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Abstract—The genesis of low-silica (generally olivine—anorthite) inclusions in volcanic rocks of the low-K
tholeiitic island-arc series is a matter of active discussion. The study of melt inclusions in the major minerals
of alivalites from three volcanoes of the Kuril-Kamchatkaisland arc proved the previously suggested genetic
affinity between the allivalites and host lavas and the cumulative origin of these rocks. The composition of the
parent melt was determined by two independent methods: by cal culation and by temperature measurement dur-
ing experiments. The temperature of coeval crystallization of olivine and plagioclase in dlivalitesis estimated
at 1050-1100°C at an H,O content of 1.5-2.0 wt % in the parent melt. Similar results were obtained for differ-
ent vol canoes, which indicates a correspondence of the determined melt composition to the composition of the
parent magma of low-K tholeiite for the Kuril-Kamchatka area. According to calculations, the formation of
basaltic melt results from the separation of 7—8% of olivine—plagioclase cumulate from the parent magma.

INTRODUCTION

Over the past decades, much attention has been
given to the studies of holocrystallineinclusionsin var-
ious volcanic rocks. Understanding their origin is very
important for solving the genetic problems of volcanic
associations. This paper is devoted to the origin of low-
silica olivine-anorthite (with minor clinopyroxene)
inclusions abundant in volcanic rocks of the low-K
tholelitic island-arc series.

Since these inclusions are comprehensively
described in the literature, we will characterize them
and their host volcanics only briefly and present the
main arguments for their close affinity. We studied
holocrystalline inclusions and their host rocks from
many volcanoes of the Kuril-Kamchatka island arc.
The data obtained for Ksudach, Mutnovskii, Zavar-
itskii, Mendeleev, and Golovin volcanoes (Fig. 1) are
discussed in this paper. Inclusions of this type are also
found in the rocks of some other volcanoes in the
forearc zone (Kikhpinych, Koshelevskii, Kambal' nyi,
Malyi Semyachik, Nemo, etc.). The dominant inclu-
sion type transported during the eruptions of these vol-
canoes are low-silica olivine-anorthite rocks (alivalites)
with minor clinopyroxene, whose mineral composition
is described in [1]. However, dlivalites are associated
with higher silicarocks, such asolivine-bearing and oli-
vine-free gabbro and gabbronorites, quartz gabbro,
and, rarely, quartz diorites and plagiogranites. This fact
pointsto adifferentiated series of holocrystalline rocks,
whose fragments are transported as inclusionsin lavas.
We studied the alivalites more comprehensively,
because they are dominant among the inclusions and
have the lowest SiO, contents.

The allivalites are coarse-grained equigranular (or
rarely porphyritic) rocks, locally containing minor
interstitial glass. Their modal mineral proportions vary
significantly. The rocks have massive, porous, banded,
or taxitic structures, which are normally cut by inclu-
sion edges. Therefore, most inclusionswere captured in
the solid or ductile state. The rocks normally exhibit
evidence of brecciation, high-temperature recrystalli-
zation, and blastic deformation. Some inclusions are
rimmed by fine-grained mineral aggregates and show
evidence of partia melting (brown porous transparent
glass around relics of melted grains, usually clinopy-
roxene). Rounded inclusions with a radiating texture
similar to orbicules in orbicular gabbro are scarce.

The volcanic rocks hosting the inclusions compose
a low-K tholeiite basalt—andesibasalt—andesite-dacite
series, which is dominated by basalts and andesibasalts
(Table 1). The inclusions are most abundant in dacitic
and andesidacitic pyroclastic rocks.

The volcanic rocks of this series arerich in phenoc-
rysts (20-50%), 60-80% of which are plagioclase.
Pyroxenes are the most abundant mafic minerals. Oliv-
ine occurs in basic rocks, whereas amphibole and
biotite (2—3% of the total phenocryst amount) occur in
silicic rocks. Basalts and andesibasal ts contain phenoc-
rysts of olivine Fog 55, plagioclase Any g, augite
Enyg4oF S5 2,W037_30, hypersthene Engs ¢5FSyg 33W05
and partially corroded xenocrysts of olivine Fo;;
and plagioclase Any, o,. Andesites include phenoc-
rysts of olivine Fo,, -,, plagioclase Ans, -5, clinopy-
roxene Ensq 4 FS;5,5sW055 4, and orthopyroxene
Enyg_FS355iW0;_4. Andesitic dacites and dacites
contain xenocrysts of olivine, phenocrysts of plagio-
clase with 33-59% anorthite end-member, clinopy-
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roxene Enys 3,FS), W05 39, and orthopyroxene
Engy_6,FS3u_36W0; 4. The proportions between clino-
and orthopyroxene phenocrysts are highly variable.

We studied alivalite samples from basalts of Mut-
novskii, Ksudach, and Golovin volcanoes. The
alivalites are massive or taxitic rocks with cumulative
and locally hypidiomorphic textures. Allivalites have
small amounts of interstitial glass (<10-15%) and are
comprised of 60-95% plagioclase (Anyg_g), 5-35% oli-
vine (Fo,4_g;) and minor clinopyroxene. Minor ortho-
pyroxene is found only in alivalite inclusions from
Mutnovskii Vol cano.

The mineral composition of alivalites is listed in
Table 2. Olivine forms euhedral or subhedral equant
crystals 0.5-1.5 mm in size. Olivine in the samplesiis
rather uniform in composition and contains 76-81%
Fo. Plagioclase composes prismatic euhedral or subhe-
dra crystals up to 5 mm in size (1.5-2.0 mm, on the
average). The compositions of plagioclasein alivalites
from Mutnovskii and Ksudach volcanoes are rather
similar (Angg g4), Whereas those from Golovin Volcano
are more calcic (Ang 4 o5). The dlivalite plagioclases
are comparable with early-generation plagioclases in
the corresponding host volcanics. The magnesium
numbers of ortho- and clinopyroxenes in alivalites
from Mutnovskii Volcano range from 82.7-84.6 and
80.4-81.0, respectively. Clinopyroxene is usual in
allivalites, whereas orthopyroxene is very rare in such
Carrich parageneses. The spinellids are magnetite and
chromian magnetite with low Al contents.

The composition of theallivalitesand host vol canics
is presented in Table 1. Allivalites have low SiO, (39—
45%), alkali (<1%), TiO,, and P,O5 contents, alow iron
proportion (f = 25-55), and high Al,O; (20-27%) and
CaO (up to 14%) contents (Table 1). They represent a
series of rocks highly enriched in CaO with a distinct
tholeiitic differentiation trend. This trend results from
the cotectic crystallization of plagioclase and olivine.
Therefore, the compositional diversity of inclusions is
probably related to the fractionation of these minerals.
The host volcanic rocks are also CaO-rich members of
the tholeiitic series and have higher SIO,, TiO,, MnO,
P,0Os, and alkali and lower Al,O5, MgO, and CaO con-
tents as compared to the allivalites. Thetrend of enrich-
ment in iron, typical of the inclusions, gives way to a
trend of enrichment in akalis in the volcanic rocks
(Fig. 28), whose depletion iniron isrelated to the crys-
talization of Fe-Ti oxides and mafic silicates.
Although classified within the same series, the rocks
indicate compositional differences in different volca-
noes (Figs. 2a—2c). For example, the alkali contents are
higher in the rocks from Kamchatka (Ksudach and
Mutnovskii volcanoes) than in those of the Kuril
Islands (Zavaritskii and Mendeleev volcanoes), and the
rocks of Mendeleev Volcano are higher in iron.
Allivalites from different volcanoes also vary in their
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Fig. 1. Location map for the studied vol canoes of the Kuril—
Kamchatkaisland arc. (1) Vol canoes discussed in this paper,
(2) other volcanoes transporting allivalite inclusions.

major-element contents due to variable proportions of
olivine and plagioclase in the inclusions.

Both the inclusions and the host volcanics have
trace-element concentrations typical of CaO-rich rocks
of the tholeiitic series. The volcanics are richer in K,
Rb, and Ba, and poorer in HFSE (Ti, Zr, and Hf) com-
pared to MORB [5] (Table 3, Fig. 3a). The REE con-
tents in the volcanics are approximately one order of
magnitude higher than in chondrites [6] and have a
rather gentle distribution pattern that is free of distinct
anomalies (Fig. 3b). Allivalites are poorer in trace ele-
ments of the above-mentioned groups. The REE con-
tents in these rocks are comparable to those in chon-
drites. Positive Eu and Sr anomalies are typical of
alivalites, because of the high plagioclase contents, but
are normally absent in volcanics. Initial 8Sr/%Sr ratios
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Table 1. Mgjor-element concentrations (wt %) in volcanic rocks and olivine—plagioclase inclusions

Number| Sample| SO, | TiO, |AI203 | Fe203| FeO | MnO | MgO | Ca0 | Na20| K,0 | P,0s | H,0O

Volcanic rocks
Mendeleev Volcano

1 |G94/5 | 4390 | 024 | 2382 | 1.79 | 7.28 | 0.12 893 | 1274 | 0.88 | 0.07 | 0.02 1.00
2 |G-76/2 | 5563 | 0.76 | 17.32 | 6.08 | 3.67 | 0.17 431 | 805| 273 | 041 | 0.08 | 212
3 |G77/1 |5712| 079 | 1621 | 3.27 | 625 | 0.17 381 | 813 | 279 | 045 | 008 | 241
4 |G94/1 |5738| 077 | 16.20 | 553 | 399 | 0.17 405| 7.85| 280 | 045 | 0.06 | 221
5 |G-8l/1 |[5790| 0.79 | 1578 | 1.63 | 790 | 0.17 376 | 781 | 284 | 044 | 0.09 | 249
6 |G94/4 |5849 | 079 | 1587 | 262 | 6.93 | 0.17 365| 759 | 300 | 047 | 009 | 254
Zavaritskii Volcano
7 |C-314/20| 53.63 | 0.83 | 17.11 | 3.84 | 6.99 | 0.20 469 | 922 | 274 | 036 | 0.09 | 2.23
8 |C-310/1 | 5490 | 085 | 1815 | 3.23 | 642 | 0.18 287 | 921 | 311 | 040 | 010 | 3.25
9 |[C-310/2 | 5491 | 0.85 | 1809 | 383 | 593 | 0.18 288 | 908 | 300 | 043 | 011 | 3.26
10 |C-314/5 | 5492 | 082 | 1852 | 229 | 743 | 0.18 237 | 914 | 323 | 041 | 010 | 4.00
11 |C-314/3 | 5494 | 081 | 1849 | 228 | 7.39 | 0.18 238 | 917 | 323 | 041 | 010 | 397
12 |C-310/3 | 5494 | 084 | 1822 | 255 | 6.95 | 0.18 288 | 930 | 311 | 040 | 011 | 3.21
13 |C-314/16| 55.35 | 0.87 | 17.12 | 1.73 | 837 | 0.02 323 | 864 | 315 | 046 | 011 | 3.07
14 |C-314/15| 5556 | 0.88 | 17.11 | 225 | 7.90 | 0.19 339 | 860 | 311 | 042 | 011 | 293
15 |C-314/1 | 5584 | 085 | 1818 | 211 | 7.09 | 0.18 224 | 897 | 336 | 044 | 011 | 401
16 |C-307/5 | 5630 | 090 | 1714 | 238 | 7.28 | 0.18 3.04| 847 | 329 | 048 | 013 | 3.10
17 |C-314/13| 57.33 | 091 | 1659 | 259 | 7.15 | 0.20 256 | 784 | 351 | 049 | 012 | 3.70
18 |C-314/19| 57.36 | 092 | 1650 | 296 | 6.94 | 0.20 258 | 770 | 341 | 054 | 013 | 3.72
19 |C-314/10| 5742 | 092 | 1644 | 318 | 6.81 | 0.20 259 | 763 | 336 | 055 | 013 | 3.73
20 |C-314/14| 5745 | 092 | 1636 | 152 | 840 | 021 261 | 771 | 352 | 058 | 013 | 3.74
21 |C-314/9 | 5750 | 093 | 1635 | 290 | 7.17 | 0.20 258 | 764 | 340 | 050 | 013 | 3.79
22 |C-307/7 | 59.45 | 093 | 1508 | 256 | 7.33 | 0.21 269 | 653 | 381 | 066 | 0.15 | 3.58
23 |C-312 6164 | 0.76 | 1557 | 344 | 448 | 0.19 198 | 592 | 413 | 064 | 016 | 3.83
24 |C-321 63.86 | 061 | 15.08 | 242 | 434 | 0.19 184 | 525 | 431 | 064 | 014 | 354
25 |C-308/1 | 6411 | 050 | 1475 | 3.30 | 441 | 0.18 18| 500 | 433 | 066 | 014 | 3.97
Ksudach Volcano
26 |Ka39/7 | 4821 | 067 | 1803 | 272 | 7.10 | 0.19 786 | 1202 | 192 | 019 | 006 | 1.21
27 |Ka38a/7| 4935 | 075 | 21.00 | 230 | 6.46 | 017 478 | 1246 | 211 | 022 | 0.07 1.78
28 |[Kal/7 | 5679 | 084 | 1633 | 655 | 283 | 0.22 355| 738 | 402 | 064 | 019 | 246
29 |Kal7/7 | 5750 | 087 | 1646 | 155 | 7.70 | 0.22 304 | 726 | 392 | 066 | 0.16 | 2.99
30 |Ka110/7| 58.68 | 0.81 | 16.32 | 1.71 | 6.85 | 0.21 272 | 684 | 409 | 0.77 | 0.16 | 3.08
31 |Ka113/7| 58.75 | 0.86 | 16.11 | 250 | 571 | 0.19 310 | 649 | 429 | 091 | 018 | 257
Mutnovskil Volcano
32 |M-01 50.02 | 096 | 19.30 | 263 | 7.21 | 0.18 473 ] 1080 | 268 | 037 | 0.16 | 2.02
33 |M-02 50.15 | 097 | 19.20 | 265 | 6.98 | 0.18 476 | 10.79 | 270 | 0.36 | 0.16 | 1.97
34 [M-03 50.37 | 097 | 1899 | 220 | 7.19 | 0.18 458 | 1051 | 273 | 0.36 | 0.16 | 2.00
35 |M-04 5063 | 1.11 | 17.89 | 418 | 735 | 0.21 520 | 970 | 289 | 035 | 020 | 214
36 |M-05 5152 | 090 | 1911 | 378 | 511 | 0.17 446 | 10.02 | 276 | 053 | 0.17 1.91
37 |M-06 5400 | 082 | 1724 | 131 | 7.24 | 0.16 538 | 883 | 293 1.00 | 019 | 156
38 |M-07 5448 | 092 | 1698 | 257 | 6.13 | 0.16 482 | 859 | 287 1.09 | 019 | 1.75
39 |M-08 56.71 | 1.14 | 16,57 | 346 | 584 | 0.20 322 | 674 | 398 | 0.83 | 025 | 278
Inclusions
Mendeleev Volcano
40 |G-94/8 | 4361 | 0.08 | 2659 | 096 | 5.62 | 0.10 776 | 1414 | 072 | 0.05 | 0.02 | 0.84
41 |G-94/9 | 4441 | 061 | 1989 | 380 | 7.60 | 0.16 7.78 | 1460 | 067 | 0.20 | 0.01 | 142
42 |G-94/10 | 4470 | 0.18 | 2661 | 3.10 | 3.05 | 0.09 650 | 1445 | 086 | 0.05 | 0.02 | 0.90
Zavaritskii Volcano
43 |C-320/2g| 44.00 | 031 | 19.74 | 285 | 6.33 | 0.13 | 10.08 | 1557 | 053 | 0.01 | 0.01 | 0.88
44 |C-320/1 | 4440 | 013 | 2588 | 142 | 440 | 0.09 768 | 1452 | 079 | 0.04 | 001 | 0.74
Ksudach Volcano
45 |Ka77/7 | 4428 | 0.07 | 2997 | 0.83 | 2.64 | 0.05 451 | 1656 | 0.74 | 0.03 | 0.00 | 0.75
46 |Ka-139/7| 45.06 | 019 | 1755 | 130 | 566 | 011 | 1369 | 1565 | 045 | 0.01 | 0.00 | 0.50
47 |Ka3/7 | 4535 | 0415 | 2326 | 132 | 3.31 | 0.08 7.88 | 1763 | 027 | 0.01 | 0.00 | 0.57
GEOCHEMISTRY INTERNATIONAL Vol. 39 No.4 2001
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Table 2. Compositions of mineralsin alivalites of the low-K tholeiite series from the Kuril-Kamchatkaisland arc
Numberof| .
Volcano samples SiO, | Al,O3| FeO | MnO | MgO | CaO | NiO Fo, %
Olivine
Mutnovskii 16 3830 | 007 | 2032 | 0.35 | 4050 | 0.22 | 0.16 78.20
008 | <001 | 224 | 001 | 149 |<0.01| 0.01 3.24
Ksudach 15 | 3865|009 | 1932 | 034 |41.02| 025 | 0.14 79.26
0.08 | <0.01 | 1.08 0.01 | 047 | 001 0.02 2.26
Golovin 12 3838 | 007 | 2116 | 0.36 |39.23 | 0.23 | 0.26 76.94
022 | <0.01| 256 | <001 | 1.35 | <0.01| 0.02 5.61
Plagioclase
SO, | AlLO; | FeO | MgO | CaO | Na,O | K,0 An, %
Mutnovskii 12 4709 | 3301 | 114 | 019 1676 | 1.81 | 0.02 91.11
2.68 1.94 0.06 001 | 103 | 044 | <001 4.56
Ksudach 10 | 4706|3345 | 070 | 017 |16.97 | 160 | 003 92.15
3.32 1.63 0.02 0.02 | 1.35 | 0.39 | <0.01 1.07
Golovin 8 46.47 | 3330 | 089 | 025 [17.73 | 146 | 0.03 93.08
0.31 150 0.10 002 | 014 | 012 | <001 2.77
Clinopyroxene
S0, | Tio, | AlL,O; | FeO | MnO | Mgo | cao | Nio | cr,0, MMgé()F‘j/:
Mutnovskii 6 4849 | 039 | 235 | 1119 | 033 | 27.40 | 9.62 | <001 | 0.08 | 81.06
027 | <001 | 017 | 1.05 |<0.01| 7.02 | 1051 | <0.01 | 0.02 0.37
Orthopyroxene
SO, | TiO, | Al,O3| FeO | MnO | MgO | CaO | NiO |Cr,05| En, %
Mutnovskii , | 4837 | 021 | 133 | 1237 | 037 |3530 | 174 | 012 | 0.04 | 8370
0.12 | <0.01| 011 032 |<0.01| 032 0.01 0.01 |<0.01 135
Spinellids
SO, | TiO, | Al,O; | FEO | MnO | MgO NiO | Cr,0;3
Mutnovskii (inclu- 19 012 | 544 | 10.09 | 63.77 | 0.23 | 6.56 0.32 | 13.09
sionsin olivine) 6.35 | 1230 | 5791 | 0.02 | 221 0.02 | 3192
Mutnovskii (inclusion 6 . 453 | 12.09 | 60.73 | 0.66 | 7.68 0.05 | 13.94
in plagioclase) <0.01 | 1.94 | 1149 | 3519 | 0.82 | 1.75 0.01 |55.66

Note: Numerator denotesthe mean concentration (wt %), denominator shows dispersion. The analyseswere conducted at the L aboratory
of Microanalytical Techniques, Department of Petrology, Moscow State University. Analysts E.V. Guseva and N.N. Korotaeva.
CamsScan-4DV electron microscope, equipped with a Link-10 000 analytical system.

are similar in volcanic rocks and olivine—plagioclase
inclusions (0.7033-0.7035). The trace-element con-
tents are different in inclusions and their host rocks.
However, inclusions and volcanic rocks within individual
volcanoes have some similar geochemical features[1].

Similar mineral assemblages in the inclusions and
host volcanics, smooth evolutionary trends, volcano-
specific mineral ogic composition of inclusionsand vol-
canic rocks, trace-element distribution, and similar Sr
isotope ratios suggest a close genetic relation between
the inclusions and host rocks [1, 7]. The inclusions
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show evidence of a higher crystallization temperature:
they are rich in olivine and rarely contain orthopyrox-
ene, whereas the proportions of these minerals are the
opposite in the volcanic rocks. Relics of disintegrated
inclusions are present in volcanic rocks as xenocrysts
or mineral aggregates that are not in equilibrium with
the host magma and are normally strongly corroded.

Thus, a comparison between the compositional fea-
tures of inclusions and host vol canics shows their close
genetic relationship. Many researchers have reached a
similar conclusion [1, 8-13]. The ubiquitous cumula-
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Fig. 2. Petrochemical diagrams for volcanic rocks and olivine-plagioclase inclusions: (a) AFM [2], (b) SiO,~(0.9Fe,0O5 +
FeO)/M gO [3], (C) S|Oz—K20 + Na20

(a) (1-3) Differentiation trends for volcanoes: (1) Mendeleev, (2) Zavaritskii, (3) Ksudach. (b, ¢) (4-7) Compositions of volcanic
rocks, volcanoes: (4) Mendeleev, (5) Zavaritskii, (6) Ksudach, (7) Mutnovskii; (8-10) compositions of olivine—plagioclase inclu-
sions, volcanoes:. (8) Mendeleev, (9) Zavaritskii, (10) Ksudach; (11) composition of parent melt for allivalites obtained during the
thermometric experiments; (12) calculated composition of parent melt for allivalites of Mutnovskii Volcano; (13-14) differentiation
trends cal culated using the COMAGMAT program [4] for the parent melt of alivalites at lithostatic pressure of 1 kbar: (13) H,O
content of 2% and oxygen fugacity of 0.4-0.6 logarithmic units above the NNO buffer, (14) H,O contents of 1.0-1.2% and oxygen
fugacity of 1.0-1.2 logarithmic units abovethe NNO buffer; (15) boundary separating the rocks of thetholeiitic (T) and calc-alkaline
(CA) series.
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tive textures, high proportions of high-temperature
minerals (olivine and anorthite) in inclusions, and
their depletion in incompatible elements are consis-
tent with an origin of the inclusions by the accumula-
tion of early mineralsfrom the parent magma. Numer-
ical modeling of magma evolution in the low-K
tholeiitic series validates this hypothesisfor the origin
of many allivalites[14].

MELT INCLUSIONS IN ALLIVALITE MINERALS

The studies of melt inclusions in minerals began a
new erain solving the problem of the origin of low-sil-
icainclusionsin island-arc volcanic rocks. The data on
melt inclusions have been used since the 1970s for cal-
culating the P-T conditions of magma crystallization
and estimating the melt compositions at different stages
of its evolution [15, 16]. The minerals of alivalites
from the Kuril-Kamchatka island arc contain many
glassy melt inclusions appropriate for such comprehen-
sive investigations.

The composition of inclusions and host minerals
was determined at the Department of Petrology of the
Moscow State University using a Camscan-4DV elec-
tron microscope with a LinkSystem-10000 (analysts
E.V. Guseva and N.N. Korotaeva). In order to avoid
boundary effects [17], the glass compositions were
determined for inclusions =2 pum in size. The rock com-
positions were determined in 1985 at Copenhagen Uni-
versity with the assistance of J. Bailey. The mgjor ele-
ment determination with XRF anaysis was supple-
mented by atomic absorption measurements of Na and
Mg and ferrous iron measurements by titration. REE,
Cs, U, Th, Hf, Co, and Sc contents were determined
using INAA, and the other trace elements were ana
lyzed by XRF (Philips PW 1400).

Meltinclusionswerefound in all rock-forming min-
erals of theinclusions: olivine, plagioclase, and pyrox-
ene. Data on melt inclusionsin olivine and plagioclase
of alivalites from Mutnovskii, Ksudach, and Golovin
volcanoes are discussed in this paper.

Most of the melt inclusionswere represented by nat-
urally guenched glasses and consisted of cream-white
glass and a gas phase (10-15 vol % of the inclusion).
The inclusions are more abundant in plagioclases than
in olivines and are normally oriented along the elon-
gated crystal axis. Meltinclusionsin olivine are usually
equant. Partially recrystallized inclusions are predomi-
nant in plagioclases with >91% An and in olivines with
amagnesian number >79. Theinclusionsare 1040 and
10-50 pm in size in plagioclase and olivine, respec-
tively. They are normally confined to growth zones in
plagioclase crystals and are irregularly distributed over
the olivine grains. According to Roedder [15], these
features characterize primary melt inclusions.

Along with glassy inclusions, olivines and plagio-
clase also contain partly recrystallized inclusions. The
latter are not appropriate for estimating the parent melt
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Fig. 3. MORB-normalized [5] trace-element patterns (a)
and chondrite-normalized [6] REE patterns (b) for volcanic
rocks and allivalites.

composition, because they arerich in dispersed opaque
phases and contain secondary minerals replacing glass.
They are normally confined to some linear trailsin the
crystals and vary in morphology and composition.
Allivalite minerals (both olivine and plagioclase) con-
tain rare primary fluid inclusionsin the central parts of
the grains. This confirms that the minerals crystallized
from a fluid-saturated magma.

MELT COMPOSITION ESTIMATED
BY GLASSY MELT INCLUSIONS

The relatively simple mineralogy of allivalites with
a dominant composition of olivine and plagioclase
allows an estimation of the parent magma composition
to be made. The calculations are based on the composi-
tions of primary glass inclusions (Table 4) in plagio-
clases (Angy o;) and olivines (Fo,g go). Primary inclu-
sions in olivines are depleted in olivine components
and those in plagioclases are depleted in plagioclase
components because of crystallization of minerals on
the walls of inclusions after their entrapment. Thus, we
can constrain the melt composition from which the
allivalites crystallized. The MgO contents are underes-
timated for inclusions in olivine and overestimated for
inclusionsin plagioclase. Thus, the MgO content in the
magma was 3.54.9 wt %. Using this technique, we
also estimated the Al,O5 and CaO contentsin the parent
magma to be 15.2-17.7 and 8.6-9.4%, respectively.
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Table 3. Trace-element concentrations (ppm) in volcanic rocks and olivine—plagioclase inclusions

Number| Sample | Cs | Rb | Ba | Pb | S | La| Ce [ Nd|Sm| Eu | Tb | Yb | Lu| Y | Th| U
Volcanic rocks
Ksudach Volcano
1 |Kal7 02 | 72198 |14 |303| 4 (137|133 |39 |(128| 08| 32| 05|34 | 07|02
2 |Ka38a/7|02 | 26118 3 | 35| 17| 7 55|16 |069| 04| 12| 02|14 | 0.7 |01
3 |Kal7/7 |08 | 96|18 | 5 |328| 3.7 |11.7 {11535 |125/ 08| 27| 05|32 | 08|03
Golovin Volcano
4 |G-10 08 | 75|168| 6 |219| 26| 78| 77|25 (082| 06| 23| 04 |27 | 02|03
5 |G12 03 |69 |152| 5 | 228| 33| 95| 67|32 (08| 07| 29| 04|30 | 01|03
Mutnovskii Volcano
6 |M-04 022 34 |172| 1 |441| 37| 98| 79|274(093| 06| 22| 04|23 | 04|01
7 |M-08 04 |11.7 | 293| 3 | 390 | 6.6 175|128 |415(153| 09| 35| 05|35 | 09|04
8 |M-06 102|178 | 303 | 4 | 384 | 6.6 |16.2 |10.7 |3.09|104| 0.7 | 25| 04|23 | 1.3 |0.6
9 |M-03 029| 42 | 153| 2 |445| 35| 9 73]1256|105| 06| 21| 03|22 | 03|02
10 |M-01 027| 43 |164| 1 |445| 35| 97| 75|255(106| 06| 21| 03|24 | 02|02
11 |M-07 115|19.7 | 322| 6 | 359 | 6.8 |16.2 |11.2 |3.36|108| 06| 24 | 04 |24 | 14|07
12 | M-05 064 89 |216| 2 |430| 64 (163 (115 |356(1.28| 09| 26 | 04 |35 | 06 | 0.3
13 |M-02 048 39 |160| 3 |437| 35| 98| 76 |259|1 07| 2 0320 | 0202
Mendeleev Volcano
14 | G-76/2 03 |63 |141| 3 |265| 26| 86| 67|22 (078 05| 18| 03|20 | 01|02
15 |G-77/1 03 |69 |152| 5 | 228| 33| 95| 67|32 (08| 07|29| 04|30 | 01|03
Zavaritskii Volcano
16 |C-314/1 |02 | 54|118| 5 |279| 31| 86| 9.7 |3 101 06| 27| 05|28 | 01|03
17 |C-314/3 |02 | 54 |110| 5 [ 286| 31| 87| 91|26 [093| 06| 25| 05|27 | 01|02
18 |C-314/5 (02 | 46 |111| 5 |276| 3 9119 |3 101| 06| 24| 04|27 | 01|02
Inclusions
Ksudach Volcano
19 |Ka3/7 08 | 05| 19| 1 [279]| 1 1 1 |03 |038| 015 0.28/ 0.04f 29| 0.7 | 0.03
20 |Ka77/7 |03 | 06| 13| 1 |387| 1 1 1 |02 |016| 0.56| 0.08 0.01 0.8]| 0.2 |0.03
21 |[Ka139/7({03 | 05| 18| 1 |206| 1 1 1 |03 |062| 024/ 0.29] 0.051 4 | 0.1 |0.03
Mendeleev Volcano
22 | G-94/8 03 | 05| 43| 1 (298| 039 1.3 |1 |029|0.2 | 0.77| 0.14] 0.2 | 23| 0.2 |0.03
23 | G-94/9 1 04| 44| 1 | 222 09| 05| 12|04 |046| 023 033 0051 6 | 0.2|0.33
24 |G-94/10 |05 | 09| 34| 1 | 290 | 054/ 16| 1.7 |052|024| 0.11] 0.1 | 0.06] 4.8| 0.3 |0.03
Zavaritskii Volcano
25 [C-320/1 |04 | 09| 16| 8 | 253| 034/ 11| 09|03 |022| 0.11] 0.25 0.04f 29| 0.3 |0.03
26 |C-320/2g|01 | 06| 15| 1 |191| 12| 1 0.8 |0.29|0.52| 0.23| 0.38 0.57] 4.2| 0.1 |0.03

The proportions of minerals crystallized on the inclu-
sion walls were determined graphically from the com-
positions of glassesin the coexisting minerals and host
mineral compositions. The average values are 4.5 and
18.7 wt % for olivine and plagioclase, respectively.

Based on the compositions of melt inclusions and
crystallizing phases, we assayed the temperature of
coeva olivine and plagioclase crystallization at 1050—
1100°C. Compositions of plagioclase in equilibrium

GEOCHEMISTRY INTERNATIONAL

with the melt and the plagioclase crystallization tem-
perature were calculated using the formula of Ariskin
and Barmina [18]. The anorthite proportionsin the cal-
culated plagioclase compositions are 7—-10% lower than
natural compositions. The elevated An proportions in
plagioclases of alivalites can be accounted for by an
elevated H,O content in the parent magma, according
to the well known positive correlation between the
water content in the melt and the Ca proportion in the
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Table 3. (Contd.)
Zr | Hf | Sn | Mo | Nb | Zn | Cu | Co | Ni | Sc | V Cr |As | Ga | Ge | S | Cl [¥Sr/0Sr
Volcanic rocks
Ksudach Volcano
73 1.9 1.9 106 | 1.7 | 96 67 19 2 31 158 3 6.5| 21 1.6 20 25 | 0.7035
29 069 05|06 | 17|69 |99 | 29 9 | 38 | 305 | 31 25] 17 | 1.5 | 170 | 160 | 0.7034
73 | 1.7 1.3 108 | 1.5 (101 | 72 | 19 1 | 30 | 188 2 53] 20 | 1.8 | 130 | 520 | 0.7034
Golovin Volcano
58 |147 08 | 05| 1.1 |8 | 60 |24 | 10 | 35 [210]| 24 241 17 | 2 190 | 410 | 0.7035
60 [1.69| 1.8 | 1 1.3 | 8 | 59 | 23 8 | 36 | 272 | 13 45| 18 | 2 75 | 510 | 0.7035
Mutnovskii Volcano
41 1095 - | 03| 16| 98 | 80 | 27 11 | 40 | 361 4 23] 22 — |1090 | 80 -
93 |256| — | 02|27 |97 | 84 | 20 6 | 33 | 231 3 45| 23 - 60 | 75 -
98 238 | - 06 | 24 | 81 95 29 27 30 | 226 | 68 51| 18 — 170 | 210 -
43 | 134 - |07 | 1.5 | 77 | 45 | 26 | 17 | 37 | 297 | 43 2.81 20 — |1030 | 180 -
44 | 138 — | 04 | 1.8 | 82 |127 | 29 | 19 | 39 | 306 | 50 221 21 — | 120 | 190 -
105 |276| - 1.1 | 25 | 82 95 27 21 33 | 260 | 53 94| 19 - 11790 75 -
55 |1.69| — | 04 |2 86 121 | 26 | 25 | 34 | 283 | 52 26| 21 - 25 | 160 -
4 127 - |04 | 19| 8 | 95 | 27 19 | 37 | 314 | 46 32| 20 — | 550 | 190 -
Mendeleev Volcano
46 1084 08 | 05| 1.2 | 81 | 35 | 25 9 | 29 | 224 7 |11 14 | 1.8 [1090 | 450 | 0.7034
60 [1.69| 1.8 | 1 1.3 | 8 | 59 | 23 8 | 36 | 272 | 13 45| 18 | 2 75 | 510 | 0.7035
Zavaritskii Volcano
57 | 144 | 12| 1.8 | 1.8 |112 | 86 | 18 2 | 35 | 259 2 221 20 | 1.9 | 120 | 200 | 0.7033
55 | 113108 | 1.1 [ 22| 84 | 96 | 18 2 | 33 | 241 5 371 20 | 1.5 5| 210 | 0.7033
55 1281 09 | 02 | 1.9 | 88 97 20 1 35 | 245 2 19| 19 1.9 | 100 | 230 | 0.7033
Inclusions
Ksudach Volcano
1.1]0.5 06 | 05 |1 20 12 29 52 42 94 4.191 05| 13 1.5 | 120 65 | 0.7034
1 [02 |05]02|06]| 14 9 | 21 | 35 | 55 34 7 05] 14 | 1.3 15 5 10.7034
2607 | 05 ] 02|09 | 35 18 | 52 | 68 | 54 | 123 434| 05| 13 | 1.7 | 110 | 70 | 0.7034
Mendeleev Volcano
23(02 [ 05]02 1 37 | 18 | 36 | 41 47| 41| 35 05] 16 | 1.6 | 60 | 160 | 0.7035
1.2]0.8 12 105 |1 32 | 13 | 44 | 28 | 49 | 444 |129 19| 18 | 1.4 | 110 | 240 | 0.7034
37103 1 02| 05 | 38 35 34 40 11 84 | 32 2 16 1.4 | 165 | 200 | 0.7034
Zavaritskii Volcano
36[03 | 05 (05| 12| 31 19 | 40 | 23 11 77 | 10 |14 22 | 1.3 | 110 | 190 | 0.7033
0.8 0.8 05|04 | 08| 36 5 44 60 54 | 294 |316 05| 14 1.5 20 10 | 0.7036

Note: The analyses were conducted in 1985 at the Laboratory of Copenhagen University under supervision of Dr. J. Beyly. REE, Cs, U,
Th, Hf, Co, and Sc concentrations were determined by INAA, others were analyzed by XPF on a RW1400 analyzer.

crystallizing plagioclase. The olivine compositions and
crystallization temperatures were calculated by Ford's
model [19]. The water content in the parent melt was
estimated by the inconsistency between the olivine and

plagioclase crystallization temperatures[20] and by Ca

partitioning between plagioclase and the melt [21].
These methods gave similar estimates (1.5% and
1.65%, respectively).
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EXPERIMENTAL TEMPERATURE

DETERMINATION

Thecdculation resultswere verified by severa heating

experiments. Olivine and plagioclase (100 grains each)

with primary glassy inclusions containing a gas phase
and bearing no evidence of recrystallization or second-
ary mineralization were selected for the experiments.
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Table 4. Compositions of melt inclusionsin olivine and plagioclase and compositions of parent melts for alivalites (wt %)
Number | SO, TiO, | AlLO; | FeO,y | MNO MgO Ca0 Na,O K,0 cl Tota
1 53.95 151 17.92 8.77 0.19 268 | 10.89 3.48 0.6 0.11 100
2 54.05 1.27 18.6 8.23 0.09 236 | 11.74 314 0.53 0.25 100
3 52.83 1.18 18.26 9 0.21 351 | 108 37 0.52 <0.1 99.99
4 56.33 1.07 17.86 7.81 <0.1 2.58 9.49 4,05 0.83 <0.1 100
5 53.38 119 18.65 8.28 <0.1 316 | 106 4.17 0.57 0.11 100
6 53.49 1.26 17.88 8.99 <0.1 341 10.51 39 0.55 0.12 100
7 57.54 114 14.24 9.79 <0.1 5.64 7.9 2.99 0.77 <0.1 100
8 60.22 0.79 13.06 9.46 <0.1 5.4 7.3 2.83 0.94 <0.1 100
9 57.25 0.98 14.56 9.97 <0.1 5.76 8.42 2.35 0.71 <0.1 100
10 50.15 0.9 19.23 9.11 0.28 5.57 13.01 1.6 0.15 <0.1 100
11 49.34 0.82 19.47 9.18 0.35 553 | 13.16 184 0.19 0.12 100
12 48.8 0.79 19.69 9.1 0.21 533 | 137 2.23 0.15 <0.1 100
13 50.13 0.82 18.94 9.11 0.16 5.57 13.01 213 0.13 <0.1 100
14 51.67 0.97 17.79 9.15 0.44 5.8 12.31 1.62 0.14 0.11 100
15 48.29 0.57 22.61 9.13 0.29 558 | 12.02 1.23 0.28 <0.1 100
16 53.03 0.9 17.12 9.14 0.06 5.67 11.75 2.1 0.11 0.12 100
17 51.57 0.88 18.05 9.12 0.11 5.6 12.33 2.04 0.2 0.10 100
18 50.5 1.02 18.88 9.13 0.19 546 | 1261 2.05 0.16 <0.1 100
19 46.9 0.91 21.1 9.14 0.22 524 | 1411 2.16 0.22 <0.1 100
20 49.79 1.02 19.6 9.44 0.27 6.33 | 1044 2.58 0.54 - 100
21 50.46 1.15 18.97 9.65 0.19 6.79 9.94 2.28 0.56 - 100
22 50.28 0.74 19.42 9.59 0.16 6.86 | 10.53 2.15 0.3 - 100
23 49.89 0.84 20.04 9.18 0.19 6.85 | 11.12 1.6 0.19 - 100
24 50.10 0.94 19.51 9.47 0.20 6.71 10.51 2.15 0.40 - 100
25 54.19 121 17.06 9.15 0.13 4.56 9.88 3.18 0.64 - 100

Note: (1-6) glassy inclusionsin olivine; (7-9) glassy inclusionsin plagioclase; (10-19) representative compositions of melt inclusionsin
olivine after the thermometric experiments Zavaritskii Vol cano; (20—24) compositions of the most magnesian melts obtained during
the thermometric experiments: (20) K sudach Vol cano, (21) Mutnovskii Vol cano, (22) Golovin Vol cano, (23) Zavaritskii Vol cano, and
(24) average composition; (25) calculated composition of parent melt for allivalites from Mutnovskii Volcano. The analyses were
conducted at the Laboratory of Microanaytica Techniques, Department of Petrology, Moscow State University. AnalystsE.V. Gusevaand
N.N. Korotaeva. CamScan-4DV electron microscope, equipped with a Link-10000 analytical system.

The average size of the inclusions was 15-20 um. The
experiment was performed in a furnace with the assis-
tance of A.D. Babanskii at the Institute of the Geology
of Ore Deposits, Petrography, Mineralogy, and
Geochemistry (Moscow).

The inclusions were homogenized in a platinum
container filled with graphite powder. A stepwise (by
20°C) heating method above 1000°C was used in the
experiment. The temperatures were measured accurate
to £10°C. On heating to a certain temperature, the sam-
plewas held for 2-3 min at aconstant temperature, then
removed from the heating stage and quenched at room
temperature. The homogenization event was visualy
identified by the disappearance of the gas phase. Most
of the melt inclusions were homogenized at 1050—
1100°C. Therare inclusions that could not be homoge-
nized even at 1200°C were rejected. They may have
been depressurized or formed by heterogeneous entrap-
ment of the melt and a gas-iquid phase.

GEOCHEMISTRY INTERNATIONAL

DISCUSSION

The compositions of the melts from which the
alivalite minerals crystallized were estimated by
microanalysis of the experimentally quenched melt
inclusions and by calculation. Table 4 demonstrates the
average composition of the melt calculated from the
compositions of primary glassy inclusionsin alivalite
plagioclases from Mutnovskii Volcano with the addi-
tion of 18.7% of the host mineral, from the composi-
tions of the olivine inclusions (coexisting with the
above plagioclase), and 4.53% the host mineral, and
from the compositions calculated using the method of
reciprocal fractionation [18].

The experimental resultsare highly consistent (Fig. 2),
which testifies to their validity. Similar melt composi-
tions for different volcanoes suggest the existence of a
common low-K tholeiitic parent magma. The calcu-
lated melt compositions are less mafic than those
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obtained in the experiments. Thisis probably related to
the initial samples selected for analysis. For example,
the calculations were performed for the Fosg 79 + ANgy o1
assemblage, because the more magnesian olivines and
more calcic plagioclases are dominated by partly
recrystallized inclusions. In contrast, the samples
selected for the thermometric experiments comprised the
partly recrystallized inclusions in the FOg; g, + ANy o5
assemblage. Thelower iron proportion in the cal cul ated
compositions probably resulted from diffusional redis-
tribution of iron in the host olivine during chamber
crystallization [22].

The parent magma compositions obtained in the
thermometric experiments are plotted between the
compositional fields of alivalites and lavas in the
major-element diagrams at the beginning of the evolu-
tionary trends of the low-K tholeiitic series (Fig. 2).
Volcanic rocks with SIO, < 50% are rare in this series.
Their origin is probably related to the local accumula
tion of early phenocrysts. The trends of the above series
indicate that olivine and plagioclase fractionation were
the principal mechanisms of magma differentiation.
Thus, the data presented here prove the cumul ative ori-
gin of alivalites[1, 8, 14].

The evolutionary trends calculated using the
COMAGMAT program [4] from the average magma
compositions obtained in the thermometric experi-
ments are close to the trends of natural compositions of
igneous rockswith SiO, < 58% (Fig. 2). Therock com-
positions for Mendeleev Volcano are plotted near the
trend calculated by the fractional crystallization model
with awater content of 2% in the initial magma and an
oxygen fugacity of 0.4-0.6 logarithmic units above the
NNO buffer. It is suggested that the magmain Ksudach
and Zavaritskii volcanoes evolved at a higher oxygen
fugacity (1.0-1.4 logarithmic units above the NNO
buffer) and lower H,O contents in the parent melt (1.0—
1.2%). The rocks of Mutnovskii Volcano and silicic
rocks deviate from the calculated trends, probably
because crystal fractionation was not the only process
operating at the later stages of magmatic evolution. The
contribution of crustal material to the magma composi-
tionisindicated by regular differencesin thetotal alkali
contents between the rocks of Kamchatka and the Kurril
Islands (Fig. 2c).

The balance of major elements (parent magma =
alivalite + basalt) showsthat the fractionation of 7-8%
olivine—plagioclase cumulate from the parent magmais
necessary for the formation of basalt of the Kuril-Kam-
chatkaisland arc.

The inclusions are particularly abundant in the
mature volcanoes passing the caldera stage of evolu-
tion. According to the gresat variability in the composi-
tions of volcanic rocks and inclusions, the feeding
magma systems beneath such volcanoes are vertically
zoned by temperature and composition and are repre-
sented either by a large layered chamber or several
smaller multilevel chambersfilled with magmas of var-
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ious differentiation degrees. The compositional differ-
ences between the inclusions and host rocks are related
to the evolution of the magmatic system, i.e., the
magma differentiation accompanied by crystal accu-
mulation and formation of silicic derivatives. The
replenishment of magma chambers caused the convec-
tion and ascent of solid or highly viscous mafic material
from the deepest parts of the system to the upper hori-
zons and its transportation to the surface as inclusions.
The latter could represent cumulates or fragments of
intrusive bodies solidified at various depthsfrom earlier
magma fractions.

CONCLUSIONS

(1) The glassy mdlt inclusionsin allivalite minerals
provide information on the early stages of melt evolu-
tion in magma chambers. The compositions of early
magmas for different volcanoes are fairly similar and
correspond to the parent melt for the low-K tholeiite
series of the Kuril-Kamchatka island arc volcanoes
(Zavaritskii, Golovin, Ksudach, Mutnovskii, Men-
deleev, etc.).

(2) The data on melt inclusions proved the previous
suggestion of the cumulative origin of alivalites. How-
ever, the occurrence of inclusions of other rock typesis
also possible.

(3) The temperature of coeval olivine and plagio-
clase crystallization in alivalites is estimated at 1050
1100°C at an H,0 content of 1.5-2.0 wt % in the parent
melt.

(4) The general compositional similarity of melts
equilibrated with the allivalite minerals at different vol-
canoes of the Kuril-Kamchatka island arc indicates
that these melts are close to the parent low-K tholeiitic
magmatypical of the studied region.
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