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Abstract—This paper is concerned with the geological history and petrology of a major polygenic volcanic
edifice dating back to Upper Pleistocene to Holocene time. This long-lived volcanic center is remarkable in
that it combines basaltic and trachybasaltic magmas which are found in basaltic andesite and trachybasaltic—
trachyandesite series. The inference is that the coexisting parent magmas are genetically independent and are
generated at different sources at depth in an upper mantle volume. The associated volcanic rocks have diverse
compositions, stemming from a multi-stage spatio—temporal crystallization differentiation of the magmas

and mixing of these in intermediate chambers.
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INTRODUCTION

The information on the Ploskie Sopki massif can
be found to varying degrees of detail in (Sirin, 1968;
Piip, 1956; Ermakov, 1977; Flerov and Ovsyannikov,
1991; Churikova, 1990, 1993; Churikova and Sokolov,
1993; Churikova et al., 2001, 2012, 2013). Our studies
supplied considerable corrections to the interpretation
of the volcanic history for the formation of the massif
and the associated petrogenesis. The Ploskie Sopki
massif (Fig. 1) is the largest polygenic (as to morphol-
ogy and geology) volcanic edifice in the Klyuchevskoi
Volcanic Cluster. It is made of the paired edifices of
the Late Pleistocene Ushkovskii (3943 m) and
Krestovskii (4108 m) stratovolcanoes. The summit
part of Ushkovskii Volcano and part of Krestovskii are
truncated by a 4.5-km X 5.5-km collapse caldera,
which includes two cinder cones, Kherts and Gorsh-
kov, and is filled with a glacier. Krestovskii Volcano is
a fragment of the volcanic cone that has been spared
by the collapse, and which makes up the N—NW-W
steep wall of the collapse cirque. The slopes of the
massif abound in cinder and cinder—lava cones due to
parasitic eruptions at different hypsometric levels.
Some of these are along the periphery of Ushkovskii
Volcano, while most of the cones are confined to a
narrow zone striking SSW—NNE—-NE, which tra-
verses the top of the massif and its slopes, and can be
followed for a distance of 60 km, with the width vary-
ing between 6 and 8 km. One peculiar feature of the
massif consists in the presence of normal and high
alkalinity volcanic rocks within a single edifice, which

exhibit a variety of structural aspects ranging between
aphyric and megaplagiophyric. The present study
draws upon material acquired for several sections of
the volcano, with 237 chemical analyses of the rocks
and 1540 analyses of the composition of rock-forming
minerals.

MATERIALS AND METHODS

The analyses of the petrochemical compositions
were mostly performed at the Institute of Volcanology
and Seismology (IV&S), Far East Branch, Russian
Academy of Sciences (FEB RAS) by wet chemistry,
with part of this work being carried out at the Vinogra-
dov Institute of Geochemistry (IG), Siberian Branch
(SB) RAS by the XRF technique. The compositions of
rock-forming minerals were determined using a
Camebax X-ray microanalyzer (at IV&S FEB RAS)
with an INCA installed energy dispersive spectrometer
whose crystal had an area of 80 mm?. The current in
the mode of the energy dispersive spectrometer at the
Ni standard was 20 nA, the accelerating voltage was
20 KV, and the peak exposure was 15 seconds. The stan-
dards were blue diopside (Si, Mg, Ca), synthetic ilmen-
ite (Fe, Ti), synthetic aluminum phosphate (Al, P),
albite (Na), orthoclase (K), synthetic chromium oxide
(Cr), and rhodonite (Mn). We studied polished sec-
tions of rocks and monomineral fractions larger than
0.25 mm across, which were selected from crushed
samples as heavy as 300 grams. The method of mineral
sampling was also used in order to obtain statistical
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Fig. 1. A geological sketch map of the Ploskie Sopki massif.

Volcanic features: (1) in the Tolbachik areal zone Qy; (2, 3) Upper Pleistocene through Holocene Qg —Qq features in the super-

imposed regional zone of cinder cones: cinder cones and lava flows of basaltic andesite and andesitic compositions with normal
and higher alkalinity (2), agglomerate pyroclastic deposits due to intra-caldera eruptions, pyroclastic flows (3); (4—6) Upper

Pleistocene features due to the stratovolcanoes Q%: Krestovskii basalts (4), (5, 6) lava—pyroclastic features of basaltic and basaltic
andesite compositions with normal and higher alkalinities due to Ushkovskii Volcano: rocks of various macro-textures (5), lavas

of the megaplagiophyric aspect (6); (7) Upper Pleistocene basalts due to the shield volcano Q%; (8) Middle Pleistocene features
of the basement plateau Q,; (9) features in the basement of Ostryi Tolbachik and Ploskii Tolbachik stratovolcanoes; (10) Krasnyi
Utes block outlier, basaltic andesites and andesites due to Ushkovskii stratovolcano; (11) the Kherts and Gorshkov cinder cones
and cinder cones (1 and 2, respectively, in this figure) in the caldera; (12) other cinder cones; (13) features due to parasitic erup-
tions on Ushkovskii; (14) destroyed chains of craters (a), destroyed cones (b); (15) eruption centers; (16) Ushkovskii (a) and
Krestovskii (b) stratovolcanoes; (17) Klyuchevskoi, Kamen’, and Srednii stratovolcanoes; (18) caldera scarps that have relief
expression (a) and that are buried in pyroclastic deposits and under a glacier (b); (19) tectonic step on Studenaya R.;
(20) moraines; (21) glaciers; (22) inferred faults: those having magma control on the eruptions in the regional zone of cinder
cones (a); the fault that caused normal movement in the eastern sector of stratovolcano edifices (b). The geological sketch map
of the massif'is based on maps in (Sirin, 1968; Flerov and Ovsyannikov, 1991). The inset shows the location of the massif.
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information on phenocryst minerals, which were rare
in polished sections.

A GEOLOGICAL REVIEW

The Ploskie Sopki massif stands on an extensive
gently sloping volcanic plateau whose surface is at
~1000 m altitude. Its deposits as thick as 200 m are
occasionally exposed in a section of the steep scarp of
the right-hand wall of the Studenaya R. canyon
(Churikova et al., 2015a, Fig. 3). The plateau rocks are
trachybasalts and basaltic trachyandesites; they exhibit
a wide variety of texture, ranging from aphyric to
large-grain porphyry varieties. The latter include
megaplagiophyric lavas whose exposures are also
found at considerable distances from the center of the
volcano, being exposed in the basements of Ziminy
Sopki and Bezymyannyi volcanoes, as well as in the
walls of the Kamchatka River. According to its struc-
ture and composition this rock mass is a stratotype of
the Khapichen plateau (Ermakov, 1977); “Ar/>°Ar
determinations give an age fitting the Middle Pleisto-
cene: a sample from the Khapichen plateau has an age
of 274 + 8 ka and that from the Studenaya section is
262 ka (Calkins, 2004).

The formation of the entire Ploskie Sopki massif as
a long-lived volcanic center (see Fig. 1) was deter-
mined to have occurred during Upper Pleistocene

through Early Holocene time Q§ - QL (Braitseva
et al., 1995; Ponomareva et al., 2013; Bazanova et al.,
2016) and was at first thought to have been related to

the activity of a large shield volcano (Qg) (referred to
in what follows as the shield volcano). This shield vol-
cano stands on the plateau rocks and is composed of
effusions of basaltic magma. It was the predecessor of
the Ushkovskii stratovolcano, which has inherited its
eruption center. The shield volcano has a diameter of
~40—50 km; the top of its lava flows dips at approxi-
mately 8°—10°.

Ushkovskii Volcano (Qg) stands out from the relief
with its steep slopes dipping at 35°—40° and a step-like
stratified structure; it shows a high degree of explosiv-
ity, and is composed of alternating lava flows and
pyroclastic deposits. Its structure is very obviously
dominated by basalts, which are typical in the base-
ment of this edifice, giving way further upward to
alternating basaltic—basaltic andesite and trachybasal-
tic—basaltic trachyandesite series. The section shows
short flows and lenses of megaplagiophyric lavas
whose compositions are like those just mentioned;
these also terminate the section at the top in the shape
of a wide mantle in the top parts of its western and
eastern sectors (see Fig. 1). All the above rock varieties
also occur in ejecta of parasitic vents.

The Krestovskii stratovolcano has a purely basaltic
composition of its discharges. It was formed as the
eruption center moved northward from the summit of
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Ushkovskii Volcano; this seems to have occurred after
a break in volcanic activity that was comparable with
the period of glacial erosion. Its structures mostly con-
centrate in the northern sector of the massifand wedge
out in the northwestern sector where basaltic flows
overlie the upper sequence of the Ushkovskii megapla-
giophyric basaltic andesites. The varieties whose phe-
nocrysts are dominated by plagioclase are less abun-
dant in the total mass of Krestovskii basalts, while
megaplagiophyric lavas are only present in the
Krestovskii dikes, which are probably conduits that
supplied material for the post-caldera eruptions of the
massif. At the same time, we encounter basalts
enriched in high magnesia olivine and chromopicotite
and basalts with high concentrations of titanomagne-
tite (up to 10%).

Geological and geomorphologic studies gave the
result that the shield volcano and the Ushkovskii and
Krestovskii stratovolcanoes, as well as all the stratovol-
canoes in the Klyuchevskoi Volcanic Cluster, were
formed in the 40—60 ka time span (Melekestsev et al.,
1970; Braitseva et al., 1995; Bazanova et al., 2016).

The Late Pleistocene through Early Holocene time
was remarkable in that the geodynamic setting was
changed in the region; the change manifested itself in
tectono-magmatic activation that took place after a
long period of relative quiescence. The central-type
volcanism that had produced the stratovolcanoes gave
way to fissure-type volcanism. The leading structural
and magma-controlling element of volcanic occur-
rences is an arcuate fault striking nearly east—west to
northeast; it traverses the volcanic massif and passes
through the summits of both stratovolcanoes. The
geotectonic processes have produced two collapse cal-
deras within the massif; these collapses have destroyed
the summit part of Ushkovskii Volcano and part of
Krestovskii Volcano; a graben was formed on the S—SW
slope of Ushkovskii Volcano together with extant out-
liers, or blocks of the Ushkovskii edifice. A large col-
lapse in the eastern sector of the massif occurred to
expose a section of the stratovolcano deposits, along
with other secondary tectonic movements. Eruptions
were occurring throughout the entire length of the
fault zone to generate a volcanic zone (a regional zone
of cinder cones) with numerous cinder and cinder—
lava cones and areal effusions of basaltic trachyandes-
ite and trachyandesitic lavas that had filled both calde-
ras and the graben. This character of volcanic occur-
rences is similar to Hawaiian “rifts,” and is especially
noticeable in a similar Holocene dispersed zone of
cinder cones in the Tolbachik Dol, which is still active
today (Braitseva et al., 1984; Flerov et al., 2015). Later
volcanic activity mostly concentrated in the caldera
and in the SW part of the fissure zone. The caldera was
completely filled with lava, producing a shield upland
with the Kherts and Gorshkov cinder cones of basaltic
andesite compositions, while its flows made a mantle
over the stratovolcano in its southern and eastern sec-
tors. The caldera lavas are mostly rocks with megapla-
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giophyric and mesoplagiophyric textures. Effusions of
megaplagiophyric lavas that seem to have been simul-
taneous with the caldera lavas also occurred during the
effusive eruption on the Lavovyi Shish group of cones
~20 km northeast of the caldera rim in the fissure zone
at the N—NE foot of Klyuchevskoi Volcano (see Fig. 1).
The zone of cinder cones was formed in the Late Pleis-
tocene through Early Holocene time span: the
40Ar/3Ar age of a lava sample from early eruptions was
dated 25 ka, while tephrogeochronologic studies give
the age of the last eruptions as 8600—1100 '“C years BP
(Calkins, 2004; Ponomareva et al., 2013; Bazanova
et al., 2016).

The entire volcanic edifice is cut through by
numerous dikes of various ages; the rocks are the same
varieties as the rocks of the entire massif. The intra-
caldera explosive eruptions during the early stage pro-
duced deposits of agglomerate pyroclastic flows with
rock fragments (up to 30% of the volume) from a sec-
tion of the volcano which were recorded on the outer
and inner slopes of the caldera wall and are fragmen-
tarily exposed beneath younger lava flows at the south-
ern foot of the massif, making a rock sequence as thick
as 40 m. These deposits, as well as the mesopla-
giophyric trachyandesite of the caldera lava flow, were
found to contain xenoliths of volcanogenic—sedimen-
tary rocks, amphibolites, gabbroids, and broken-down
olivinites. To sum up, the geologic structure and evo-
lution of the massif allow one to treat the entire variety
of volcanic rocks as a single totality that is parageneti-
cally related to the multistage evolution of the vol-
cano’s magmatic system in space and time.

THE PETROCHEMISTRY

Unpublished analyses of the present authors sup-
plemented with those from (Churikova and Sokolov,
1993; Churikova, 1993; Ivanov, 2008) were used to
make petrochemical diagrams. Representative chemi-
cal compositions for rocks sampled in the Ploskie
Sopki massif are listed in Table 1. It appears from the
diagrams in Fig. 2 that all volcanic rocks in the massif
generally plot in a single common field. The composi-
tions form a continuous series with regard to sil-
ica/alkalinity in the SiO, 49—60 wt % interval with a
trend to progressively increasing total alkalies (mostly
K,0). However, the distribution of data points and
their positions in the diagrams for rock varieties sam-
pled from different geologic features, which represent
different stages of volcanism in the geological history
of the massif, lend themselves to identification of two
petrochemical rock series. All the rocks are calc-alka-
line. Considering their total alkalies, they are normal
and moderate alkaline varieties (referred to as higher
alkalinity in the main text), while the concentration of
K,O classifies them as moderate potassium and high
potassium varieties. The normal alkaline rocks are
basalts, less frequently basaltic andesites and andes-
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ites. Basalts are the most widespread rock type in the
massif, they compose the shield volcano and
Krestovskii, and dominate Ushkovskii; andesites are
only found among some features on the zone of cinder
cones. Rocks of higher alkalinity are trachybasalts,
basaltic trachyandesites, and trachyandesites. Trachy-
basalts and basaltic trachyandesites are prevalent in
the basement plateau and in the Ushkovskii stratovol-
cano; trachyandesites are found in insignificant
amounts there, while the zone of cinder cones is dom-
inated by trachyandesites (see Fig. 2).

The regression lines for the rocks of normal and
higher alkalinity are nearly parallel. These sets of rocks
show a linear distribution of compositional points with
a positive correlation between alkalies and SiO,, while
their positions in the diagrams of Fig. 2 demonstrate
the relative discreteness of normal and highly alkaline
rocks. The rocks of normal alkalinity make a trend in
the interval of SiO, 49—55%, while the rocks of higher
alkalinity in the Ushkovskii stratovolcano and in the
zone of cinder cones make a single common set whose
overall trend is within SiO, 51—-57% and 53—60%,
respectively. The Ushkovskii rocks show stepwise
increases in alkalinity in the 51—54% SiO, interval
through intermediate varieties; the increase is from
4wt % to 5.6 wt % Na,O + K,O, which allows one to
identify two orthogonal trends, viz., basalt to trachy-
basalt and basaltic andesite to basaltic trachyandesite
(unfilled arrows in Fig. 2). Basaltic andesites and
andesites also form individual lava flows in the caldera
and make up the intra-caldera cones of the Kherts and
Gorshkov craters in the zone of cinder cones (see
Figs. 2a and 2b, Table 1, nos. 59, 60). It can be seen in
the diagrams of Fig. 2 that the compositional field of
rocks discharged by parasitic eruptions completely
overlaps the Ushkovskii volcanic rocks, while the
compositions of highly alkaline rocks sampled from
the plateau and from the Ploskie Sopki massif plot
within those for the Khapichen plateau.

Considering that the rock compositions are identi-
cal, the analysis of the correlation diagram of oxides
versus SiO, (Fig. 3) places the emphasis on compari-
sons between compositions in accordance with the
petrochemical series of normal and higher alkalinity.
According to the concentration of silica, most of the
volcano rocks are silicic and high silica varieties, being
characterized by concentrations of that element
between 16% and 20%. However, Krestovskii and Ush-
kovskii gave several high magnesia samples of basalt
that contain 14—15 wt % Al,O; and 9—10 wt % MgO,
respectively (see Figs. 3c, 3d). The overall picture that
emerges from inspection of the diagrams of Fig. 3 is
that rocks of normal and higher alkalinity compose a
single common cluster of data points showing per-
sistent correlative relationships in most of the dia-
grams. The substantial amounts of major elements are
obviously related to the fact that the rocks sampled
from the massif consist of lavas with an unusually wide

No.4 2017



FLEROV et al.

270

(1 "314 99S) QU0 AOYYSIOD) SI 7E “OU ‘YSIYS IAAOART ST g7 "ON ouAydoideidosaw ‘edsw ‘orrAydorsejdesow
‘ed3w ouAydiod ‘yod ‘ourAydeqns ‘ydes ouAyde ‘yde :SaInIxXa], "UOII [BIO], 4 "ATISTWAYD 19M AQ SIOUDIOS JO AWIPLIY URISSITY ‘[ouelq Iseq Jed ‘AF0[OUBD[OA JO 2JnINSU dY) Je PAWLIOJ
-I1od 910M SIsATeUR QY] JO 151 AU} ‘anbruyod) LY X Yl SuIsn SIOUADG JO AWIPLIY URISSITY ‘yYourlg Iseq Jeq ‘A30[090) Jo a1mnsu] Y3 1 pauwiordd arom (1€ ‘17 ‘61 ‘ST ‘6 ‘8 ‘1) <(800C
‘AOUBAT) (1T “L1 ‘€1 “01) “(BS10T “"TB 19 BAONLINYD) (T) :SISA[BUY "SIU0D 10PUID JO UOZ dY) (TE—LT) ‘OUBD[OAOIRIIG IISAOISAIY (9T—ET) ‘OUBD[OAOIBIS ISAONYS() (TT—F) ‘Nedted (¢—1)

edsw ydes ydes ed3w edsw 1od 1od 1od Jod 1od 1od edSw 1od ydes vdSw ydes AINMIXAL,
79°66 9666 68'16 $9°66 €166 ¥L'66 €6°66 IL°86 T66 0566 | ¥9'86  LO'00L 9.'66 +0°001 €C°00T 0L°66 [eioL
290 09°0 LS0 1€°0 o S0 0€0 ce0 9T°0 8¢°0 050 09°0 80 80 P00 C€0 ‘0
80°C 6L°C 89°C 8Y'C 89°C 61°C 6C’1 9I'l 0Tl 80°L 661 91'C 18°1 16'1 9L'T  ¥9°1 oY
6T'¢ €0y Yy €8¢ SO'¥y Y6°¢ £€6°C 08°¢C 8'C 09°C 6v'v 89°¢ 70 8L°¢ e ELE 0%N
(455 ores 0TS 0L9 L9 Y9 R 176 56 ¢80l €9 €S’L 90°8 SS’L 998  +0°8 (0170]
8I'C [4axé ¥T'C 0S'1 86°1 09°¢ 80°9 SL'9 w6 vS'L 90°¢ §9°C £€8°C 60 ¢Sy 00°S O3S
170 €10 0C0 010 L00 71°0 L1°0 81°0 €10 91°0 91’0 cro cro 91'0 Lo SI°0 OUN
%«L0'9 629 *x0V'L 9¢'v 1488 16'9 €LL %068 €79 L9°9 *98°L 119 889 L¥'9 Y9  69°¢ O°d
000 0L0 000 ¥9°1 (44! 8S°C €8°C 000 [4 ¢ 9¢'¢ 00°0 I€°1 00°0 9¢°C 09°¢c  80% to%q
9’61 6L°S1 0691 8861 S0°0¢C G8°LI €0°LI 0891 7091 [IL91 | #8°91 SLLT ¥9'61  +P91 ¥6'91  91'8I toav
611 Se'l 8Tl SI'l 48! 99°1 6C'1 el'l 88°0 €6°0 I€°1 87l LT1 0¢'1 vl 6C'1 ‘orL
0€°LS 88°6S 0S°8¢ 0S°LS 89°6¢ 80'vS 9L’1IS LY'IS oros 0’6y | 009 98°SS  €9VS  LEPS G8'1IS  09°I¢ ¢or1s
\4 VL VL VL V1d V1id d d d d NAR: LAk Vv1id V1d dL dL A0y
1/€0v 8CET S 0C GC-US 6-98dV  ¢LeT ¥9¢€C 160T  68-984V 06/€0UD| 611 70¢C 6¢ 81¢C 1€€T ¥L€T | ou ordures
[43 [€ 0¢ 6¢C 8¢C LT 9C Y4 ¥ €C (44 IC 0¢ 61 81 Ll ‘ON
yde Jod Jod ydes Iod Jod Jod Jod ed3w Jod ydes Jod Jod yde Jod yde AINMIXAL,
LT00I TO'00T 8L°66 9t°66 166 00°66 L9°001 01001 YL'66 8966 85766 SI'66 LV'66 | £0°001 66’66 6766 [eioL
$9°0 Ly 0 S0 €0 8C°0 LEO0 6£°0 9C°0 9C°0 €€0 8T°0 9C°0 0C0 8S°0 §9°0 IS0 SOdd
e €0°C 9¢°1 6¢'1 0€’l 9¢°1 8C'L SI'L 8I'l 0’1 90°'l 174 16°0 44 e 6L o
4% 61°¢ €9°C [42% £€6°C 88°C 0L'C LO°€ 96'C 19°C [43¢ cre LE'T SOy €9t Lv'E O%N
879 81°L IL'8 6’8 16 06 81°01 80°01 91°0l (40 €Cor  veol €70l Q9°¢ ITL I8 (010
69°C e 68°¢ 9¢°¢ 00°L vy 66°6 ¥9°¢ 9¢°9 86°'L 669 6L°S €89 y0°¢ e  vES OSIN
€10 010 91I'0 ¥1°0 91’0 71°0 L1°0 91’0 91’0 910 L1°0 91°0 61°0 1o ¢ro 8Io OUNN
*9€°L 1L°§ *9C'8 LS°L %x96°8 98°¢ +91°6 1T°¢ ¥9°9 LS9 099 €6°S €e’s €9 *C6'8 916 0°>4
00°0 0T 000 00°0 000 9T’¢ 000 1€ 8¥°C 9t 8CT'¢ LT¢ vy 18°C 000 8¥'1 fo%q
6v°LI 9I'81 16791 €56l 591 08°81 124! 69°L1 L9l €191 6T'L1 8Ll 96°Ll 9691 6891 TCI1 toav
(43! 6€’1 611 601 $6°0 0’1 Y1l SO'1 SO'1 86°0 SLO €0l £€8°0 791 SL'1 9Ll ‘oL
8¢°8¢ S0°9¢ (427 6S°¢S 1L°CS LY'IS [45Y 86°0S £6°0S 8L°0S 1708 61°0S 896V | ¥E€9S 11°6S  8I'IS tors
\4 av av av dav d d d d d d d d VL AARS dL A0
8¢€0¢ 139 197 180¢C 1L0C 09¢€¢C 111 1/001¢C [41v¢ Cl (41114 10€ LLOCT vPEC 90-€13eld LLET | Ou o[dures
91 Sl 14! €l cl 11 01 6 8 L 9 S 14 € [4 1 ‘ON

s)001 {dog anso[d 10J (% M) suonIsodwod [ed1WaYd 9ANeIUISAIdI Y, *T d[qeL

2017

No. 4

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 11



THE PLOSKIE SOPKI VOLCANIC MASSIF 271

Na,0 + KO,, wt % (@) .
Moderately alkaline rocks
8 - TRACHYANDESITES
+
+ -

Rocks of normal alkalinity

ANDESITES

BASALTS

K,0, wt % ()

45 50 55 60 65
Si0,, wt %

@1 O» ®3 +a1 s ﬂe /47 A8 09

Fig. 2. The Si0,—Na,0 + K,0 (a) and SiO,—K,O (b) classification diagrams for rocks sampled in the Ploskie Sopki massif.
(1) basement plateau; (2—3) Ushkovskii (2) and Krestovskii (3) stratovolcanoes; (4) the regional zone of cinder cones; (5) com-
positional field of rocks discharged by parasitic eruptions; (6, 7) evolutionary trends for rocks of normal (6) and moderate (higher)
alkalinity (7); (8) direction of alkalinity variation; (9) compositional field for rocks in the Khapichen plateau (Ermakov, 1977).
Discrimination diagrams, after (Petrograficheskii kodeks ..., 2009; Peccerillo and Taylor, 1976). Roman numerals denote identi-
fication numbers of the following series: low potassium series (I), moderate potassium calc-alkaline series (II), high potassium
calc-alkaline series (I1I), and subalkaline series (IV).
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Fig. 3. The SiO, v. oxides Harker diagrams for the Ploskie Sopki rocks.

(1) rocks of normal alkalinity; (2) rocks of higher alkalinity; (3, 4) evolutionary trends for rocks of normal (3) and moderate

(higher) alkalinity (4); (5) direction of alkalinity change.

range of textures (Cox et al., 1979). At the same time,
careful examination will reveal certain differences in
several diagrams between the distributions of data
points for rocks of normal and higher alkalinity; this
manifests itself in relative displacements of their fields
and different orientations of the compositional regres-

sion lines and the evolutionary trends of the rocks.
Distinct differences are observed in the concentration
of titanium in rocks of normal and higher alkalinity,
which manifests itself in trends of, respectively, direct
and reverse correlative relationships in the variation of
TiO, concentration (see Fig. 3a). The linear distribu-
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tions of data points showing more or less reliable cor-
relation relative to SiO, are noted for MgO, CaO, and
FeO*, with the regression lines for the concentrations
of these oxides in the rocks of normal and higher alka-
linity series being oriented nearly parallel (see
Figs. 3c—3f). Similarly to Fig. 2, the Ushkovskii
basaltoids show two trends of variation for oxide con-
centrations, with the vector being from basalt to basal-
tic andesite in the one case and from basalt to trachy-
basalt in the other. The above features in the evolution
of rock composition for various structural and age
units in the Ploskie Sopki massif can be viewed as pro-
viding evidence of their common paragenesis.

PETROGRAPHY
AND MINERAL COMPOSITION

The petrographic varieties of Ploskie Sopki volca-
nic rocks are controlled by variations of quantitative
mineral relationships and by macrostructures ranging
from aphyric to megaplagiophyric. The concentration
of phenocrysts and subphenocrysts varies within the
5—50% range of rock volume, producing porphyry
and serial porphyry textures. The absolute majority of
all rock types, both of normal and higher alkalinity,
shows the following mineral association of phe-
nocrysts and subphenocrysts: plagioclase + olivine +
clinopyroxene + titanomagnetite. The basalts contain
both bipyroxene—olivine—plagioclase rocks and pla-
gioclase varieties with sporadic phenocrysts of mafic
minerals. The phenocrysts and subphenocrysts of
mafic minerals are usually dominated by olivine. The
concentration of orthopyroxene varies between the
presence of sporadic crystals and 2—3% in the bipy-
roxene varieties of basalt. Rocks that are dominated by
orthopyroxene are more rare; the high magnesia
basalts of Krestovskii are substantially dominated by
olivine. The rocks were found to contain polymineral
Ol + Cpx + Pl &+ Opx = TiMt % IIm and monomineral
glomerous growths. The trachybasalts contain clino-
pyroxene in substantially lower amounts; one notes
olivine—plagioclase (oxygen-free) varieties. The ore
mineral that is represented by the spinel group was
found in both basalt types in phenocrysts, subphe-
nocrysts, and as a guest mineral in phenocrysts con-
sisting of olivine, pyroxene, and plagioclase; it is less
abundant in basalts of normal alkalinity. The mineral
association of microlites corresponds to that of phe-
nocrysts, but is dominated by plagioclase, while
pigeonite is encountered among microlites in basalts;
the ore mineral is usually powdered in a glassy basis.

The mineral composition of the basaltic andesites
and basaltic trachyandesites is similar to that for the
basalt types described above. As the silica concentra-
tion increases in a rock it has smaller sizes and concen-
trations of mafic minerals, down to the presence of
only some isolated grains; the amount of plagioclase
becomes much greater, while the relative amount of
clinopyroxene increases among the mafic minerals.
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Orthopyroxene phenocrysts and subphenocrysts are a
common occurrence in basaltic andesite; they are
present in acidic varieties of basaltic trachyandesites.
The microlite association is dominated by feldspar, the
mafic minerals always include clinopyroxene, while
basaltic andesites contain microlites of orthopyroxene
and olivine, as well as pigeonite. The rocks of tra-
chyandesitic compositions include bipyroxene—pla-
gioclase and plagioclase varieties. Olivine is very rarely
present in the form of individual small grains in pol-
ished sections or in crushed samples; the same can be
said about pigeonite in groundmass. The accessory
minerals include small apatite crystals, and very rarely
amphibole in basaltic andesite and andesitic rocks.

According to its structure the Ushkovskii rocks
include porphyry, subaphyric, and megaplagiophyric
varieties, with porphyry varieties being usually present
in Ushkovskii Volcano. The abundance of megapla-
giophyric lavas somewhat increases from basalts to
basaltic andesites and is greatly reduced in andesites.

More typical for the rocks in the zone of cinder
cones are subaphyric, aphyric, and fine-porphyry
macrotextures dominated by a plagioclase phase, a
decidedly porphyry groundmass, and a glassy matrix,
thus providing evidence of rapid crystallization. In
addition, there are close-impregnated megapla-
giophyric lavas that are typical of caldera effusions.

Olivines. Representative olivine compositions are
listed in Table 2. It can be seen in the diagram of Fig. 4
that the phenocryst fields and the fields of olivine sub-
phenocrysts from rocks of normal and higher alkalinity
mostly overlap. Nevertheless, considering the statistics
of the determinations, one can tentatively identify some
differences in their compositions. The olivines from
basalts and basaltic andesites, when considered with
regard to the concentration of forsterite, make a com-
paratively continuous series in the Fo (%) 88—56 inter-
val with mass crystallization from Fo (%) 83 (see
Figs. 4a, 4b). The highest magnesia olivines Fog,_ g3,
which seem to be the first liquidus phase of rock crystal-
lization in the massif, are encountered only in the
Krestovskii basalt and are characterized by lower values
of CaO (0.12—0.13 wt %).

The olivines from trachybasalts and basaltic tra-
chyandesites are characterized by a narrow range of
forsterite concentration; their mass crystallization
begins at Fo,;. The variations in olivine composition
from the trachyandesites sampled in the zone of cinder
cones are in complete agreement with those of basaltic
trachyandesites. Olivines of the Fo (%) 84—85 compo-
sition are infrequently encountered in all types of rocks
of higher alkalinity (see Figs. 4a, 4b). The positions of
the microlite data points in the diagram (see Fig. 4b)
suggests two nearly parallel trends in the composi-
tional evolution of olivines, with normal (and high
CaO) and higher (and lower CaO) alkalinity, respec-
tively. We note that phenocrysts of olivine Fog; from
basalt were found to contain microinclusions of garnet
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Table 2. Representative compositions of olivine phenocrysts and subphenocrysts (wt %) in rocks sampled from the Ploskie

Sopki massif

No. 1 2 3 4 5 6* 7 8 9 10 11 12 13 14
Sample no. 2377 2344 2102 2112 2081

Rock TB TB TB TA TA B B B B B B B AB AB
SiO, 38.35 38.11 36.75| 37.87 37.60 | 39.37 39.01 37.75 37.43| 38.69 38.99 38.33| 3791 37.35
FeO 21.24 2428 28.25|25.29 27.10 | 15.82 18.29 24.22 27.28| 20.04 21.21 25.05| 18.92 23.67
MgO 39.23 36.49 33.28| 36.16 34.78| 43.66 41.62 36.84 34.23| 40.29 38.38 34.92| 41.64 37.11
CaO 020 024 0.24| 017 0.19( 018 0.9 0.26 0.23]| 022 0.26 0.25| 0.22 0.21
MnO 039 041 0.59| 043 042 026 029 041 056 040 038 044| 0.35 0.50
Total 99.41 99.53 99.11 | 99.92 100.09| 99.29 99.40 99.48 99.73| 99.64 99.33 99.12 | 99.24 98.97
Fo, % 76.70 72.82 67.74 | 71.82 69.58 | 83.11 80.22 73.06 69.10 | 78.18 76.33 71.31 | 79.69 73.65
No. 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Sample no. 2374 2331 39 AB86-89 2328
Rock TB TB TB TB TB | BTA BTA BTA B B B B B TA
SiO, 38.86 38.79| 38.39 38.79| 38.03| 37.88 36.17 37.48| 41.22 40.71 39.87 39.69 40.40 | 37.57
FeO 20.49 21.23|22.86 22.23|24.88|25.09 29.46 28.34| 6.48 7.65 10.25 14.65 15.77| 28.14
MgO 39.92 40.05| 38.72 38.97| 35.71 | 36.30 31.72 33.78 | 50.82 51.03 49.26 45.42 42.71| 33.95
CaO 014 0.16| 023 0.19| 0.24 0.19 0.23 0.26| 006 0.10 0.16 0.15 0.22| 0.17
MnO 033 039 045 0.35| 050| 038 0.52 050 012 0.12 013 0.17 041] 0.60
Total 99.74 100.62 |100.65 100.53| 99.39 | 99.84 98.10 100.36 | 98.74 99.69 99.70 100.13 99.56 {100.43
Fo, % 77.60 77.08 | 75.12 75.76| 71.46 | 72.06 65.75 68.00| 93.20 92.13 89.42 84.53 82.46| 68.26

(1-5) plateau, (6—22) Ushkovskii Volcano, (23—27) Krestovskii Volcano, (28) zone of cinder cones.
B basalt, TB trachybasalt, BTA basaltic trachyandesite, TA trachyandesite. * a grain with a garnet inclusion.

(andradite) and melt inclusions: glass of trachyte com-
position (SiO, 62 wt % and Na,O + K,O, 11.7 wt %) +
clinopyroxene crystals with high concentrations of
TiO, and Al,O;.

Spinellids. According to chemical composition we
can distinguish two types of spinellids: chromopico-
tites and titanomagnetites with fluctuating concentra-
tions of titanium, aluminum, and chromium (Table 3,
Fig. 5). Chromopicotite, being a typomorphic min-
eral, with a high concentration of Cr,05 (27—29 wt %)
and Al,O; (17 wt %), was encountered as a guest min-
eral in olivine phenocrysts and as an independent
phase in the Ushkovskii and Krestovskii basalts. It
occupies an obviously discrete position in the dia-
gram, thus providing evidence of intermittently stage-
like crystallization. Titanomagnetites occur in all rock
types of the massif, with the minerals from basalts
being systematically enriched in chromium and alumi-
num compared with those from trachybasalts. A chro-
mopicotite crystal and an inclusion of chromopicotite
in olivine Fogs were found in the monomineral frac-
tion of trachyandesites in the zone of cinder cones and
in the Ushkovskii basaltic trachyandesite (see Fig. 5).

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 11

Clinopyroxenes. The clinopyroxenes in phenocrysts
and subphenocrysts from basalts and basaltic andesites
are represented by the salite—augite series and their
microlites by augite and pigeonite (Figs. 6a, 6d,
Table 4). The minerals from rocks of higher alkalinity
largely correspond with augite, while those from basal-
tic trachyandesites and trachyandesites have higher
concentrations of the fayalite minal (see Figs. 6b, 6c¢,
Table 4). Occasional salite grains were only found in
monomineral fractions of crushed samples in rocks of
higher alkalinity. The microlites make up the augite—
subcalcium augite—pigeonite series (see Fig. d).

According to the Mg* Cpx—Ti relationship, the
phenocryst clinopyroxenes from rocks of normal and
higher alkalinity plot within the same field with a
reverse correlative relationship that is typical of them
(Fig. 7). However, the clinopyroxenes from rocks of
normal alkalinity differ significantly from the clinopy-
roxenes from basalts of higher alkalinity by an origi-
nally longer regression line, which covers the field of
high magnesia compositions during the earlier stages
of crystallization, viz., the magnesium intervals of Cpx
are 84—67 for basalts of normal alkalinity and 77—69
for basalts of higher alkalinity, respectively. Neverthe-
less, a single grain of high magnesia clinopyroxene
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Fig. 4. The Fo—CaO (wt %) variation diagram for Ploskie
Sopki basalts (a), and andesites and basaltic andesites (b).

(1) basalts, (2) trachybasalts, (3) basaltic andesites,
(4) basaltic trachyandesites, (5) trachyandesites, (6) micro-
lites of rocks of normal alkalinity, (7) microlites of rocks of
higher alkalinity. Evolutionary trends for the composition of

minerals in rocks of normal (8) and higher (9) alkalinity.

with Mg# = 84 was also encountered in a trachybasalt
under study. Compared with the basalt clinopy-
roxenes, some Cpx from trachybasalts were enriched
in Ti, while the others occurred in the field of compo-
sitions where that element has a lower concentration.

The clinopyroxenes from basalts and basaltic
andesites make a persistent trend 1, which extends into
the field of microlite data points (see Figs. 7a, 7b).
Two sets can be seen among the clinopyroxenes from
basaltic trachyandesites and trachyandesites on the
background of a wide variability in the concentration
of Ti (see Fig. 7b). One set of clinopyroxene points
sampled among basaltic trachyandesites makes up
trend 2, which is primarily coincident with or nearly
parallel to that for basaltic andesites, but which
involves a tendency of rapidly increasing concentra-
tion of Ti, while the other (basaltic trachyandesites
and trachyandesites) makes a nearly horizontal trend 3
from Mg* Cpx = 74. Remarkably enough, the
pigeonites in rocks of normal and higher alkalinity also
differ in magnesia content: Mg* Pig — 63—67 and 56—

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol. 11

275

o 2
O3
* 4
* 5

2Ti

Fig. 5. The Cr—Al—Fe3-Ti compositional diagram (con-
verted to cations) for spinellids in Ploskie Sopki rocks.

(1) basalts, (2) trachybasalts, (3) basaltic andesites,
(4) basaltic trachyandesites, (5) chromopicotite from the
mineral fraction of trachyandesite sampled from the zone
of cinder cones. The cation concentration in the crystal-

lochemical formula of the mineral is per 32 oxygen atoms.

61, respectively. In addition, the basaltic trachyandes-
ites and trachybasalts were found to contain only
occasional grains of high magnesia clinopyroxenes
with Mg* = 80—85 (see Fig. 7). Clinopyroxenes of the
fassaite composition with abnormally high concentra-
tions of titanium (TiO, = 1.6—2.2 wt %) and aluminia
(AL,O; = 9.8—14.9 wt %) were encountered in a melt
inclusion in olivine (see Table 2, Fig. 7a).

Orthopyroxenes are represented by the continuous
bronzite—hypersthene series with the intervals Mg*
Opx 78—68 and 75—62 in rocks of the basalt—basaltic
andesite and basaltic trachyandesite—trachyandesite
series, respectively (see Fig. 6).
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Table 3. Representative compositions of spinellids included in olivine (wt %) from Ploskie Sopki rocks

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sample no. 2377 2102 3081 2374 39 AB86-89

Rock TB TB B B BA BA BA | TB TB | BTA BTA B B B
SiO, 309 0.00] 016 0.00] 0.00 0.00 0.00] 0.00 0.00{ 021 0.23| 0.27 0.00 0.20
TiO, 548 7.8 | 121 6.20| 0.61 0.89 3.87| 6.25 8871591 10.62| 0.31 0.09 0.42
Al,O4 576 5.04| 17.24 779 | 11.71 11.97 10.32| 6.23 492| 386 5.36| 9.55 19.18 10.85
Cr,0, 6.06 4.71|28.25 1452535 1494 16.55| 193 3.52| 2.81 3.32|54.75 16.67 45.24
Fe,0; 36.78 44.16 | 21.25 46.44| 31.40 39.87 36.83| 49.68 44.70 | 31.30 39.84| 6.90 36.83 15.16
FeO 35.92 34.92| 23.21 3217 | 23.43 23.85 25.85| 32.05 35.54| 41.30 38.02| 15.67 13.32 18.83
MnO 040 0.48| 039 029| 047 0.38 0.43| 0.00 043] 051 048] 025 0.16 041
MgO 243 1.77| 786 3.23| 648 6.06 6.92| 3.84 293| 3.05 248 11.41 13.82 9.74
Total 95.92 98.26 | 99.57 97.57 | 99.45 97.96 100.77 | 99.98 100.91 | 98.96 100.35| 99.14 100.07 100.85
F/FM 89.24 91.71 | 62.36 84.82| 66.98 68.83 67.70 | 82.40 87.19 | 88.37 89.58 | 44.19 35.11 52.45
Fo, % 76.70 72.82| 80.22 73.06| 79.69 79.69 79.69 | 77.08 77.60 | 72.06 68.00 | 92.13 84.53 89.42

(1-2) plateau, (3—11) Ushkovskii Volcano, (12—14) Krestovskii Volcano. B, basalt; BA, basaltic andesite; TB, trachybasalt; BTA, basal-
tic trachyandesite. Fo, % denotes the concentration of forsterite minal in the host mineral.

Feldspars. The phenocrysts and subphenocrysts of
all rocks consist of Ca—Na plagioclase (Table 5). Fig-
ures 8a and 8b show an evidently dominating set of
plagioclase points, with normal and higher alkalinity
and a good correlative relationship. A discreteness is
noted within that field with an intermission in the
An,_5; region in minerals from basalts and in the Ang,_
region in trachybasalts (see Fig. 8a), providing evi-
dence of intermittent stage-like crystallization of the
associated rocks. The plagioclases at the earlier stages
of basalt crystallization have basic compositions with
the maximum concentration of the anorthite minal
from 88%, which are inherited in basaltic andesites,

Wo

(b)
50

while in the plagioclases from trachybasalts one
observes a higher concentration of the orthoclase
component in the An 60—65% interval (see Table 5,
Figs. 8a, 8b). The plagioclases from basalts and basal-
tic andesites with different degrees of alkalinity both
follow a common trend and form (equally as in Fig. 7)
a fan-shaped series of differently sloping trends start-
ing from the Ang,_¢; composition (see Figs. 8a, 8b). In
addition, the basalts and basaltic andesites of higher
alkalinity contain a generation of plagioclase phe-
nocrysts with concentrations of the orthoclase minal
in the 0—0.1% interval that have never been observed
in the rocks of higher alkalinity (see Figs. 8a, 8b). The
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Fig. 6. The En—Wo—Fs classification diagrams for pyroxenes in Ploskie Sopki rocks.

(a—c) for phenocrysts and subphenocrysts, (d) for microlites.

(1, 2) basalts and basaltic andesites from rocks (1) and from a melt inclusion (2); (3) trachybasalts; (4) basaltic trachyandesites
and trachyandesites; (5) microlites in rocks of normal alkalinity; (6) microlites in rocks of higher alkalinity; (7) field of basaltic
phenocrysts; (8) field of trachybasaltic phenocrysts. The discrimination diagrams are given after (Poldervaart and Hess, 1951).
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Table 4. Representative compositions of clinopyroxene phenocrysts and subphenocrysts (wt %) from Ploskie Sopki rocks

No. 1 2 3 4 5 6 7 8 9 10 11 12 13
Sample no. 2377 Plato13-6 2102 2112 2081
Rock TB TB TB BTA BTA B B B B B B B AB
SiO, 50.84 50.58 51.66 | 49.12 51.72 | 51.34 50.19 49.72 50091 |44.34 50.46 50.35 | 51.60
TiO, 0.77 0.79 0.67 143 090 | 030 0.53 063 0.62 1.0 0.73 0.73 | 0.46
Al,O4 2.80 237 217 3.70 1.72 3.00 396 4.03 268 | 1146 3.69 4.16 3.01
Cr,04 0.01 0.00 0.00| 0.00 0.00| 047 024 0.18 0.00 | 0.00 0.00 0.11 0.36
FeO* 9.06 10.69 845 | 11.06 10.95 | 5.51 6.95 884 10.69 | 7.53 8.91 9.07 | 6.52
MnO 028 036 0.39| 030 0.34| 0.18 0.17 0.21 0.38 | 0.00 022 025 | 0.17
MgO 1496 1484 15.69 | 13.77 15.87 | 16.12 14.50 14.53 14.68 | 11.89 15.85 14.59 | 16.21
CaO 19.79 1798 20.32 | 19.94 17.97 | 21.50 21.94 20.50 18.43 | 21.48 19.64 19.25 | 21.73
Na,O 0.28 022 033 | 037 028 030 023 037 025 045 041 0.32 | 0.32
Total 98.86 97.92 99.68 | 99.69 99.75 | 98.72 98.71 99.01 98.64 | 98.75 99.91 98.84 |100.38
Woll 41.50 38.28 41.69 | 41.78 36.98 | 44.58 46.15 43.05 39.05 | 48.93 40.37 41.29 |44.01
En 43.66 4396 44.78 | 40.14 4544 | 46.50 4243 4246 43.27 | 37.68 4533 43.53 | 45.68
Fs 14.84 1777 13.53 | 18.09 17.59 | 8.92 1141 14.49 17.68 | 13.39 14.30 15.18 | 10.31
Mg# 74.64 7122 76.80 | 6894 72.09 | 83.91 78.81 74.55 70.99 | 73.79 76.02 74.14 | 81.59
No. 14 15 16 17 18 19 20 21 22 23 24 25 26
Sample no. 2081 2374 2331 39 A86-89 2328
Rock AB AB AB TB TB TB BTA BTA B B B B TA
SiO, 50.24 51.01 49093 | 48.71 49.52 | 51.28 | 50.59 50.72 | 52.46 51.69 52.81 52.52 | 52.8
TiO, 0.72  0.79 1.02 1.30 1.02 | 0.45 1.24 1.15 040 0.65 028 0.19 0.65
Al,O4 3.81 248 364 | 462 356 | 283 | 2.31 240 | 2.54 352 277 262 | 2.08
Cr,0; 0.37 0.00 0.00| 000 0.00| 007 0.00 0.00| 024 036 054 041 0.02
FeO* 724 973 11.20 | 10.60 9.87 | 9.64 | 1298 1228 | 726 799 6.30 4.86 | 9.22
MnO 022 026 030| 030 028 | 035 033 034]| 014 0.15 0.15 0.10 0.31
MgO 1546 16.23 1592 | 14.18 14.41 | 15.86 | 14.06 15.56 | 16.21 15.33 16.72 16.27 | 14.32
CaO 21.37 18.41 17.22 | 19.28 19.70 | 17.81 | 18.36 16.90 | 20.03 20.13 20.08 21.55 | 20.04
Na,O 040 038 046| 053 042 032 043 032] 006 030 035 024 0.16
Total 99.83 99.29 99.69 | 99.52 98.78 | 98.61 ({100.30 99.67 | 99.38 100.12 100.00 98.76 | 99.60
Woll 44.03 37.89 3579 | 40.78 41.51 | 37.58 | 38.21 35.11 | 41.52 4221 10.19 791 | 42.50
En 4432 46.48 46.04 | 41.73 42.25 | 46.55 | 40.71 4498 | 46.74 44.72 4820 47.18 | 42.24
Fs 11.64 15.63 18.17 | 17.50 16.23 | 15.88 | 21.08 1991 | 11.75 13.08 10.19 791 | 15.26
Mg# 79.19 7483 71.70 | 70.45 7224 | 74.57 | 65.88 69.31 | 79.92 77.37 82.55 85.65 | 73.46

(1-5) plateau, (6—21) Ushkovskii Volcano, (22—25) Krestovskii Volcano, (26) zone of cinder cones. B, basalt; BA, basaltic andesite;

TB, trachybasalt; BTA, basaltic trachyandesite; TA, trachyandesite.

microlites of all rocks follow this pattern, supplement-
ing and extending the evolutionary trend of phe-
nocryst compositions, which is characterized by a pro-
nounced tendency toward a higher orthoclase compo-
nent in the plagioclases, and reaching Ort 10—13% in
oligoclases (see Fig. 8c). The groundmass also con-
tains potassium feldspar (anorthoclase), which is pres-
ent as microlites in the trachybasalt—trachyandesite
series (occasional grains of it are also encountered in
basalts), while in basalts and basaltic andesites of nor-
mal alkalinity we detected microsegregations of potas-
sium feldspar in the groundmass basis. We also
detected K-Na feldspar with concentrations of Ort up
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to 63% among trachybasalt microlites and in the matrix
of basalt and basaltic trachyandesite (see Fig. 8c, inset).

Overall, the evolution of the mineral compositions
as sampled from the Ploskie Sopki massif shows a typ-
ical tendency toward successive variation in accor-
dance with increasing silica concentration (see Figs. 5
through 8). The compositions of minerals from all
rock varieties are subject to wide variability, are largely
similar, and plot in the same fields, which makes their
distributions in the diagrams somewhat chaotic, espe-
cially for the moderately silicic rocks. Nevertheless,
one notes certain compositional differences that man-
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Fig. 7. The Mg#Cpx—Ti (f.u.) variation diagram for clinopyroxenes from Ploskie Sopki basalts (a), and from basaltic andesites

and andesites (b).

(1-7, 11, 12) for legend consult Fig. 5; (8) pigeonite microlites from rocks of normal alkalinity; (9) pigeonite microlites from rocks
of higher alkalinity; (10) pyroxene from a melt inclusion. F.u. stands for formula units.

ifest themselves as appreciable displacements of fields
of data points, and as trends of their evolution for rock
series of normal and higher alkalinity, respectively (see
Figs. 5 through 8). Minerals at the earlier stages of
crystallization of basalts from trachybasalts show sig-
nificantly higher values of Fo in olivines, An in pla-
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gioclases, Mg” Cpx, and lower concentrations of TiO,
compared with minerals from trachybasalts. As well,
basalts are characterized by the presence of orthopy-
roxene and chromopicotites against titanomagnetites
in trachybasalts. The typomorphic mineral paragene-
ses of basic Ploskie Sopki rocks, taking mass determi-
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Table 5. Representative compositions of plagioclase (wt %) from Ploskie Sopki rocks
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sample no. 2344 Plato13-6 | 2344 2102 2112 2081
Rock TB TB TB | BTA BTA| TA B B B B B B B B BA
SiO, 46.65 48.87 51.99 |49.44 52.29(53.50 |45.33 52.62 46.71 52.09 | 52.13 50.57 48.15 46.69 |46.31
Al,O3 32.78 31.72 29.30 |31.41 29.40|27.45 (33.68 28.59 32.83 29.81 | 29.30 30.49 32.15 33.85|33.45
FeO 0.72 0.80 0.64| 0.73 0.79| 1.20| 0.81 0.67 0.87 1.09 1.15 1.06 1.08 0.88 | 0.87
CaO 16.81 15.21 12.35[15.27 12.87 [11.18 | 17.81 12.11 16.86 13.44 | 12.87 14.33 15.5 17.24 |17.53
Na,O 1.88 2.65 4.13| 298 4.1 | 4.74| 140 441 200 3.83 394 326 239 137 | 1.62
K,O0 0.13 0.17 0.39| 0.28 0.35| 0.70| 0.01 0.47 0.12 0.32 0.37 028 0.18 0.07 | 0.01
Total 98.97 99.42 98.80{100.19 99.90|98.90{99.03 98.87 99.39 100.79 | 99.96 100.18 99.58 100.15|99.88
ORT 0.76 1.00 2.29| 1.59 2.01| 4.05| 0.00 2.71 0.69 184 216 1.62 1.07 0.42 | 0.00
AB 16.70 23.73 36.84[25.68 35.89 [41.66 |12.45 38.65 17.55 33.40 | 34.88 28.69 21.58 12.52 |14.33
AN 82.54 75.27 60.87 [72.73 62.10 |54.30 |87.55 58.64 81.76 64.77 | 62.96 69.69 77.35 87.06 |[85.67
No. 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Sample no. | 2081 2331 2374 39 Ch3-90 A86-89 2328
Rock BA | TB TB | TB TB TB TB TB | BTA BTA B B B B TA
SiO, 52.75152.62 52.82[47.15 48.44 49.22 49.64 50.65|48.09 53.72 | 46.47 |49.44 51.01 54.49 |54.18
Al,O4 28.11 [28.91 28.7333.31 32.61 30.91 32.07 30.40|32.00 28.64 | 32.28 |[32.15 30.71 28.01 |{28.00
FeO 1.78 | 1.02 091 0.73 1.07 0.89 0.67 0.96| 0.70 0.68 0.89 | 1.03 0.95 1.63 | 0.72
CaO 11.70 [ 12.45 12.1 |16.15 15.67 14.51 14.8 13.96 [15.49 11.71 17.02 [15.4 14.12 12.06 | 11.07
Na,O 4.63| 3.71 399| 2.00 220 322 274 3.63| 2.61 4.72 1.73 | 243 3.02 4.10 | 4.24
K,O 0.40| 0.39 0.48| 0.12 0.13 0.23 0.18 0.27| 0.21 0.47 0.09 | 013 0.19 0.28 | 0.58
Total 99.57199.25 99.19 {99.46 100.12 99.08 100.10 99.98 {99.18 100.02 | 98.65 |100.77 100.17 101.03|98.92
ORT 2,321 237 2.87| 0.72 0.78 133 1.07 1.54| 1.22 2.69 0.52 | 0.78 1.14 1.68 | 3.55
AB 40.76 [34.20 36.30|18.18 20.10 28.27 24.82 31.50 |23.08 41.04 | 15.45 [22.04 27.58 37.45 |39.48
AN 56.92 (63.43 60.83|81.11 79.12 70.40 74.10 66.95|75.70 56.27 | 84.02 |77.19 71.27 60.87 |56.96

(1—6) plateau, (7—25) Ushkovskii Volcano, (26—29) Krestovskii Volcano, (30) zone of cinder cones. B, basalt; BA, basaltic andesite;

TB, trachybasalt; BTA, basaltic trachyandesite; TA, trachyandesite.

nations of phenocrysts into account, are as follows:
Fogg + CrSp + Mg” Cpxg, + Angg + Mg* Opxyg for
basalts, and Fo,; + Ang; £ Mg* Cpx,; + TiMt for tra-
chybasalts. The difference in paragenetic composi-
tions finds an explanation on the basis of the concept
of D.S. Korzhinskii, which is based on the differential
mobility of components and their activities. According
to this concept, at the same temperature an alkaline
magma will release minerals that are depleted in strong
bases and enriched in weaker bases, thus favoring the
crystallization of olivines, pyroxenes that are enriched
in iron and depleted in magnesium, and plagioclases
that are depleted in calcium compared with rocks of
the normal series (Korzhinskii, 1960).

The presence of disequilibrium phenocrysts in
basaltic andesites, basaltic trachyandesites, and tra-
chyandesites, as well as phenocrysts that are compara-
ble regarding their enrichment in several elements,
with the parageneses of minerals in rocks of greater
basicity, provides evidence of their incomplete frac-
tionation during magma crystallization and of mixing
of differentiates. In addition, all rocks of higher alka-
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linity were found to contain minerals from paragene-
ses at earlier phases of basalt crystallization; these
minerals are obviously not in equilibrium with the
rock of the corresponding silicity; this is a sign of mix-
ing for magmas of different alkalinities.

RESULTS AND DISCUSSION

Petrochemical data show that volcanic rocks
include volcanic associations that contain rocks of dif-
ferent alkalinities and are subject to different tenden-
cies of evolution (see Figs. 2, 3). In one case these form
a series of rocks of normal alkalinities: basalt—basaltic
andesite—andesite, while in the other they have higher
alkalinities: trachybasalt—basaltic and trachyandes-
ite—trachyandesite. All petrochemical types of the
above-mentioned series are related via intermediate
compositions, which may provide evidence of multi-
stage mixing of magmas.

The existence of two series of volcanic rock evolu-
tion is expressed as trends of compositional evolution
relative to silicity; trends that are nearly parallel as to
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alkalinity, the concentrations of FeO*, CaO, and
MgO, and by differently oriented trends in TiO, and
Al,O; (see Figs. 2, 3), as well as by displacing the field
of mineral compositions, and the fact of nearly parallel
phenocryst—microlite trends, and by the difference
between mineral parageneses of earlier phases in their
crystallization (see Figs. 5 through 8). All this implies
the comparative independence of two coexisting par-
ent magmas that were generated at different magma
sources in a region of the upper mantle. The fact that
a deep-seated source of trachybasaltic magma did exist
is shown by an alkaline—basaltic composition of the
plateau rocks (Churikova et al., 2013, 2015a), which
reflects the stage of volcanism that preceded the for-
mation of the Ploskie Sopki massif, and by the essen-
tial similarity to the scenario enacted in the Tolbachik
Dol volcanism (Braitseva et al., 1984; Flerov et al.,
2015; Koloskov et al., 2015; Churikova, 2015a, 2015b).
This in turn provides evidence that alkaline magma
was involved in the general process of volcanic activity
on the Ushkovskii stratovolcano with subsequent syn-
chronous existence of a basaltic and a trachybasaltic
magma source.

The linear character of the compositional variation
in rocks of different alkalinities with a typical tendency
in the correlative alkalies—silicity relationship pro-
vides evidence that their evolutionary series were
formed as a result of crystallization differentiation of
basaltic and trachybasaltic magmas, respectively. Not-
ing the rare presence of high-Mg basalts in the overall
volume of the massif rocks (see Fig. 3d), we conclude
that the composition of the primary (?) basaltic
magma seems to correspond to aluminiferous basalt
that was characteristic for the earlier stages in the for-
mation of the massif, while high magnesia basalts are
a product of crystallo-gravitational differentiation of
magma with subliquidus olivines and pyroxenes
deposited in the lower parts of the magma source.

It is probable that the entire diversity of volcanic
rocks and the parent magmas of volcanic associations
derive from the evolution of parent magmas and their
transformation over time and space in accordance
with a varying geodynamic setting. At the same time
the relationship of all manifestations with a single
eruption center, the presence of intermediate rock
compositions with a tendency (trend) to rapidly
increasing alkalinity, the chaotic character of the dis-
tribution of mineral compositions from rocks of differ-
ent alkalinities and their common fields in the dia-
grams, the presence of minerals that are not proper to
typomorphic parageneses of the rock together all
imply interaction of the two magmas as they were
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ascending, leading to the generation of hybrid magmas
(see Fig. 2, Figs. 5—8). One of the features one can use
to infer the migration of alkalies during volcanic activ-
ity consists in the presence of exotic microsegregations
of alkaline feldspar in the groundmass basis of basalts
of normal alkalinity, which can be regarded as a man-
ifestation of alkaline metasomatism on an already
consolidated rock.

The compositions of mineral parageneses in phe-
nocrysts are discrete (see Figs. 5 through 8); this pro-
vides evidence of intermittent stage-like crystalliza-
tion, hence of a jump-like change in the PT conditions
during magma crystallization in the process of the
entire volcanic activity that produced the Ploskie
Sopki massif. The parent basaltic melts of normal and
higher alkalinity moved from the deep-seated sources
of their generation to the surface intermittently, pro-
ducing a set of intermediate chambers in the upper
lithosphere where the magmas could mix. The con-
cept of the probable existence of a multi-level set of
intermediate chambers during the volcanic process is
now accepted by most petrologists and was described
in the monograph (Bogatikov et al., 2010). The basal-
tic and trachybasaltic magmas that were separated in
these chambers experienced differentiation, resulting
in basalt—basaltic-andesite associations consisting of
rocks of different alkalinities at the stratovolcanoes,
while the mixing of these magmas produced hybrid
magmas. The change in tectonic setting in the region,
which manifested itself as the replacement of central-
type volcanism by fissure volcanism gave rise to a dis-
turbance in the magmatic system and favored resump-
tion of volcanic activity; the result was mass effusions
of magma during Late Pleistocene through Early
Holocene time (Ponomareva et al., 2013), which
formed the superimposed zone of cinder cones. The
temporal intermission of volcanic activity provided a
favorable stable setting for fractional differentiation of
the magmas in intermediate chambers, probably
localized at higher levels in the lithosphere; this
favored the formation of basaltic andesites and andes-
ites of different alkalinities, which prevail among the
gjecta from the zone of cinder cones. Garnet grains
were encountered in basalts; garnet is a representative
mineral of gneisses and crystalline schists (Khanchuk,
1985) and can indicate that the intermediate chamber
that produced the basaltic magma of normal alkalinity
and its derivatives was located within the Proterozoic
crystalline basement. The presence of olivinite xeno-
liths and of gabbroids that compose the Upper Creta-
ceous intrusive units in ejecta from the zone of cinder
cones implies the existence of intermediate chambers

Fig. 8. The An—Ort variation diagram for feldspars from Ploskie Sopki rocks.

(a, b) phenocrysts and subphenocrysts, (c) feldspar compositions from groundmass. (1—7, 10, 11) for legend consult Fig. 5;
(8, 9) compositions of matrix feldspars in the groundmass of basaltoids with normal (8) and higher (9) alkalinity. The solid line
contour encloses the compositional field of phenocrysts and subphenocrysts. The inset shows the extension of the An-Ort trend

into a region of higher potassium.
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Fig. 9. The Ti—K diagram for Ploskie Sopki volcanic rocks.
(1) rocks of normal alkalinity; (2) rocks of higher alkalinity.

The evolutionary trends for basalt compositions (Lutts, 1980):

(I) geosynclinal (island-arc) basalts, (1I) basalts of continental rifts, (I111) oceanic basalts.

also at higher levels within the Upper Cretaceous vol-
canogenic—sedimentary rock sequence. Comparing
the above with data on the structure of the Kamchatka
lithosphere, we believe that these chambers must be at
depths of 10—15 and 5 km, respectively (Balesta et al.,
1976, 1984; Moroz and Gontovaya, 2016; Moroz
et al., 2016; Nurmukhamedov et al., 2016; Fedotov
etal., 2010). It is supposed that trachybasaltic and
basaltic magmas that ascend from the deep-seated
sources of their generation frequently came to a com-
mon intermediate chamber where they mixed. The
presence of xenoliths at different depths also corrobo-
rates a multi-level set of intermediate chambers.

The long series of differentiates, high concentrations
of aluminia (17—20%), the prevalence of porphyry tex-
tures, the petrochemistry and geochemistry of the rocks
(Churikova et al., 2001), as well as the compositions of
mineral phases, all provide evidence of an island-arc
origin of the lavas in the Ploskie Sopki massif (Frolova
etal., 1989; Churikova, 1993). The tendency in the evo-
lution of the rocks expressed in the steep trend of
increasing alkalies implies an alkaline fluid being

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 11

brought into the magmatic system during volcanic
activity, which increased the alkalinity in the basaltic
magmas. A similar scenario was previously proposed by
Churikova et al. (2001) for the high potassium rocks in
the Central Kamchatka Depression. The diagram of
Fig. 9 shows that the data points for the Ploskie Sopki
basalts of both series form a connected cluster, while a
displacement of those for the volcanic rocks of higher
alkalinity toward the region of riftogenic associations
provides evidence of superimposed rifting.

The magma generation processes in the evolution
of the Ploskie Sopki and Tolbachik Dol volcanic cen-
ters, as expressed in interrelationships between mag-
mas of different alkalinities, are essentially similar; this
may indicate the coexistence of independent sources
where basaltic and trachybasaltic melts are generated
in the upper mantle beneath the entire Klyuchevskoi
Volcanic Cluster (Flerov et al., 2015; Churikova et al.,
2015a, 2015b; Koloskov et al., 2015). In fact, this con-
cept of two coexisting sources where basaltic and alka-
line basaltic magmas are generated, as well as their
occurrence at a common volcanic center, is reflected in
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paleovolcanism as polygenic volcanic massifs that were
formed in the geological past (Flerov and Seliverstov,
2008; Koloskov et al., 2011; Flerov et al., 2014, 2016).

CONCLUSIONS

(1) The magmatic activity of the Ploskie Sopki
massif is related to the occurrence of basaltic magmas
of normal and higher alkalinity. The basaltic volca-
nism reflects an earlier phase of magmatic activity,
viz., the formation of the shield volcano that is the
piedmont of the stratovolcanoes. The Ushkovskii stra-
tovolcano inherited the eruption center of the previous
phase and began as voluminous eruptions of high alu-
mina basaltic magma of normal alkalinity, while its
subsequent activity was characterized by synchronous
eruptions proceeding from a common eruption center
of basaltic and trachybasaltic magmas that are repre-
sented by the differentiated basaltic andesite and the
trachybasalt—basaltic-trachyandesite series, respec-
tively. The formation of the stratovolcanoes was termi-
nated by purely basaltic eruptions of Krestovskii Vol-
cano. The volcanism that took place during the termi-
nal phase in the activity of the Ploskie Sopki massif
was remarkable in discharging basaltic trachyandesite
and trachyandesitic magmas, and to lesser degree
basaltic andesite magmas that derived from the tra-
chybasaltic and basaltic magmas, respectively.

(2) The volcanism that has formed the Ploskie
Sopki massif was due to the operation of two deep-
seated sources where melts of different alkalinities
were generated, that is, basaltic and trachybasaltic
melts, which provides evidence of inhomogeneities in
the material composition of the upper mantle substra-
tum. The melts were transported upward to the surface
via a set of intermediate chambers, thus favoring dif-
ferentiation of the magmas as they ascended.

(3) The processes that have been responsible for the
evolution of magmas of different alkalinities and for
the formation of various types of volcanic rocks are
intermittent stage-like crystallization and fractional
crystallization in intermediate chambers and their
mixing, producing hybrid magmas.

(4) The Ploskie Sopki volcanism is of the island-
arc type with some hybrid features and the occurrence
of rifting features during the terminal stage of the for-
mation of the massif.
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