sobolev and Chaussidon, 1996; Straub

and Layne, 2003) to much lower values that approach

the compositions of groundmass glass. If all degassing

took place at eruption, one would expect more homo-

geneous melt inclusion compositions and a sharp drop

in concentrations in the quenched groundmass glass

that is not observed. Third, there is a range in An

contents (An76–90) of plagioclase inclusions in Ol and

Cpx crystals that show no corresponding variations in

their mg-number (Table 6). We interpret these varia-

tions in Pl composition to changes in H2O contents in

the melt, implying some degassing took place during

growth of the major phenocrysts. In principle, some of

the H2O variations in glass inclusions could also be

ascribed to post-entrapment loss of H2O due to dis-

sociation and diffusion of H through the host mineral,

as suggested by Sobolev and Danyushevsky (1994).

We consider this process to be less important than
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partial degassing of H2O from the melt in our study

because H2O dissociation and H-loss produces oxida-

tion of the inclusion glass, with the appearance of

micrometer-sized magnetite crystals in Fe-rich melts.

Some of the Chikurachki glass inclusions in Ol- and

Cpx hosts do contain tiny magnetite crystals, suggest-

ing loss of water by this mechanism. However, there

are a number of inclusions with varying to low H2O

contents that are composed of clear, fresh glass, and

we interpret these inclusions as representing melts

which have partially lost volatiles before trapping.

The mechanism by which local volumes of melt can

be partially degassed and trapped in growing pheno-

crysts to produce the heterogeneous suite of inclusions

encountered in our samples is probably quite complex

in detail. Most sulfur, like H2O, is expected to exsolve

at pressures as low as 20–30 bars (corresponding to

b100–150 m of lithostatic thickness; e.g., Gerlach,

1986). It is therefore unlikely that significant amounts

of sulfur and water could have been lost directly from

the magma chamber under 80–380 MPa crystalliza-

tion pressure. We suggest a scenario involving vertical

cycling of magma in pre-eruptive reservoir(s) that is

similar to the magma drainback phenomenon de-

scribed from Kilauea Volcano (e.g., Wallace and

Anderson, 1998). Thus, the H2O- and S-poor inclu-

sions may reflect melt domains that degassed as they

ascended near the surface and were then entrained in

downward flow as magmatic overpressure declined, to

be mixed into fresher magmas at depth.

The possible implications of partial degassing for

eruption style was discussed by Roggensack et al.

(1997), among others, in their study of Cerro Negro

volcano (Nicaragua). If magma degassing at shallow

crustal depth is effective, eventual eruptions may be

non-explosive, whereas rapid ascent of volatile-rich

magma without the shallow degassing stage resulted

in strong volatile release and highly explosive erup-

tions from the same volcano. The range of volatile

contents displayed by melt inclusion populations can

possibly indicate whether the erupted magma under-

went an important stage of relatively passive degas-

sing during phenocryst growth (mixed melt

inclusion populations, variable H2O and S contents

that approach groundmass values) or whether degas-

sing was essentially a one-stage process linked to

the eruption itself (homogeneous populations, sharp

contrast to groundmass glass). It should be remem-
bered that most of the historic eruptions from Chi-

kurachki have been of the non-explosive character,

possibly linked to episodes where volatiles were

able to dissipate in a relatively shallow reservoir.

Explosive eruptions, in contrast, occur when access

to shallow levels is blocked or when the flux of

magma from depth is too rapid for shallow degas-

sing to prevent a catastrophic decompression of

volatiles and explosive fragmentation of magma.
8. Estimations of eruptive volatile release

Using values for the total volumes of magma in-

volved in the Chikurachki eruptions and the measured

difference in volatile concentration between degassed

groundmass glasses and the H2O-rich melt inclusions,

we can estimate the total mass of volatiles released

during the eruptions. The total volumes of erupted

magmas for the 1986 and 1853 events (dry-rock

equivalents, DRE) are placed at 0.04 to 0.03 km3,

respectively, taken from Belousov et al. (2003), and

the resulting values for volatile emission (E) were

calculated from the following equation after Gerlach

et al. (1994):

E ¼ 10�3 � Dvolatile � qmelt � /melt � Vmelt; ð1Þ

where E=total volatile emission (the constant 10�3

gives E in grams since Dvolatile is in parts per million)

of H2O, SO2 and Cl, Dvolatile= in volatile content

between glass inclusions and groundmass glasses (in

parts per million); qmelt=average density of the melt

calculated from Lange and Carmichael (1987), in kg/

km3, /melt=melt volume fraction without crystals;

Vmelt=the volume of erupted magma (in cubic kilo-

meters DRE). We used estimates of Dvolatile for water

obtained from the maximum measured values of 5.5

and 4.8 wt.% H2O in glass inclusions and in ground-

mass glasses from the 1986 and 1853 eruptions, re-

spectively (minimum and maximum H2O limits in

Table 10 take into account a 2-sigma standard error

of F1.2 wt.% H2O) and the H2O contents in the

groundmass glasses. Our estimates for Dvolatile for

sulfur and chlorine are based on the measured ground-

mass glass values and a few glass inclusions (4 and 3

inclusions from the 1986 and 1853 eruptions, respec-

tively; Table 10) having the highest concentrations of



Table 10

Estimated syn-eruptive emissions of H2O, SO2 and Cl during the 1986 and 1853 eruptions of the Chikurachki volcano

Sample VDRE qmelt /melt H2O S Cl DH2O DS DCl EH2O ESO2 ECl

(km3) (kg/km3) (wt.%) (ppm) (ppm) Melt volatile-loss (ppm) Volatile emission (g)

The1986 eruption 0.04 2.64E+12 0.73 – – –

Glass inclusions(N)a 1 4 30

Min – 2.59E+12 – 4.3 1800 800 32,000 1450 0 2.5E+12 2.2E+11 0

Max – 2.72E+12 – 6.7 2900 1200 56,000 2550 400 4.3E+12 3.9E+12 3.1E+10

Mean – 2.64E+12 – 5.5 2200 900 44,000 1850 100 3.4E+12 2.8E+11 7.7E+09

1r error – – – 0.6 220 90 8500 230 120 9.4E+11 6.7E+10 9.4E+09

Matrix Gl (N =2) – 2.63E+12 – 1.1 350 800

1r error – – – 0.6 70 80

The1853 eruption 0.03 2.59E+12 0.77 – – –

Glass inclusions (N) 1 3 22

Min – 2.54E+12 – 3.6 1600 800 29,300 1250 0 1.8E+12 1.5E+11 0

Max – 2.70E+12 – 6.0 2600 1300 53,300 2.250 500 3.2E+12 2.7E+11 3.0E+10

Mean – 2.59E+12 – 4.8 2000 1000 41,300 1650 200 2.5E+12 2.0E+11 1.2E+10

1r error – – – 2.0 200 100 8500 210 130 7.1E+11 4.7E+10 8.1E+09

Matrix Gl (N =4) – 2.59E+12 – 0.7 350 800

1r error – – – 0.6 70 80

Redoubt Volcanob

Dec 14–22, 1989 0.015 2.3E+12 0.75 – – – – 750 800 – 3.9E+10 2.1E+10

Dome growth 0.09 2.3E+12 0.55 – – – – 80 1000 – 1.8E+10 1.1E+11

Baitoushan Volcanob

Comenditic rhyolite 22 2.3E+12 0.97 – – – 36,600 205 910 1.8E+15 2.0E+12 4.5E+13

VDRE=volume (dense rock equivalent) of erupted magma (in cubic kilometers) from Belousov et al. (2003); qmelt=melt density (in kg/km3)

calculated from matrix glass and melt inclusion compositions (Table 6) using the model of Lange and Carmichael (1987); /melt=melt volume

fraction without crystals estimated from mass balance calculations using bulk-rock composition from Belousov et al. (2003), composition of

matrix glasses (Table 6) and averaged compositions of Ol, Pl, Cpx and Opx phenocrysts; – =no value.

DH2O, DS and DCl (given in parts per million) represent melt volatile-loss calculated as the difference between melt inclusions and matrix

glasses volatile contents (see text for details); the 1r error gives uncertainty of calculations defined from error propagation for independent

random errors (Taylor, 1982).

EH2O, ESO2 and ECl are total emission values (given in grams) calculated from text Eq. (1) after Gerlach et al. (1994).
a N=number of inclusion values used to calculate minimum (Min), maximum (Max) and average (Mean) concentrations of volatiles in

undegassed magma (see text for details).
b Comparison of estimated total volatile emission calculated for Redoubt Volcano (Alaska) by Gerlach et al. (1994) and Baitoushan Volcano

(China/North Korea) by Horn and Schmincke (2000) using the similar method.
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sulfur and chlorine and also lying within the 4-sigma

standard error range from the maximum values taken

for a given eruption (done to account for S and Cl

variations due to analytical uncertainty). The approach

used by Gerlach et al. (1994) and in the present study

assumes that there was no significant degassing of

magma prior to eruption (probably incorrect for H2O

and S as described above), so these estimates for syn-

eruptive volatile loss must be considered as minima.

The results (Table 10) indicate similar total volatile

emissions for the 1986 and 1853 explosive eruptions

of Chikurachki. Each of the eruptions released be-
tween about 2000 and 3000 metric tons (F800) of

H2O, and 200 to 300 tons (F60) of SO2 into the

atmosphere. The values for chlorine release (8–12

tons, F9) are highly uncertain because of the only

slight difference in Cl concentrations between glass

inclusions and the groundmass glasses compared with

the scatter within each group. Our estimated total

uncertainties using error propagation (Taylor, 1982)

for the terms in Eq. (1) are about 30% for H2O and

24% for SO2, but nearly 70% for Cl (Table 10). Some

comparative estimates for total volalile release during

explosive eruptions are given on Table 10, from which
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it can be seen that the Chikurachki eruptions released

about ten times more SO2 and ten times less Cl than

the 1989–1990 eruptions of Redoubt volcano (Ger-

lach et al., 1994), and significantly lower amounts of

sulfur and chlorine than the plinian eruptions of rhy-

olite from Baitoushan volcano (Horn and Schmincke,

2000).
9. Conclusions
(1) The high concentrations of water (up to 6.4

wt.%) determined by SIMS analysis of basaltic

melt inclusions may be the cause for the highly

explosive character of the Chikurachki 1986,

1853 and prehistoric plinian eruptions.

(2) Wide ranges of volatile contents in melt inclu-

sions indicate heteogeneity of pre-aggregated

melts in the Chikurachki magma system. The

most H2O- and S-poor inclusions have com-

positions similar to degassed groundmass glass

and probably represent melt fractions that

were degassed near the summit reservoir and

than drained back and mixed with undegassed

or less degassed magmas at depth. The strom-

bolian character of many eruptions from Chi-

kurachki most probably reflect eruption of

such degassed melts from shallow depths.

This suggests the existence of periodically

(during 100–200 year cycle) replenishing

magma reservoir at depths of N6 km beneath

the Chikuracki volcano, which was able to

supply compositionally similar volatile-rich

magmas under similar conditions of pressure

buildup and release to cause explosive style of

eruptions.

(3) Crystallization of the Chikurachki water-rich

basalt to basaltic andesite magmas occurred in

the temperature range between 910 and 1180 8C
at less than 400 MPa total pressure and the

redox conditions of NNO+1 to NNO+2. There

is no substantial difference in pre-eruption con-

ditions for the 1986, 1853 and prehistoric pli-

nian eruption events.

(4) A comparison of volatile contents dissolved in

glass inclusions and groundmass glasses per-

mits minimum estimates of atmospheric load-

ing during the 1986 and 1853 eruptions of
3400 and 2500 metric tons of H2O, 300 and

200 tons of SO2, and 8 and 12 tons Cl,

respectively. These are about ten times higher

for SO2 and ten times lower for Cl than for

the 1989–1990 eruptions of Redoubt volcano

(Gerlach et al., 1994).
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