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Abstract—Melt inclusions were examined in phenocrysts in basalt, andesite, dacite, and rhyodacite from the
Karymskii volcanic center in Kamchatka and dacite form Golovnina volcano in Kunashir Island, Kuriles. The
inclusions were examined by homogenization and by analyzing glasses in more than 80 inclusions on an elec-
tron microscope and ion microprobe. The SiO, concentrations in the melt inclusions in plagioclase phenocrysts
from basalts from the Karymskii volcanic center vary from 47.4 to 57.1 wt %, these values for inclusions in
plagioclase phenocrysts from andesites are 55.7-67.1 wt %, in plagioclase phenocrysts from the dacites and
rhyodacites are 65.9-73.1 wt %, and those in quartz in the rhyodacites are 72.2-75.7 wt %. The SiO, concen-
trations in melt inclusions in quartz from dacites from Golovnina volcano range from 70.2 to 77.0 wt %. The
basaltic melts are characterized by usual concentrations of major components (wt %): TiO, = 0.7-1.3, FeO =
6.8-11.4, MgO = 2.3-6.1, CaO = 6.7-10.8, and K,O = 0.4—1.7; but these rocks are notably enriched in Na,O
(2.9-7.4 wt % at an average of 5.1 wt %, with the highest Na,O concentration detected in the most basic melts:
Si0, = 47.4-52.0 wt %. The concentrations of volatiles in the basic melts are 1.6 wt % for H,O, 0.14 wt % for
S, 0.09 wt % for Cl, and 50 ppm for F. The andesite melts are characterized by high concentrations (wt %) of
FeO (6.5 on average), CaO (5.2), and Cl (0.26) at usual concentrations of Na,O (4.5), K,0 (2.1), and S (0.07).
High water concentrations were determined in the dacite and rhyodacite melts: from 0.9 to 7.3 wt % (average
of 15 analyses equals 4.5 wt %). The CI concentration in these melts is 0.15 wt %, and those of F and S are 0.06
and 0.01 wt %, respectively. Melt inclusions in quartz from the dacites of Golovnina volcano are also rich in
water: they contain from 5.0 to 6.7 wt % (average 5.6 wt %). The comparison of melt compositions from the
Karymskii volcanic center and previously studied melts from Bezymyannyi and Shiveluch volcanoes revealed
their significant differences. The former are more basic, are enriched in Ti, Fe, Mg, Ca, Na, and P but signifi-
cantly depleted in K. The melts of the Karymskii volcanic center are most probably less differentiated than the
melts of Bezymyannyi and Shiveluch volcanoes. The concentrations of water and 20 trace elements were mea-
sured in the glasses of 22 melt inclusions in plagioclase and quartz from our samples. Unusually high values
were obtained for Li concentrations (along with high Na concentrations) in the basaltic melts from the Karym-
skii volcanic center: from 118 to 1750 ppm, whereas the dacite and rhyolite melts contain 25 ppm Li on average.
The rhyolite melts of Golovnina volcano are much poorer in Li: 1.4 ppm on average. The melts of the Karymskii
volcanic center are characterized by relative minima at Nb and Ti and maxima at B and K, as is typical of arc
magmas.
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INTRODUCTION

The Karymskii volcanic center in the southwestern
flank of the central part of the Eastern Volcanic Belt in
Kamchatka has sizes of 55 x 65 km and is slightly elon-
gated northeastward, along the strike of the volcanic
belt. The Karymskii volcanic center has a complicated
structure (Fig. 1) and consists of numerous volcanic
edifices of differentiated composition and a series of

caldera structures, which dynamically evolved starting
in the Pliocene (Vlodavets, 1947; Ivanov, 1970; Grib,
1997; Ozerov, 1997; Fedotov, 1997; and others). The
development of the calderas (Stena, Sobolinaya, and
Polovinka calderas) began in the Middle Pleistocene
180-150 ka BP (Volcanic Center..., 1980) and was
associated with powerful eruptions of pyroclastic mate-
rial of intermediate and acid composition ~280 km? in
volume, which corresponds to ~100 km? when recalcu-
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Fig. 1. Satellite image of the central part of the Karymskii volcanic center. Dashed lines outline calderas, AN is the volcano and
caldera of Akademii Nauk (the caldera houses Lake Karymskoe). The oval in the northern part of the image outlines the Stena—

Sobolinaya caldera system.

lated into magma (Grib and Leonov, 2001a, 2001b).
After the origin of the middle Pleistocene calderas, vol-
canic activity was restricted exclusively to them. Dur-
ing this time span in the initial Late Pleistocene, such
volcanoes were formed as Odnobokii, Dvor, Pra-Semy-
achik, and Pra-Karymskii. Their lavas were of predom-
inantly basalt, basaltic andesite, and andesite composi-
tion. The volume of the products erupted during that
period was estimated at 80 km? (Volcanic Center...,
1980). Younger calderas developed later on some of the
volcanoes (Odnobokaya and Malyi Semyachik), then
new volcanoes (Akademii Nauk and Malyi Semyachik)
started to form within these calderas in the Late Pleis-
tocene, and eventually new calderas were produced
(Akademii Nauk and Karymskaya). Volcanism in the
Late Pleistocene—Holocene produced compositionally
more diverse products of various facies types.

The inner structure, tectonics, eruption dynamics,
the petrography of the magmatic rocks, and their possi-
ble genetic links were discussed in numerous publica-
tions. However, data on the chemical composition of
the magmatic melts that formed the Karymskii center
and on their volatile and trace components are still
scarce. However, the genesis of the rocks and more gen-

eral problems of the regional magmatic history cannot
be studied comprehensively enough without this infor-
mation. Because of this, our research was centered on
the detailed study of melt inclusions in minerals from
compositionally diverse rocks (from basalts to rhyo-
dacites) to elucidate the chemical composition of the
magmatic melts and the possible genetic relations
between magmatic rocks of various silicity. The first
data of these studies were published in (Tolstykh et al.,
2001). In order to compare our results on the chemical
composition of melts of the Karymskii volcanic center,
we also studied inclusions in quartz crystals from dac-
ites of Golovnina volcano in Kunashir Island.

BRIEF PETROGRAPHIC CHARACTERIZATION
OF THE KARYMSKII VOLCANIC CENTER

The Karymskii volcanic center started to attract
close attention of researchers after eruptions in it in
1996. These eruptions were characterized by simulta-
neous activity at two sites, so that the melts simulta-
neously poured at the surface had an intermediate and
basic composition. The eruption process can be subdi-
vided into three stages. During the first of them
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Table 1. Chemical composition (wt %) of rocks and groundmass glasses in rocks from the Karymskii volcanic center

C(I’I?Iﬁo‘ K-2 K-4 K-63 K-41 K-35 K-31 K-23 K-2a K-4a | K-63a
Sio, 52.00 6245 | 62.05 64.80 | 6541 | 6632 | 69.00 | 66.59 | 7480 | 75.28
TiO, 0.73 0.92 0.88 0.72 0.56 0.38 0.43 0.50 1.06 0.83
ALO; 19.21 1627 | 16.60 1600 | 1639 | 14.99 | 1435 19.52 | 12.62 | 1246
Fe,0, - - - 1.79 2.77 1.19 1.26 - - -
FeO 8.30% 6.58% |  6.95% 3.45 2.27 2.27 1.94 1.78% | 3.59% | 3.14%
MnO 0.14 0.15 0.12 0.18 0.16 0.03 0.16 0.06 0.10 0.11
MgO 5.34 2.01 2.00 1.62 0.90 0.94 0.94 0.23 0.18 0.49
CaO 10.47 5.38 5.39 3.90 4.41 3.28 1.76 4.65 0.92 0.94
Na,O 2.80 4.52 4.08 3.72 4.12 3.91 3.66 5.76 1.88 1.77
K,O 0.58 1.57 1.58 1.86 1.48 1.98 2.46 1.64 3.50 3.44
P,Os 0.14 0.26 0.25 0.03 0.19 0.09 0.06 - - -
LOI - - - 2.40 1.48 4.10 3.80 - - -
Total 99.71 | 100.11 | 99.90 | 100.47 | 100.14 | 9948 | 99.82 | 100.73 | 98.65 | 98.46

Note: Here and in Tables 2-5, sample K-2 is basalt of the 1996 eruption, Novogodnii peninsula, Akademii Nauk caldera; samples K-4 and
K-63 are andesites from lava flows of the 1996 and 1997 eruption from the summit crater of Karymskii volcano; sample K-41 is
dacite from the eastern wall of the Odnobokaya caldera; sample K-35 is tuff of dacitic composition from the western wall of the
Polovinka caldera; sample K-31 is pumice of dacitic composition from the left-hand bank of the Karymskaya River eastern wall of
the Karymskaya caldera; sample K-23 in pumice of rhyodacitic composition from the eastern slope of Akademii Nauk volcano; and
samples K-2a, K-4a, and K-63a are groundmass glasses of the respective samples. * is total iron.

(on January 2-3, 1996), two volcanic centers spaced 6
km apart erupted: the summit crater of Karymskii vol-
cano and the northern segment of Lake Karymskoe,
which is the Akademii Nauk caldera (Fedotov, 1997).
The main crater was characterized by a continuous
ascent of a gas—ash column to a height of 500-1200 m.
The dark trail of the ascending column extended south-
ward for up to 50-70 km, and tephra continuously fell
from it. At the same time, subaquatic eruptions of basalt
occurred in Lake Karymskoe from the eruption center
at a distance of 500 m from its shore (Grib, 1997). Pow-
erful discrete phreatomagmatic explosions occurred
one after another with time intervals of 10—15 min, and
vapor—gas ejecta with ash rose to a height of a few kilo-
meters. The most powerful explosions ejected numer-
ous bombs, and the waves induced in the lake reached
a height of 10 m. During the first stage of the eruption,
Novogodnii Peninsula (0.7 km? in area) was formed in
Lake Karymskoe.

The second stage of the eruption on January 4-12,
1996, was characterized by eruptive activity only at the
summit crater of Karymskii volcano, with a much
lower frequency of the explosions. The height of the
ejecta was 500-900 m, and ash trails extended for 50—
60 km, mostly in the western and eastern directions.
During the third stage (from January 13, 1996, until
present), a series of lava flows was erupted from the
main crater of Karymskii volcano. The length of the
thickest of them reached 1.5 km, and the height of its
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frontal part was 25 m. The lava eruptions were associ-
ated with explosions. The vapor—gas ejecta loaded with
ash rose to heights from 100 to 500-600 m and pro-
duced eruption clouds. During the most powerful
explosions (250 m and more), their lower parts persis-
tently included bombs 1-2 m in diameter, occasionally
up to 4-5 m (Ozerov, 1997).

We examined three samples selected from among
products of the 1996-1997 eruption, whose composi-
tion is reported in Table 1. The first sample (K-2) is a
basaltic volcanic bomb from Novogodnii Peninsula. It
is a black porous vitreous rock with numerous plagio-
clase phenocrysts 0.3-3 mm in size. The composition
of the phenocrysts varies from Angy, g, in cores to An;s_g,
in marginal parts. The composition of plagioclase with
abundant melt inclusions is shown in Table 2. The oliv-
ine (Fogs_7,) and pyroxenes (orthopyroxene and cli-
nopyroxene, Table 3) occur more rarely. The accessory
minerals of the basalt are apatite and an ore mineral.
The former was found as crystalline inclusions and the
latter as both crystalline inclusions and microlites
(Table 4).

The other two samples (K-4 and K-63, Tables 1-4)
are andesite from lava flows from the summit crater of
Karymskii volcano. The samples were taken in a hot
state on September 22, 1996, and August 19, 1997,
respectively. These are weakly porous dark gray rocks
with 30-35 vol % phenocrysts. Their major rock-form-
ing mineral is plagioclase, which accounts for ~85% of



4 NAUMOV et al.

Table 2. Representative analyses (w%) of plagioclase in rocks from the Karymskii volcanic center

C(I’I?If’to‘ K-41 K-2 K-2 K-4 K-63 K-41 K-41 K-31 K-23 K-35
Sio, 45.00 | 44.79 4764 | 4758 | 5285 | 5339 | 5766 | 5826 | 60.40 | 62.15
Al,O, 33.02 | 3435 33.66 | 31.65 | 3047 | 28.03 | 2499 | 2474 | 2354 | 21.59
FeO 0.55 0.62 0.59 0.75 0.66 0.40 0.35 0.44 0.33 0.07
CaO 1929 | 18.09 17.10 | 1741 | 14.51 13.13 9.92 9.65 7.36 5.31
Na,O 0.82 0.99 1.56 2.65 3.36 4.25 6.15 5.83 742 8.22
K,O 0.01 0.03 0.01 0.08 0.11 0.10 0.20 0.25 0.36 0.93
Total 98.69 | 98.87 | 100.56 | 100.12 | 98.04 | 9930 | 9927 | 99.17 | 99.41 | 98.27
An 92.7 90.8 85.8 78.1 70.0 62.7 46.6 47.1 34.7 245

Ab 7.2 9.0 14.1 215 29.4 36.7 52.3 515 63.3 69.9

or 0.1 0.2 0.1 0.4 0.6 0.6 1.1 1.4 2.0 5.2

Table 3. Representative analyses (w%) of pyroxenes in rocks from the Karymskii volcanic center

C‘I’Eﬁo‘ K-2 K-63 K-63 K-4 K-41 K-41 K-35 K-35 K-23 K-31
Sio, 53.58 5235 | 52,08 | 50.76 53.63 | 5253 | 5197 | 5297 53.12 | 5248
TiO, 0.49 0.34 0.53 0.63 0.21 0.16 0.10 0.13 0.10 0.26
Al,O, 1.33 1.11 1.54 1.88 1.26 0.87 0.35 0.74 0.40 0.89
FeO 19.55 2037 | 1094 | 10.40 1941 | 11.63 | 21.39 8.96 2295 | 10.62
MnO 0.44 0.71 0.49 0.49 0.59 0.44 1.49 0.58 1.48 0.40
MgO 20.80 2324 | 1475 | 13.89 2374 | 13.63 | 2292 | 14.11 2130 | 13.83
CaO 2.24 1.92 | 19.78 | 20.98 1.69 | 20.36 1.11 | 21.88 1.02 | 2044
Na,O 0.13 0.00 0.35 0.31 0.00 0.20 0.00 0.15 0.00 0.29
Total 98.56 | 100.04 | 100.46 | 99.34 | 100.53 | 99.82 | 9933 | 99.52 | 10037 | 99.21
Fs 32.9 31.7 17.5 16.8 30.4 18.8 33.6 14.4 36.9 17.3

En 62.3 64.5 42.0 39.9 66.2 39.2 64.2 40.5 61.0 40.1

Wo 4.8 3.8 40.5 43.3 3.4 42.0 22 45.1 2.1 426

Table 4. Representative analyses (wW%) of ore minerals in rocks from the Karymskii volcanic center

C‘I)l‘élrf’to' K-2 K-63 K-4 K-4 K-41 K-41 K-35 K-31 K-31 K-23
FeO 52.25 78.09 | 78.05 9290 | 52.04 85.63 | 5531 5552 | 86.26 85.60
TiO, 40.13 11.80 12.87 3.17 | 43.61 10.15 | 40.72 | 4052 9.25 8.89
AlL,O, 0.43 3.26 3.35 1.30 0.43 2.14 0.05 0.33 1.59 1.54
MnO 0.29 0.45 0.42 0.45 0.70 0.48 0.74 0.09 0.04 0.61
MgO 3.18 2.69 1.91 1.11 2.86 1.69 2.10 1.86 1.40 0.58
CaO 0.04 0.13 0.06 0.06 - - - - - -

SiO, 0.03 0.18 0.06 0.19 - - - - - -

Total 96.35 96.60 | 96.72 | 99.18 99.64 | 100.09 | 98.92 | 9832 | 98.55 97.22
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all phenocrysts. The plagioclase occurs as grains of var-
ious sizes, with none of them (even large phenocrysts)
showing resorption zones. The composition of the pla-
gioclase ranges from Angs to Ans,. The mafic minerals
are orthopyroxene, clinopyroxene, and rare olivine,
which displays reaction relations with the pyroxenes.
The groundmass consists of glass and microlites of pla-
gioclase, pyroxene, and an ore mineral.

Karymskii volcano is spatially restricted to the cen-
tral part of the Karymskii caldera, which was produced
by a catastrophic explosive eruption of Pra-Karymskii
volcano at 7600-7700 years BP (Volcanic Center...,
1980). The pyroclastic deposits related to its origin con-
sist of pumice tuffs of dacite composition (sample K-
31, Tables 1-4). Pumice fragments of beige color have
psephitic to agglomerated sizes, are submerged in fine-
grained material, and sometimes compose strata with
numerous pumice lapilli. The other samples examined
in the course of this research were from pyroclastic
deposits form the southern sector of the Karymskii vol-
canic center consisting of three calderas telescopically
nested in one another. The Polovinka caldera is the old-
est. The bulk of its pyroclastic deposits (close to
42 km?) consists of agglomerated ash—pumice tuffs of
rhyodacite and dacite composition (sample K-35,
Tables 1-4). Later, Odnobokii volcano was formed in
the Polovinka caldera, and the lavas of this volcano
completely filled the caldera. The evolutionary history
of the volcano involved two episodes of catastrophic
explosive eruptions with a period of volcanic activity in
between. These process formed the Odnobokaya
caldera at 110-80 ka (Volcanic Center..., 1980; Grib
and Leonov, 2004a, 2004b). The pyroclastic flows con-
sist mostly of ash—pumice tuffs and are zonal, with their
composition systematically varying from rhyodacite in
the bottom of the flows to dacite in their upper parts.
The pumice tuffs (sample K-41, Tables 1-4) consist of
angular pumice fragments of psephitic and agglomerate
size submerged in finer grained material. The pumices
are dense, finely porous and have beige or gray color.
They contain 10-20 vol % crystalline phase.

In the Late Pleistocene, Akademii Nauk volcano
was formed near the southern boundary of the
Odnobokaya caldera. The pyroclastic deposits of an
explosive eruption of this volcano consist of agglomer-
ate pumice tuffs of rhyodacite composition (sample K-
23, Tables 1-4) and cover the southern slopes of the
volcano. The tuffs are white, their pumice fragments
are no larger than 5-10 cm, and their porosity is
approximately 30-50%. The upper portions of the
stratigraphic sequences are rewashed, which suggests
that the tuffs were deposited in a lake. There is still no
consensus about the genesis of the Akademii Nauk
caldera in its modern form because it does not contain
significant volumes of pyroclastic deposits related to its
origin. It is thought that the caldera was formed in the
Late Pleistocene—Early Holocene as a consequence of
basaltic eruption in the zone of the submeridional fault
in the northern part of Lake Karymskoe. This eruption
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was similar to the event in 1996. Basalt injections into
the bottom part of the upper crustal chamber resulted in
the mobilization of acid melt in it and a nearly synchro-
nous eruption at Akademii Nauk volcano, its destruc-
tion, and the collapse of the walls of the already exist-
ing Odnobokaya caldera. The thorough investigation of
the pyroclastic deposits related to calderas in the south-
ern sector of the Karymskii volcanic center has demon-
strated that basaltic tephra strata (sometimes in associ-
ation with weakly compacted tuffs) are quite common
in them starting in the terminal Middle Pleistocene
deposits. This suggests that the events analogous to the
1996 eruption also occurred in this area previously
(Grib and Leonov, 2004a, 2004b). The basaltic tephra
of the Late Pleistocene and Holocene eruptions com-
poses terraces along the northern shore of Lake Karym-
skoe that fills the Akademii Nauk caldera.

Phenocrysts in the pyroclastic deposits are plagio-
clase, orthopyroxene, clinopyroxene, and ore minerals,
whose compositions often reflect the unequilibrated
state of the melt during its crystallization. The early
products in each caldera contain hornblende, and the
earliest agglomerated tuffs of the Polovinka caldera
contain quartz and biotite. A distinctive feature of the
pyroclastic deposits of the Odnobokaya caldera is the
presence of holocrystalline clusters (perhaps, cumu-
lates). The pumice agglomerated tuffs of the first stage
contain these clusters composed of plagioclase, cli-
nopyroxene, and titanomagnetite that form poikilo-
phitic intergrowth textures. This association sometimes
also contains high-Al hornblende. The second-stage
tuffs and ignimbrites typically contain olivine—anorth-
ite nodules and their crystalline fragments, which are
very unevenly distributed in the rocks. The agglomer-
ated tuffs of andesite composition bear olivine
microphenocrysts with skeletal growth structures.

Plagioclase dominates in all types of the pyroclastic
deposits. Its phenocrysts range from 0.6 to 1.5 mm in
size and occasionally reach 2-3 mm. The composition
of the plagioclase is determined mostly by the compo-
sition of the pyroclastic deposits. For example, the rhy-
odacite pumice tuffs are dominated by oligoclase—
andesine (An,g 4,), and the predominant plagioclase of
the dacitic tuffs is andesine (Any,_s,). Some of the phe-
nocrysts contain corroded calcic cores (Ans,_s5, more
rarely An,s_gs). The plagioclase contains melt inclu-
sions, apatite, and, more rarely, magnetite and ilmenite.
The holocrystalline aggregates are dominated by
bytownite—anorthite (Angg o,). The basaltic tephra con-
tains plagioclase phenocryst of bytownite composition
(Angs_gg) with crystalline inclusions of clinopyroxene
and melt inclusions. The marginal zones of these pla-
gioclase grains are characterized by a progressive
decrease in the anorthite concentration and corresponds
to An68_66.

The mafic minerals of all of the pyroclastic deposits
are dominated by orthopyroxene and clinopyroxene.
They were found in the form of phenocrysts (0.6—
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1.5 mm), microphenocrysts (100-300 pwm), as polym-
ineralic aggregates, and, more rarely, as crystalline
inclusions in other minerals. The pyroxenes contain
crystalline inclusions of magnetite, ilmenite, apatite,
and rare plagioclase, along with melt inclusions.
Amphibole occurs in the early products of each caldera
in the southern sector of the Karymskii volcanic center.
These minerals occur as black elongated columnar
crystals from 1.5 to 2.5 mm long. The crystals are euhe-
dral and are not altered. Hornblende in the rhyodacite
pumice deposits of the Odnobokaya caldera and Aka-
demii Nauk volcano are compositionally similar and
correspond to moderately aluminous (6.0-8.0 wt %
Al,O;) ordinary hornblende. The phenocrysts contain
crystalline inclusions of titanomagnetite, ilmenite, apa-
tite, and occasional plagioclase (Ang, 45), as well as
melt inclusions. The pumice tuffs of the Odnobokaya
caldera sometimes contain aluminous amphibole (9-
11, occasionally up to 12—-13 wt % Al,O;). Biotite is the
only mafic mineral in the most evolved rocks, namely,
in the tuffs and ignimbrites ejected early during the
development of the Polovinka caldera.

The ore minerals are titanomagnetite and ilmenite,
whose contents vary from a few fractions of a percent
to 1.5-2.0%. Their contents are the lowest in the pyro-
clastics of rhyodacite composition and are much higher
in the dacitic rocks. They occur as crystalline inclusions
in pyroxene and amphibole phenocrysts (and, more
rarely, also in plagioclase and quartz) and as polymin-
eralic aggregates. The sizes of the phenocrysts vary
from 100 to 300 wm, and those of the crystalline inclu-
sions are from a few micrometers to 100-150 pm.

In addition to the samples listed in Table 1, we also
studied large quartz crystals from a buried pyroclastic
flow found at the western wall of the complex of south-
ern calderas of the Karymskii volcanic center. In an
artificial exposure in a pyroclastic flow related to the
Polovinka caldera, these deposits include a buried layer
of coarse-grained sand, which is, in turn, overlain by
younger ignimbrite. The quartz and plagioclase crystal-
lapilli from this layer are 2-3 mm in size, and melt
inclusions in them can be discerned even under a binoc-
ular magnifier.

As was mentioned above, for comparison we also
examined melt inclusions in quartz crystals from
Golovnina volcano. This volcano is situated in the
southern part of Kunashir Island and has a caldera and
central extrusion dome of Holocene age (Gorshkov,
1967; Frolova et al., 1985). The dacites of this volcano
are porphyritic and contain phenocrysts of plagioclase
(An;,_43) and orthopyroxene and large quartz crystals.

INCLUSIONS IN MINERALS

Melt inclusions were prepared for studying and ana-
lyzed on a Camebax Microbeam microprobe using the
technique that we previously applied to study andesites
from some volcanoes in the Kuriles and Kamchatka

(Tolstykh et al., 2003) and trachybasalts from eastern
Tuva volcanic highland (Naumov et al., 2003). The
concentrations of H,O, F, and trace elements in the melt
inclusions were determined by secondary-ion mass
spectrometry on an IMS-4f ion microprobe at the Insti-
tute of Microelectronics, Russian Academy of Sci-
ences, in Yaroslavl by the method described in detail in
(Sobolev, 1996; Nosova et al., 2002; Portnyagin et al.,
2002).

We have examined more than 70 melt inclusions in
plagioclase and quartz from various rocks of the
Karymskii volcanic center and a few inclusions in
quartz from dacites of Golovnina volcano. Our data on
the chemical composition of the glasses of the melt
inclusions are presented in Tables 5-7. The SiO, con-
centrations in inclusions in plagioclase phenocrysts
from basalt from the Karymskii volcanic center vary
from 47.4 to 57.1 wt %, inclusions in plagioclase phe-
nocrysts from the andesites contain 55.7-67.1 wt %
Si0,, inclusions in plagioclase phenocrysts from the
dacites and rhyodacites contain 66.1-72.5 wt % SiO,
(Table 5), and quartz phenocrysts from the rhyodacites
contain inclusions with 72.2-75.7 wt % SiO, (Table 7).
The SiO, contents in quartz from the dacites of Golovn-
ina volcano vary from 70.2 to 77.0 wt % (Table 7).

The basaltic melts (Table 5) contain usual concen-
trations (wt %) of TiO, (0.7-1.3), FeO (6.8-11.4), MgO
(2.3-6.1), and CaO (6.7-10.8) but are significantly
enriched in Na,O (2.9-7.4 wt % at an average of 5.1%),
with the highest Na,O concentrations detected in the
most basic melts (SiO, = 47.4-52.0 wt %). The K,O
concentrations range from 0.4 to 1.7 wt %. The only
exception was one melt inclusion that contained much
more K,O (5.95 wt %) than Na,O (2.64 wt %). Note
that this K,O-rich inclusion contains very little ClI
(0.01 wt %), whereas the other 19 inclusions in sample
K-2 are much richer in CI (0.06-0.12 wt % at an aver-
age of 0.09 wt %). This feature of potassic melts in
terms of Cl concentration was noted earlier in the melts
of volcanics from the Medvezh’ya caldera in Iturup
Island, southern Kuriles (Tolstykh et al., 1997) and in
acid melts of the Verkhneuralsk mining districts in the
Southern Urals (Naumov et al., 1999). The S concentra-
tions in the basaltic melts are also relatively high (0.07-
0.22 wt %, 0.14 wt % on average, in 17 inclusions).
Two inclusions were determined to contain as much as
0.7 and 2.4 wt % H,O (Table 6).

The SiO, concentrations in the glasses of melt inclu-
sions in the andesite sample vary from 55.7 to
67.1 wt %, i.e., is 9 wt % on average higher than in the
glasses in melt inclusions in the basalt sample
(Table 5). The melts in plagioclase from the andesite
are characterized by high concentrations of FeO (9.0—
4.1 wt %, 6.5 wt % on average) and CaO (5.2 wt % on
average) at usual concentrations of Na,O (4.5 wt %)
and K,O (2.1 wt %). The CI concentration in the andes-
ite melt is much higher than in the basalt melt (up to
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Table 5. Chemical composition (wt %) of glasses in melt inclusions in plagioclase from rocks from the Karymskii volcanic

center

Inclu- Component Total | T,°C | An
SI0N 0.1 §i0, | TiO, | AlL,O;| FeO | MnO | MgO | CaO |Na,O | K,O | P,Os | CI S
Sample K-2
1 |47.44]0.73 [19.67] 6.83] 0.13 | 5.19 |10.82| 7.40 | 0.44 | 0.09 | 0.07 | 0.14 | 98.95| 1140 | 93
2 4947 1.08 |16.09| 8.66| 0.12 | 6.10 | 10.00| 5.96 | 1.13 | 0.24 | 0.12 | 0.19 | 99.16 | 1140 | 81
3 5071 0.99 | 18.93| 8.01| 0.19 | 3.20 | 9.93| 4.64 | 0.73 | 0.25 | 0.07 | 0.13 | 97.79| 20| 88
4 [50.92| 1.05 |15.69| 8.77| 0.22 | 495 | 9.08| 6.90 | 1.24 | 0.18 | 0.10 | 0.16 | 99.26| 20 | 84
5 15098 0.79 |19.05| 7.86| 0.16 | 4.30 | 9.69| 6.21 | 0.66 | 0.15 | 0.10 | 0.16 | 100.11 | 1120 | 89
6 |51.27] 091 [17.36| 8.12| 022 | 3.65 | 8.90| 5.33 | 1.07 | 0.16 | 0.06 | 0.15 | 97.20| 1140 | 84
7 |51.47] 095 |17.76 | 9.03| 021 | 470 | 9.05| 6.38 | 0.66 | 0.16 | 0.08 | 0.10 | 100.55| 1120 | 92
8 |51.84|0.87 |19.83| 7.24| 0.13 | 3.75 | 9.28| 591 | 0.74 | 0.16 | 0.07 | — | 99.82| 1100 | 85
9 5204 1.02 |1645| 8.45| 0.12 | 526 | 838| 7.07 | 1.40 | — - | 022 |10041| 1130 | 91
10 |53.55| 1.08 |18.71| 7.83| 0.23 | 3.06 | 9.82| 4.02 | 0.92 | 0.19 | 0.09 | 0.19 | 99.69 | 1100 | 89
11 |5387| 1.01 [1835| 7.71| 0.14 | 3.55 | 7.61| 556 | 0.94 | 022 | 0.09 | — | 99.09 | 1100 | 88
12 5390 1.30 | 13.93|11.39| 0.23 | 476 | 7.03| 3.88 | 1.25 | 0.24 | 0.11 | 0.11 | 98.13| 20| 84
13 |54.11| 0.85 | 16.42| 8.90| 0.21 | 4.63 | 8.16| 4.43 | 1.66 | 0.14 | 0.07 | 0.17 | 99.58 | 1120 | 86
14 |54.68| 1.00 [ 17.30| 7.70| 0.15 | 3.68 | 8.12| 6.05 | 0.91 | 0.13 | 0.08 | 0.14 | 99.94 | 1140 | 87
15 |54.87| 0.83 |14.41| 898 0.14 | 6.59 | 821| 4.60 | 0.68 | 0.24 | 0.09 | 0.10 | 99.74 | 1140 | 86
16 |55.44| 1.19 | 1623 | 8.96| 0.15 | 3.92 | 6.66| 5.15 | 1.44 | 0.19 | 0.11 | 0.15 | 99.59 | 1100 | 83
17 |55.44| 0.86 | 17.67| 5.45| 0.09 | 3.72 | 8.15| 2.64 | 595 | 0.11 | 0.01 | 0.03 [100.12 | 1140 | 82
18 [55.47| 1.03 | 17.62| 8.08| 0.21 | 3.63 | 7.24| 3.09 | 1.11 | 0.17 | 0.11 | — | 97.76| 20| 83
19 [55.62| 091 [18.59| 6.85| 0.16 | 3.61 | 7.90| 4.84 | 1.04 | 0.21 | 0.09 | 0.10 | 99.92 | 1120 | 83
20 [57.14| 0.88 [ 17.97| 7.29| 0.17 | 3.50 | 7.46| 2.87 | 1.10 | 0.15 | 0.11 | 0.10 | 98.74 | 1120 | 83
Sample K-63
21 [56.89| 225 |13.60| 8.98] 0.26 | 243 | 6.17| 566 | 1.80 | — | 038 | 0.12 | 98.54| 1110 | 84
22 [57.26| 171 | 1576 7.82] 0.26 | 2.15 | 6.33| 522 | 1.79 | 1.16 | 0.30 | 0.15 | 99.91 | 1110 | 84
23 5821 1.70 | 15.15| 7.84| 0.20 | 1.97 | 6.44| 495 | 1.74 | 1.23 | 0.30 | 0.13 | 99.86| 1110 | 84
24 15926 1.33 | 1634 6.73] 023 | 1.62 | 6.00| 522 | 1.75 | 0.89 | 0.29 | 0.06 | 99.72 | 1110 | 60
25 [59.45| 1.47 [ 16.58| 629 0.18 | 1.63 | 5.53| 5.83 | 1.84 | 0.36 | 0.29 | 0.05 | 99.50 | 1120 | 78
26 [59.55| 2.11 | 16.03| 6.89| 0.25 | 1.67 | 552| 528 | 1.81 | 0.46 | 0.29 | 0.09 | 99.95| 1110 | 60
27 160.39| 1.60 | 14.86| 8.16| 0.23 | 1.99 | 547| 474 | 1.77 | 0.28 | 0.30 | 0.13 | 99.92 | 1110 | 84
28 | 60.64| 129 | 16.42| 594 | 0.15 | 1.67 | 535| 5.60 | 1.67 | 0.39 | 0.25 | 0.07 | 99.44 | 1120 | 78
20 [60.71| 1.69 | 15.48| 7.02| 0.24 | 1.68 | 5.68| 4.42 | 1.77 | 0.59 | 0.33 | 0.06 | 99.67 | 1120 | 70
30 [61.30| 1.35 [14.12| 6.87 | 0.26 | 2.27 | 5.40| 5.02 | 1.89 | 1.16 | 0.33 | 0.09 | 100.06 | 1110 | 84
31 6245|122 [1549| 6.23| 0.21 | 1.57 | 5.32| 3.88 | 2.12 | 046 | 0.29 | 0.06 | 99.30 | 1120 | 70
32 [63.02| 1.58 [15.62| 5.70| 0.25 | 1.20 | 4.57| 3.84 | 1.94 | 045 | 021 | — | 9838|1120 | 78
33 |63.64| 098 [16.88| 4.31| 0.16 | 1.02 | 3.77| 4.84 | 3.10 | 0.59 | 0.31 | 0.07 | 99.67 | 1120 | 58
34 |64.57| 1.14 [12.30| 5.45| 020 | 1.36 | 3.23| 4.86 | 2.85 | 0.47 | 0.21 | 0.04 | 96.68 | 1120 | 52
35 [67.10] 0.90 [13.85| 5.66| 0.21 | 1.28 | 3.55| 4.22 | 221 | 0.33 | 0.20 | 0.08 | 99.59 | 1120 | 59
Sample K-4
36 |55.70| 1.27 [15.87| 8.15| 0.14 | 2.74 | 6.45]| 582 | 1.37 | 0.32 | 0.27 | 0.10 | 98.20| 1100 | 80
37 |56.67| 1.47 |15.36| 8.54| 0.46 | 2.70 | 6.81| 5.71 | 1.68 | 0.36 | 0.26 | 0.07 | 100.09 | 1100 | 78
38 [58.33| 1.40 [15.09| 7.54| 0.21 | 2.15 | 6.60| 5.94 | 1.89 | 0.45 | 0.35 | 0.09 | 100.04 | 1100 | 78
39 [61.68| 1.47 [14.20| 7.75| 0.21 | 2.00 | 5.34| 4.65 | 1.96 | 0.33 | 0.26 | 0.06 | 99.91 | 1110 | 65
40 6226 1.52 |14.44| 741|024 | 1.87 | 5.02| 429 | 1.93 | 0.36 | 0.28 | 0.05 | 99.67 | 1110 | 65
PETROLOGY Vol. 16 No. 1 2008
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Table 5. (Contd.)

g B Component Total | 7,°C | An
Si0, | TiO, | A,O5| FeO | MnO | MgO | CaO | Na,O | K,O0 | P,O5 | CI S
41 |63.01| 1.52 [14.48 | 7.69 | 022 | 1.77 | 5.30| 3.24 | 1.88 | 0.45 | 0.26 | 0.08 [99.90 | 1110 | 69
42 |64.13] 092 [ 1538 5.60 | 0.17 | 1.57 | 5.07| 4.06 | 2.29 | 0.32 | 0.21 | 0.08 [99.80 | 1110 | 64
43 | 64.30| 0.69 [ 16.30 | 4.08 | 0.12 | 1.05 | 4.97| 4.96 | 3.07 | 0.18 | 0.14 | 0.07 [99.93 | 1110 | 58
44 | 64.70| 1.39 | 14.06 | 6.03 | 020 | 1.48 | 4.40| 3.98 | 2.77 | 0.53 | 0.19 | 0.06 [99.79 | 1110 | 58
45 |64.73| 0.83 [ 1546 | 472 | 0.14 | 1.07 | 4.97| 4.96 | 2.00 | 022 | 0.15 | 0.07 [99.32 | 1110 | 59
46 6521 1.02 | 14.64 | 4.48 | 020 | 1.06 | 3.66| 4.18 | 2.03 | 0.24 | 0.17 | 0.08 |96.97 | 1100 | 53
47 |65.46| 1.04 [ 1570 | 4.65 | 0.11 | 1.26 | 4.47| 4.12 | 2.05 | 0.36 | 0.18 | 0.08 |99.48 | 1100 | 53
48 |65.75| 094 [ 14.13 | 493 | 0.18 | 1.18 | 3.62| 3.65 | 2.54 | 0.37 | 0.16 | 0.06 |97.51 | 1100 | 55
49 16578 | 0.96 [15.05| 5.33 | 020 | 1.39 | 4.39| 3.65 | 2.55 | 0.41 | 0.15 | 0.07 |99.93 | 1100 | 53
Sample K-41
50 [47.27] 0.67 [18.93| 634 | 0.16 | 5.56 | 10.56 | 7.07 | 0.25 | 0.15 | 0.04 | 0.09 |97.09 | 1150 | 93
51 [50.69| 0.74 |16.42| 7.99 | 0.15 | 5.80 | 9.22| 6.62 | 0.47 | 0.11 | 0.03 | 0.12 |98.36 | 1150 | 93
52 6593|037 [13.77| 2.02 | 0.12 | 0.63 | 2.29| 3.64 | 2.55 | 0.09 | 0.17 | 0.01 |91.59| 20| 49
53 |66.05| 0.40 [13.80| 2.21 | 0.00 | 0.59 | 2.10| 4.54 | 2.40 | 0.12 | 0.19 | 0.01 |92.41| 20| 47
54 16676 | 0.32 [13.89 | 2.31 | 0.11 | 0.64 | 2.23| 4.40 | 2.46 | 0.00 | 0.15 | 0.00 |9327| 20| 63
55 | 68.24| 0.46 [14.00| 2.59 | 0.14 | 0.66 | 2.26| 4.20 | 2.56 | 0.06 | 0.19 | 0.01 |9537| 20| 63
56 |68.32] 021 [13.93| 232 | 0.11 | 0.64 | 2.15| 448 | 2.46 | 0.08 | 0.19 | 0.01 |9490| 20| 47
57 169.95| 047 [13.73| 2.94 | 0.03 | 0.89 | 2.23| 4.44 | 247 | 0.10 | 0.19 | 0.02 |97.46| 20| 63
Sample K-35
58 |71.76| 0.21 |13.16| 0.94 | 0.03 | 0.27 | 0.83| 4.97 | 3.32 | 0.00 | 0.20 | 0.01 |95.70| 1150| 25
Sample K-31
59 17078 ] 023 [12.25] 1.59 | 0.08 | 031 | 1.49] 4.18 | 3.33 | 0.06 | 022 | 0.01 |94.53| 20| 43
60 |71.74] 0.30 | 12.45| 1.58 | 0.06 | 0.37 | 1.40| 4.25 | 3.43 | 0.09 | 024 | 0.01 |95.92| 20| 43
61 |71.85] 029 [12.36| 1.38 | 0.06 | 0.26 | 1.25| 4.21 | 3.15 | 0.03 | 0.17 | 0.00 |95.01 | 20| 43
62 [72.09] 0.35 |12.48| 1.57 | 0.03 | 033 | 1.41] 299 | 326 | 0.01 | 0.19 | 0.01 |9472| 20| 47
63 |72.13] 0.32 |11.67| 1.44 | 0.08 | 030 | 1.28| 3.89 | 3.19 | 0.01 | 0.19 | 0.00 | 9450 | 20| 41
64 |72.18] 0.28 |12.42| 1.67 | 0.01 | 034 | 1.30| 3.80 | 3.29 | 0.02 | 0.18 | 0.02 |9551| 20| 41
65 [72.35] 027 [12.09| 1.39 | 0.10 | 0.25 | 1.27| 3.86 | 3.26 | 0.04 | 0.16 | 0.00 |95.04| 20| 41
Sample K-23
66 |7242]0.18 [12.40| 1.16 | 0.07 | 0.24 | 1.20] 3.60 | 3.06 | 0.01 | 020 | 0.01 |94.55| 20| 35
67 |72.54] 0.18 [11.93| 1.13 | 0.00 | 0.21 | 1.20| 3.63 | 3.05 | 0.00 | 0.20 | 0.02 |94.09| 20| 35
68 [73.09] 028 [12.50| 1.20 | 0.09 | 0.27 | 1.28| 2.80 | 2.91 | 0.06 | 0.19 | 0.01 |94.68| 20| 35

0.26 wt % on average), and the S concentration is lower
(up to 0.07 wt % on average).

The glasses of melt inclusions in plagioclase
(Angs_ps) from the dacite and rhyodacite samples are
characterized by usual concentrations (wt %) of SiO,
(65.9-73.1), FeO (1.1-2.9), MgO (0.2-0.9), Na,O
(2.8-5.0), and K,O (2.4-3.4). The CI concentration of

these melts is as high (0.19 wt % on average) as in the
andesite melts, but the S concentration is much lower:
0.01 wt %. Ion microprobe analyses of nine melt inclu-
sions allowed us to determine the water concentrations
during the crystallization of the plagioclase (Table 6).
These concentrations turned out to be very high: from
3.1 to 7.3 wt % at an average of 5.5 wt %. It should be
noted that dacite sample K-41 contained a plagioclase
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Table 6. Concentrations of water (wt %) and trace elements (ppm) in melt inclusions in plagioclase from rocks from the

Karymskii volcanic center, Kamchatka

Compo- Inclusion no. in Table 5

nent 50 3 4 53 54 56 60 61 62 65 67 58
H,0 0.69| 244 | - 727 | 464 | 497 | 514 | 587 | 312 | 496 | 6.65 475
Li 1750 | 284 118 252 | 223 | 232 | 148 | 146 | 160 | 158 | 222 73.7
Be 0.19| 069 | 056 | 1.07| 125| 134| 1.13| 118 | 095| 1.04| 1.11 0.95
B 598 790 | 632 360 | 269 | 149 | 326 | 327 | 320 | 351 | 416 58.4
F 6.79 | 142 6.32 | 533 508 814 801 569 948 587 324 14.0
Cr - 363 | 70.6 - - - - - - - - 0.81
Rb - 120 | 300 - - - - - - - - 91.8
Sr 531|418 449 255 285 363 107 105 188 102 107 57.2
Y 890| 152 | 193 | 198 | 16.1 9.19 | 18.6 | 215 | 224 | 229 | 169 8.15
Zr 175 | 559 | 64.1 |134 107 582 | 183 177 204 209 140 57.2
Nb 042| 1.88 | 1.87| 289 | 253 | 146 | 405| 431 | 630| 496 | 3.71 3.69
Ba 88.1 | 187 236 413 481 461 629 629 734 685 606 1070
La 181 48| 7.7 | 819 | 807 | 744| 108 | 113 | 128 | 11.6 | 103 12.4
Ce 335| 128 | 177 | 238 | 20.1 | 240 | 276 | 286 | 298 | 302 | 24.0 21.5
Nd 428 887 13.0 | 109 | 100 7.08 | 122 | 13.1 144 | 134 | 106 7.54
Sm 087| 237 | 341 | 352 256 | 257 | 311 | 350 | 342| 378 | 271 1.32
Eu 042 086 | 127 | 057| 091 | 072| 068| 099| 070| 072| 0.76 0.31
Gd 1.13| 284 | 335| 380 | 251 | 299 | 224| 441 | 317 | 377 | 251 0.64
Dy 115 253 | 356 | 376 | 271 | 270| 285 | 3.63| 336| 415| 252 1.24
Er 077| 1.83| 259 | 287 | 208| 209| 217 | 268 | 261 | 3.08]| 200 1.04
Yb 079 203 | 235| 28| 200| 180 | 262| 297 | 272| 332| 226 1.25
Hf - 1.69 | 217 - - - - - - - - 1.78
Th 0.14| 090 | 059 | 1.63| 142| 080 | 232| 211| 242| 244| 276 3.76
§] 005| 047 | 036| 1.11| 08| 054| 152| 149| 178 | 188 | 1.66 2.17
Th/U 2.80| 191 164 | 147 | 167 | 148 | 153 | 142 136 130 1.66 1.73
La/Yb 229 240 | 3.05| 286 | 404 | 413 | 412| 380 | 471 | 349 | 456 9.92

phenocryst (Any;) with melt inclusions of composition
analogous to those of inclusions in basalt sample K-2.
They were also determined (Table 5) to bear high con-
centrations (wt %) of Na,O (6.6-7.1), MgO (5.6-5.8),
and FeO (6.3-8.0) at low concentrations of K,O
(0.2-0.5). It is pertinent to recall that sample K-2 is
basalt erupted in 1996 at Novogodnii peninsula in the
Akademii Nauk caldera, and sample K-41 was taken
from the eastern wall of the Odnobokaya caldera
(Fig. 1).

The SiO, contents in the glasses of melt inclusions
in quartz from the buried pyroclastic flow (Table 7) are
even lower: from 72.2 to 75.7 wt %. These acid melts
bear usual concentrations (wt %) of TiO, (0.09-0.31),
FeO (0.5-1.3), MgO (0.06-0.27), CaO (0.6-1.2), Na,O

PETROLOGY  Vol. 16
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(3.34.0), K,0 (2.8-4.1), and Cl (0.10-0.15). The
water concentration in the melt varied from 0.9 to
4.9 wt % (at an average of 3.3 wt % of six analyses).

In order to compare them with the compositions of
acid melts from the Karymskii volcanic center, we
examined melt inclusions in quartz from dacite from
Golovnina volcano. These inclusions (Fig. 2) are large,
up to 100-140 um and are either partly recrystallized
(Figs. 2a, 2b) or contain only glass and small gas bub-
bles (Fig. 2c). The complete homogenization tempera-
tures of these inclusions are 820-850°C, and the inclu-
sions usually homogenized for no more than 5-10 min.
The melts heterogenized with the separation of numer-
ous gas bubbles (Fig. 2d) at temperatures of 700-780°C
for 15-30 s, which testifies that the melt has a low vis-
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Table 7. Chemical composition (wt %) of melt inclusions in (1-6) quartz from a buried pyroclastic flow in the Karymskii
volcanic center, Kamchatka, and (7-10) quartz in dacites from Golovnina volcano, Kunashir Island

Compo- 1 2 3 4 5 6 7 8 9 10
nent

Si0, 7215 | 7283 | 7328 | 7402 | 7491 | 7567 | 7018 | 7212 | 7405 | 77.02
TiO, 0.24 0.1 0.12 0.09 0.31 0.1 0.24 0.19 0.16 0.16
ALO; 1282 | 1251 | 1298 | 1244 | 1295 | 1283 | 1095 | 1178 | 11.02 9.29
FeO 130 0.51 0.57 0.54 1.25 0.67 1.57 1.25 1.18 0.90
MnO 0.04 0.06 0.07 0.13 0.15 0.11 0.00 0.15 0.08 0.04
MgO 0.27 0.12 0.16 0.06 0.24 010 | 027 021 0.20 0.19
Ca0 1.23 0.66 0.88 0.62 1.19 0.68 1.43 135 1.04 0.98
Na,O 3.89 3.32 3.60 3.72 4.03 3.64 5.81 479 4.46 4.10
K,0 2.82 3.82 3.74 3.92 3.12 4.12 178 1.83 1.84 1.69
P,0s 0.02 0.04 0.00 0.06 0.01 0.04 0.02 0.02 0.04 0.10
cl 0.14 0.1 0.10 0.1 0.15 0.10 | 028 0.26 0.26 0.19
H,0 4.89 4.88 420 3.41 0.90 .64 6.68 5.73 4.98 5.10
Total 99.81 | 9897 | 9970 | 99.12 | 9921 | 9971 | 9921 | 99.68 | 9931 | 99.76
Li 18.2 13.6 21.0 18.9 16.9 24.0 0.16 0.59 0.27 4.42
Be 1.04 0.94 0.76 0.94 0.99 0.93 0.70 0.58 0.58 0.49
B 30.0 55.4 37.1 546 | 435 575 | 105 110 100 70.9
F 605 269 223 274 644 163 539 925 765 401

Cr 226 0.74 1.13 0.73 238 1.09 1.10 2.00 2.50 1.46
Rb - _ _ _ _ _ 25.7 39.3 43.4 23.8
Sr 123 506 | 113 549 | 121 59.1 74.0 68.2 56.5 452
Y 15.8 1.5 7.20 962 | 266 865 | 37.8 29.8 27.8 20.6
7r 163 64.0 63.2 599 | 237 56.5 | 148 121 117 95.3
Nb 3.22 5.44 290 | 414 | 419 3.85 135 1.44 1.46 1.10
Ba 563 843 782 933 556 778 464 575 554 323
La 11.6 14.7 982 | 125 14.7 10.7 8.02 9.12 8.29 5.87
Ce 28.0 22 19.2 25.0 36.8 20.9 219 204 21.1 13.6
Nd 13.9 10.3 7.24 891 | 21.1 742 | 127 12.5 123 8.25
Sm 2.87 1.52 1.40 2.15 5.12 1.48 3.84 3.43 3.27 2.25
Eu 0.77 0.74 0.47 0.1 1.12 0.21 0.43 0.61 0.81 0.49
Gd 2.78 1.45 1.08 1.60 5.19 1.82 4.89 5.01 476 2.14
Dy 2.64 1.44 1.09 1.57 431 1.44 535 4.83 452 2.96
Er 1.69 127 0.92 1.34 3.13 1.02 4.47 3.89 3.48 232
Yb 1.91 135 0.95 1.53 3.19 120 5.45 429 9.35 2.84
Hf 428 221 1.85 1.96 5.26 1.63 4.94 479 475 3.08
Th 1.99 4.66 254 | 452 228 3.53 2.77 2.49 234 1.84
U 1.38 2.90 1.73 2.77 1.48 2.19 127 131 1.17 0.82
ThU 1.44 1.61 1.55 1.63 1.54 1.61 2.18 1.90 2.00 2.4
La/Yb 607 | 109 10.3 8.17 4.61 8.92 1.47 2.12 0.89 2.07

Note: Oxides are given in wt %, trace elements are in ppm.
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Table 8. Average La and Yb concentrations (ppm) and the La/Yb ratio of melt inclusions in minerals of volcanic rocks from

Kuriles and Kamchatka

Volcano Rock Mineral n La Yb La/Yb
Kurile Islands
Golovnina, Kunashir Island dacite quartz 4 7.8 5.5 1.4
Kudryavyi, Iturup Island basaltic andesite | plagioclase 2 4.9 4.0 1.2
Men’shoi Brat, Iturup Island basaltic andesite | plagioclase 2 94 53 1.8
Cjikurachki, Paramushir Island* basalt olivine 19 6.9 2.8 2.5
Kamchatka
Karymskii basalt plagioclase 3 4.6 1.7 2.7
” dacite plagioclase 9 10.3 24 4.3
” rhyodacite quartz 6 12.3 1.7 7.2
Klyuchevskoi** basalt olivine 78 5.1 1.9 2.7
Avachinskii*** avachite olivine 5 6.9 1.5 4.6
Avachinskii andesite plagioclase 2 7.3 1.2 6.1
Bezymyannyi andesite plagioclase 3 11.8 1.5 7.9
Dikii Greben’ dacite plagioclase 2 11.8 1.4 8.4
Shiveluch andesite plagioclase 7 9.1 0.7 13.0

Note: * Data from (Gurenko et al., 2005), ** data from (Mironov and Portnyagin, in press), *** data from (Portnyagin et al., 2005); n is

the number of analyses.

cosity. This behavior of the inclusions in our thermal
experiments definitely indicates that the melt contained
much water, which also follows from ion microprobe
analyses of the inclusions (5.0-6.7 wt % H,O at an
average of 5.6 wt % of six analyses; Table 7). Com-
pared to the acid melts of the Karymskii volcanic cen-
ter, these melts are richer in Na,O (4.1-5.8 wt %) and
CI (0.19-0.28 wt %) but poorer in K,O (1.7-1.8 wt %).

DISCUSSION

Microprobe analysis of glasses in inclusions reveals
very interesting compositional features of the melts of
the Karymskii volcanic center. When plotted in a SiO,
vs. (Na,O + K,0) diagram, most of the melts corre-
spond to alkaline varieties from tephrite to trachyte,
although some melts have lower alkalinity (Fig. 3). The
rocks (Table 1) do not, however, contain elevated con-
centrations of alkalis. Another noteworthy feature is
that the compositional trend in the diagram is nearly
parallel to the abscissa, i.e., an increase in the silicity of
the melts is not associated with an increase in the sum
of alkalis, whereas crystallization differentiation
should have resulted a simultaneous increase in both
silica and alkalis.

The evolution of the melt is illustrated more com-
prehensively in Fig. 4. The behavior of various major
components can be provisionally classified into the fol-
lowing three types:
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(1) The concentrations of Al,O;, MgO, and CaO
systematically decrease with increasing SiO,, and the
concentration of K,O simultaneously increases. The
trends have no bends and are typical of crystallization
differentiation processes.

(2) The concentrations of TiO, and FeO systemati-
cally decrease with increasing SiO, only until SiO, >
57 wt % because of the precipitation of ore components
in the course of crystallization differentiation. In more
basic melts, which were found in inclusions in plagio-
clase from sample K-2 (basalt of the 1996 eruption at
the Akademii Nauk caldera), the TiO, concentration
even slightly increases (from 0.7 to 1.3 wt %). Much
higher TiO, concentrations were detected in inclusions
in plagioclase from samples K-4 and K-63 (andesite of
the 1996 and 1997 eruptions of Karymskii volcano).
TiO, concentrations higher than 1.3 wt % were found in
17 melt inclusions. The FeO concentration remains
practically unchanging (7-9 wt %) at SiO, < 57 wt %
(sample K-2, Fig. 4).

The most unexpected behavior shows Na,O, whose
content decreases with increasing silicity, and the plot
(Fig. 4) displays two compositional trends. In one of
them, the Na,O concentration varies from 7.5 to 3 wt %
within a relatively narrow range of SiO, (47-57 wt %),
whereas the other trend has a gentler slope, with Na,O
varying from 6 to 3 wt % at SiO, changing from 57 to
73 wt %. The former trend was obtained for basalt
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(©)

(o)

Fig. 2. Melt inclusions in quartz from dacite of Golovnina volcano. Sizes of inclusions: (a, ¢) 100 wm; (b, d) 50 pm.

(sample K-2), and the latter is for andesite (samples
K-4 and K-63) and dacite (samples K-41 and K-31).

The basaltic melts of the Karymskii volcanic center
(5810, =47-57 wt %) are characterized, along with high
Na,O concentrations, also by high Na,O/K,O ratios,

NazO + K20
16

12

J
80
Si0,
Fig. 3. Si0,—(Na,0 + K,O) classification diagram (Le Bas
et al., 1986) for the composition of melt inclusions.

Rocks: B—basalt, TB—trachybasalt, BA—basaltic andes-
ite, BTA—basaltic trachyandesite, A—andesite; TA—tra-
chyandesite, D—dacite, TD—trachydacite, R—rhyolite.

which is equal to 8.0 on average (average of 23 analy-
ses). Equally high Na,O concentrations and similar
Na,O/K,0 ratios were previously detected in xenoliths
from Mongolia and Yemen (Ionov et al., 1994; Chazot
et al., 1996). Glasses in peridotite xenoliths form alka-
line basalts from Mongolia (Ionov et al., 1994) contain
51.8-57.0 wt % SiO, and 6.8-10.6 wt % Na,O and have
Na,O0/K,0 4.5-17.2 at an average of 8.6
(19 analyses). The glasses found in spinel Iherzolites from
Yemen (Chazot et al., 1996) contain 50.0-55.8 wt % SiO,
and 5.9-8.9 wt % Na,O at Na,O/K,0 =7.5-14.1 (aver-
age 9.7 of 15 analyses). The authors of these publica-
tions considered the genesis of such melts problematic
and thought it could have been affected by mantle meta-
somatism under the effect of sodic mantle fluid.

The comparison of the compositional fields of the
melts (Fig. 5) form various volcanoes (Karymskii vol-
canic center, Bezymyannyi, and Shiveluch) demon-
strates that the volcanics of the Karymskii volcanic cen-
ter show the broadest spectrum of melt compositions
(including basic varieties enriched in Fe, Mg, and Ti).
At the same time, the compositional trends of these
melts are pronounced much more clearly in the varia-
tion diagrams, and the paired correlations of major
components are stronger than those of the products of
Bezymyannyi and Shiveluch volcanoes.

The distributions of incompatible elements in the
basaltic and dacite-rhyolitic melts of the Karymskii
PETROLOGY  Vol. 16
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Fig. 4. Variation diagrams SiO,—major element and SiO,—S (wt %) for the compositions of melt inclusions in (1-6) plagioclase and
(7) quartz from the Karymskii volcanic center.

Samples: (1) K-2; (2) K-63; (3) K-4; (4) K-41; (5) K-31; (6) K-23.
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Fig. 5. Comparison of the composition (wt %) of melt inclusions in phenocrysts in volcanic rocks from (1) the Karymskii volcanic

center, (2) Bezymyannyi, and (3) Shiveluch volcanoes.

Number of analyses of inclusions: Karymskii volcanic center—73, Bezymyannyi volcano—47, Shiveluch volcano—38.

volcanic center and in the rhyolitic melts of Golovnina
volcano (Fig. 6) suggest an arc provenance of all of
these melts. Inasmuch as the most strongly incompati-
ble elements practically do not fractionate one relative
another during crystallization, their bulk concentrations
can provide information on the magmatic source of the
volcanic center. The arc characteristics of the melts of
the Karymskii volcanic center include, for example, Nb
minima and high Ba/Th ratios relative to those in
MORB. These features are characteristic of both the
most primitive and the most differentiated melts. This
points to a state of the mantle source, which was prob-
ably metasomatized by a fluid component enriched in
LREE and relatively depleted in Nb. The magmatic

source of the Karymskii volcanic center shows some
distinctive features, first of all, relative enrichment in
Li, which is pronounced particularly conspicuously in
comparison with the melts of Golovnina volcano. Note
that the enrichment in Li relative to HREE and Y com-
pared to MORB is typical of many basic arc magmas
(Portnyagin et al., 2007). However, the absolute con-
centrations of this element usually do not exceed 5-
6 ppm, whereas the basic melts of the Karymskii volca-
nic center contain 19 to 290 times more Li, and the acid
melts contain 2—12 times more this element. The differ-
ence for acid arc melts is even more significant (Fig. 6).
Note that Li-rich melts are also noted for elevated Na
2008
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Fig. 6. N-MORB (Sun and McDonough, 1989) normalized trace-element composition of the melt inclusions.
(1, 2) Karymskii volcanic center: (1) basaltic melts, (2) rhyodacitic melts; (3) rhyolitic melts of Golovnina volcano.

concentrations (up to 7.5 wt %). These values are gen-
erally atypical of basic melts.

It is interesting that, according to the analyses
reported in (Portnyagin et al., 2007), some inclusions in
olivine from Karymskii volcano correspond to basic
melts with an average Na,O concentration of 2.9 wt %
and 5.23 ppm Li. The concentrations of incompatible
elements reported by these researchers and ourselves
were analyzed on the same equipment and with the use
of the same standards, which rules out analytical errors.
Thus, the relatively primitive melts of the Karymskii
volcanic center (basic melts depleted in incompatible
elements, including LREE) or some of them differ from
most analogous basic magmas elsewhere in having ele-
vated concentrations of Na and Li. The reasons for this
enrichment remain uncertain. As one of the possible
explanation variants, it could have been melt contami-
nation with crustal minerals, for example, zeolites of
the natrolite group, which were formed in the source
from the material of ancient basalts of the volcanic cen-
ter. The absence of information on these minerals
makes it hard to draw any more specific conclusions.

Note that one of the samples in which the melt inclu-
sions with high Na and Li concentrations were found
was taken from a wall of the ancient caldera, and the
other two samples were collected during the 1996 erup-
tion. This led us to conclude that either the assimilation
processes of crustal material were multiple over a long
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time period or the residence time of phenocrysts that
crystallized from the melt was very long in shallow sit-
ting chambers.

It is also difficult to reproduce the process because
all minerals containing appreciable Li concentrations
are either secondary (zeolites) or crystallize from dif-
ferentiated melts late in the crystallization process of
magmatic bodies (pegmatite minerals). Thus, as fol-
lows from available mineralogical data, the melt could
enrich in these elements only near the surface via the
reworking of crustal material.

A secondary nature of the Li- and Na-enriched
phase can be ruled out: first, the inclusions are primary
(as follows from their morphology); second, the rocks
were not affected by secondary alterations because all
of them were collected when still hot during the 1996
eruption; and, third, the features listed above are also
inherited by more acid (i.e., more differentiated) melts
of the volcanic center. Thus, relative enrichment in Li is
characteristic of all melts of the Karymskii volcanic
center.

Li behavior in melts of the Karymskii volcanic cen-
ter should be considered anomalous, because this ele-
ment should enrich melts in compliance with the classic
differentiation scheme. In our situation, more acid
melts have lower Li concentrations than more basic
varieties. Because of this, we cannot rule out the mixing
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Fig. 7. Th-La/Yb and Th-Th/U diagrams for melt inclu-
sions in minerals from volcanic rocks of Kamchatka and the
Kurile Islands.

(1, 2) Karymskii volcanic center: (1) basalts, (2) andesites
and dacites; (3) Golovnina volcano, Kunashir Island;
(4) Medvezh’ya caldera, Iturup Island (Kovalenko et al.,
2004); (5) Chikurachki volcano, Paramushir Island
(Gurenko et al.,, 2005); (6, 7) Avachinskii volcano:
(6) according to (Tolstykh et al., 2003), (7) according to
(Portnyagin et al., 2007); (8) Bezymyannyi volcano;
(9) Dikii Greben’ volcano; (10) Shiveluch volcano;
(11) N-MORB (Sun and McDonough, 1989); (12) Kly-
uchevskoi volcano (Portnyagin et al., 2007).

of basic melts with high Li concentrations with acid
melts and the resultant enrichment of the latter in Li.

Figure 7 shows the La/Yb-Th and Th/U-Th rela-
tions for various volcanics from the Kurile-Kamchatka
island arc and depleted MORB. As can be seen, the
La/Yb ratio of the melts suggests their different degrees
of differentiation. The melts of Golovnina volcano have
La/Yb = 1.4, which is very close to the values of
MORB (Table 8, Fig. 7). In this diagram (Fig. 7), other
melts similar to MORB are from Kudryavyi and
Men’shoi Brat volcanoes in Iturup Island, Kuriles, and
the basaltic melts of the Karymskii volcanic center and
Klyuchevskoi volcano in Kamchatka. The andesite—
dacite melts of Karymskii and Avachinskii volcanoes
(inclusions in olivine and plagioclase) plot slightly far-
ther away from N-MORB. The melts of the southern
sector of the Karymskii volcanic center, Bezymyannyi,
Dikii Greben’, and Shiveluch volcanoes are differenti-
ated even more strongly.

The Th/U ratio in melts from the Karymskii volca-
nic center (Fig. 7) almost does not vary for all of the
compositions and lies within the range of 1.3-1.9. At
the same time, a basaltic melt with a remarkably higher
Th/U ratio (equal to 2.8) was found. This melt is char-
acterized by the highest Li concentration (1750 ppm)
and a very high concentration of Na,O (7.1 wt %) and
the lowest content of K,O (0.25 wt %). Acid melts from
Golovnina volcano have Th/U ratios from 1.9 to 2.2.

Interpreting the analyses, it can be concluded that
the Karymskii volcanic center was produced as a result
of the fairly complicated evolution of the melts. The
most primitive of them exhibit anomalously high con-
centrations of Na and Li. The genesis of these unusual
melts should be further elucidated. The possible
sources of the Li—-Na complex could be zeolites of the
natrolite group or Li micas. In any event, the melts
should have been contaminated with crustal material. It
is necessary to determine the composition of rock-
forming melts in inclusions in mafic minerals:
pyroxenes, olivine, and amphiboles and to examine the
trace-element composition of the secondary minerals
that developed in the Karymskii volcanic center.

CONCLUSIONS

(1) We have examined more than 80 melt inclusions
in phenocrysts from basalt, andesites, dacites, and rhy-
odacites from the Karymskii volcanic center, Kam-
chatka, and dacites from Golovnina volcano, Kunashir
Island, Kuriles. The SiO, concentrations in melt inclu-
sions in phenocrysts from the Karymskii volcanic cen-
ter range from 47 to 57 wt % in plagioclase phenocrysts
from basalts, from 56 to 67 wt % in plagioclase phenoc-
rysts in andesites, from 66 to 73 wt % in plagioclase
phenocrysts from dacites and rhyodacites, and from 72
to 76 wt % in quartz phenocrysts from dacites and rhy-
odacites. The SiO, concentration in melt inclusions in
quartz from dacites of Golovnina volcano varies from
70 to 77 wt %.

(2) It was determined that basaltic melts of the
Karymskii volcanic center are significantly enriched in
Na (Na,O =2.9-7.4 wt % at an average of 5.1 wt % of
23 analyses), with the highest Na,O concentrations
found in the most basic melts (SiO, = 47-52 wt %).
These melts are characterized by very high Na,O/K,0
ratios equal to 8.0 on average.

(3) Concentrations of volatile components were
determined in the basaltic melts of the Karymskii vol-
canic center (1.6 wt % H,0, 0.14 wt % S, 0.09 wt % Cl,
and 50 ppm F) and in dacitic and rhyodacitic melts
(0.9-7.3 wt % H,O at an average of 4.5 wt % of 15 anal-
yses; 0.15 wt % Cl; 600 ppm F; and 100 ppm S). The
H,O concentrations in melt inclusions in quartz from
dacites of Golovnina volcano are higher (5.0-6.7 wt %
at an average of 5.6 wt %), the Cl concentrations are
also high (0.19-0.28 wt %), and the F concentrations
are 660 ppm.

PETROLOGY Vol. 16

No. 1 2008



CHEMICAL COMPOSITION, VOLATILE COMPONENTS, AND TRACE ELEMENTS 17

(4) The comparison of the composition of melts
from the Karymskii volcanic center with those of the
previously examined melts of Bezymyannyi and Shive-
luch volcanoes revealed their significant differences.
The former are more basic and are enriched in Ti, Fe,
Mg, Ca, Na, and P but are notably depleted in K. The
melts of the Karymskii volcanic center are likely less
differentiated than the melts of Bezymyannyi and
Shiveluch volcanoes.

(5) Concentrations of 20 trace elements were mea-
sured on an ion microprobe in the glasses of 22 melt
inclusions in plagioclase and quartz. An unusual feature
is the very high Li concentrations (along with high con-
centrations of Na) in the basaltic melts of the Karymskii
volcanic center (118-1750 ppm), whereas the dacitic
and rhyolitic melts contain 25 ppm Li on average. The
rhyolitic melts of Golovnina volcano contain much less
Li: 1.4 ppm on average. The La/Yb, Th-La/Yb, and
Th-Th/U relations of the melts suggest their different
degrees of differentiation. The melts of the Karymskii
volcanic center are characterized by relative Nb and Ti
minima and Ba and K maxima, as is typical of arc mag-
mas.
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