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INTRODUCTION

The processes that occur in magma chambers, such
as convection and mixing of magmas, melt differentia�
tion, and growth of crystals in melts, play an important
role in magma�rock generation. Experimental and sim�
ulated models of these processes, for example [Marsh,
1989], make it possible to study physical parameters,
such as density and viscosity, in relation to melt com�
position, the temperature gradients inside the
magma chamber and at its contact with host rock,
and chamber geometry. As long as part of the above�
mentioned parameters may not be uniquely deter�
mined in natural systems, the applicability of such
models is limited.

The process of magma mixing that was suggested by
R. Bunsen in 1851 [Bunsen, 1851] has been actively
studied up to recent times; the role of this process in the
generation of igneous rocks should not be underesti�
mated. Mixing of partly crystallized magmas most often
occurs in island�arc environments where long�existing
magma may fractionate up to acid varieties. Here, in
addition to cases of magmas with different origins, mix�

ing of magmas of the same origin also occurs. These
might separate in the course of differentiation, assimila�
tion, or segregation of magma portions into subsurface
chambers [Kawamoto, 1992; Naumov et al., 1997;
Couch et al., 2001]. In this case, deeper magmas of
mafic (basalt) composition periodically enter into sub�
surface crustal chambers with acid magma, thus form�
ing a series of hybrid mixed magmas [Ivanov et al.,
1978; Eichelberger et al., 1978].

Depending on the degree of mixing, volcanic hybrid
lavas may be banded lavas or isolated blocks of basic lava
in an acid lava flow, or else relatively uniform lava with
phenocrysts that are obviously disequilibrium relative to
the groundmass. The process of magma mixing is also
noticeable during microscopic examination from the
following features: phenocryst resorption and the devel�
opment of a reaction rim and reverse zonality of miner�
als due to dissolution of low�temperature minerals as
the melt temperature increases and subsequent crystals
that are growing from a new hybrid melt, as well as the
occurrence of disequilibrium phenocryst associations
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[Dungan and Rhodes, 1978; Kadik et al., 1986; Eichel�
berger et al., 2000, 2006; Plechov et al., 2008].

Currently, many researchers study geochemical
zoning in plagioclases, pyroxenes, and other minerals;
they consider it as an indicator of the changeability of
the mineral�growth environment that allows one to
trace the history of mineral crystallization in the rocks
of volcanic eruptions. Plagioclases, which frequently
involve multilevel zonality, easily respond to changes in
magma composition or crystallization conditions
[Volynets et al., 1979; Frikh�Khar, 1977; Davidson and
Tepley III, 1997; Ginibre et al., 2002a, 2002b]. Major�
element zoning in plagioclases, which reflects the diffu�
sion of CaAl–NaSi pairs in the plagioclase An–Ab
binary system [Grove et al., 1984; Tsuchiyama, 1985]
has been widely used for studying processes in magma
chambers. In many simulation models, including
[Allegre et al., 1981], attempts have been made to esti�
mate the kinetic aspects of plagioclase crystal growth
and resorption.

All these studies assist the understanding of zoning
in plagioclases. Nevertheless, up until now the joint
influences of several factors, such as temperature, pres�
sure, melt composition, and H2O content, on the An–
Ab system were difficult to recognize.

Due to the development of local high�precision
methods of material analysis using electron micro�
probe and ion probes it became possible to study not
only minor elements, which replace major elements
in mineral structure and occur at concentrations of
0.1–1.0 wt %, but also trace elements that are usually
found in voids of the crystalline lattice of minerals with
concentrations below 0.1 wt % [Winter, 2001]. In recent
years more papers on the determination of isotope
ratios in individual zones of plagioclase crystals have
been published. They consider sites several microns in
size with the application of ion probe [Brophy et al.,
1996] or an isotope mass spectrometer [Churikova and
Sokolov, 1993; Davidson and Tepley III, 1997; Tepley
III and Davidson, 2000]. These methods significantly
expanded the possibilities of identification of various
factors that favor plagioclase zoning, including mixing
of magmas with different compositions, assimilation,
and the influence of temperature. These methods are,
however, labor�intensive and expensive; moreover, in
the case of ion probe, part of the crystal completely
burns out, thus precluding repeated measurements. The
present�day electron microprobe allow one to detect
several trace elements in concentrations up to 100 ppm
in some plagioclase zones on areas a few microns in size
[Ginbre et al., 2002a, 2002b]. These instruments can be
used to study many samples for both major and trace
elements without destruction of the specimens.

In this paper we present the results from an analysis
of plagioclase phenocrysts from basalts, andesite–
basalts and dacites of Kizimen volcano that were

obtained with a modern electron microprobe. Detailed
tephra chronological studies [Melekestsev et al., 1992]
of the ages of lava flows and the eruptive history of the
volcano revealed that it was formed in the Quaternary
time and was active during Holocene time (the latest
lavas date back to the Late Holocene). At present, active
fumarole activity is observed on the slope of the vol�
cano.

The rocks of the volcano were studied in two stages.
During the first stage the concentrations of major and
trace elements, as well as the isotope ratios of Sr, Nd,
and Pb in volcanic rocks, were investigated; at the sec�
ond stage plagioclase crystals of the most typical sam�
ples were studied. An electron microprobe was used for
the determination of major (Al, Si, Na, Ca, and K) and
trace elements (Ba, Sr, Mg, and Fe) at some sites a few
microns in size. The positions of the sites were chosen
on high�resolution images in reflected light. Our studies
aimed both at investigating the volcano’s magmatic
evolution and recognizing the processes that influence
melt crystallization inside the magma chamber before
an eruption.

1. METHODS OF STUDY

All the analytical works were carried out at the
Geochemistry Division of the Center of Geological
Sciences at Göttingen University, Germany. The con�
centrations of major elements and some trace elements
(Sc, V, Cr, Co, Ni, Zn, Ga, Sr, Zr, and Ba) in the rocks
were measured using X�ray fluorescent analysis (XRF).
The relative analytical errors (±2δ for major elements
were less than 1% (with the exception of Fe and Na,
where the error was 2%) and about 5% for trace ele�
ments. The L.O.I. determination error is about 10%. All
the other rare elements were measured using the
ICPMS method. Errors that were estimated according
to the JB3 and JA2 standards equal about 15–20% for
Nb and Ta; for other rare elements they are less than
10%.

The Sr, Nd, and Pb isotope ratios were measured
using a Finnigan MAT 262 RPQ II+ mass spectrometer
using the NBS987 standard (0.710245) for Sr, La Jolla
(0.511847) for Nd, and NBS981 (the recommended
values according to [Todt et al., 1984]) for Pb. Statistical
errors (±2σ) were less than 0.004% for Sr and Nd and
less than 0.1% for Pb. Detailed descriptions of these
techniques were given in [Churikova et al., 2001a,
2001b, 2007; Dorendorf et al., 2000a, 2000b].

The concentration of major (Si, Al, Ca, Na, and K)
and trace elements (Mg, Fe, Ba, and Sr) in plagioclases
were measured by a JEOL8900 WDS electron micro�
probe using a set of synthetic and natural standards.
Some zones in plagioclase crystals were identified on
the basis of crystal reflections in back scattered elec�
trons. For clarification of plagioclase evolution during
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their growth chemical analyses were performed along
profiles from the centers of phenocrysts to their mar�
gins; different zones and localities of nonuniformity in
the crystals were analyzed. In the same samples the cen�
tral and marginal parts of microlites were analyzed for
comparison.

A technique for the determination of major and
trace elements using a JEOL8900 WDS instrument was
described in detail in [Ginibre et al., 2002a, 2002].
Quantitative analysis at a point for Al, Si, Na, Ca, K,
Ba, Sr, Fe, Ti, and Mg was performed at an accelerating
voltage of 20 kV and at a beam current of 40 nA and an
area of excitation band from 2 to 5 microns. In the
beginning we analyzed alkaline elements and all the
major elements (Na, K, Al, Si, and Ca) during the first
90 seconds (the time of measurements at the peak was
16 sec). Minor (Sr and Fe) and trace elements (Ti, Mg,
and Ba) were then analyzed for a longer time of up to 4
and 5 minutes at the peak of each element.

2. THE GEOLOGICAL SETTING, 
PETROGRAPHY, AND MINERALOGY

OF THE ROCKS

Kizimen Volcano (height 2485 m; coordinates
55°08.0′ N, 160°19.3′ E) is one of the active Holocene
volcanoes of Kamchatka. It is situated at the southeast�
ern flank of the Shchapino graben [Ivanov, 2008], which
occurs at the boundary between two active volcanic
belts: the Central Kamchatka Depression (CKD) and
the Eastern Volcanic Front (EVF). The northwestern
part of the volcanic edifice is cut by NE–SW�trending
faults and also by a series of ravines in which rocks of the
stratovolcano basement outcrop. The only historic
eruption is known from reports of hunters who noticed
fire jets and black smoke in the area of Kizimen in 1928.
As no deposits of a similar age are observed at the vol�
cano’s base, that eruption seems to have been a weak
one.

The volcano is an intricate complex formed by
numerous lava flows and extrusive domes (Fig. 1).
According to tephra chronological datings, the age of
the rocks varies from 12–11 Ka to 1 Ka [Melekestsev
et al., 1992].

The products of the eruptions of Kizimen volcano
are of andesite and dacite compositions; they form
numerous lava flows and a series of extrusive domes that
are concentrated near the top of the volcano. Andesite
and dacite flows are saturated with syngenetic inclu�
sions of more mafic basalt and basaltic andesite compo�
sition (Fig. 2a). For the sake of brevity, below we will call
all the inclusions of a more mafic composition (basalts
and basaltic andesites) basalts. In the youngest lavas
near the volcano’s top the amount of such inclusions
may reach 35% of the lava�flow volume. Rather often
we observe dacite lavas with inclusions of basaltic

andesites, which in their turn contain basalt inclusions
(Fig. 2b). Banded lavas occur often with bands from a
few millimeters to 20–25 cm wide (Fig. 2c).

In terms of mineral phenocrysts, the volcano rocks
are middle–coarse�crystalline, and often serial�por�
phyric. In chemical composition they form a series
from basalts to dacites (Fig. 3, Table). The composition
of the lavas varies from basaltic andesites to dacites,
while dark�colored inclusions are always of mafic com�
position and are basalts, more rarely basaltic andesites.

One characteristic feature of the rocks is the coexist�
ence of large phenocrysts of plagioclase (up to 2 cm),
hornblende, olivine, and orthopyroxene. All the rocks
contain hornblende, belong to a moderately potassic
calc�alkali series, and form a narrow fractionating trend
(Fig. 3a). Both basalts and hosting dacites form the
same trends in different discrimination diagrams. It was
found that the composition of basalt inclusions in dac�
ites becomes more mafic in younger lavas (Fig. 3a), sug�
gesting an antidromic history of the volcano’s evolu�
tion. The Kizimen volcano is not only situated between
CKD and EVF; as seen from Fig. 3a, the rocks of the
volcano are rich in potassium compared to EVF lavas,
but are depleted in it compared to CKD rocks; there�
fore they occupy an intermediate position between
fields of figurative points for rocks of the two volcanic
belts of Kamchatka.

3. THE GEOCHEMICAL CHARACTERISTICS 
OF ROCKS

The distribution of minor and trace elements of the
volcanic rocks on spider diagrams (Fig. 3b) is typical of
an island�arc series with enrichment in large�ion litho�
phile elements (LILE: K, Cs, U, Ba, Rb, Sr, and Pb)
and depletion in high field�strength elements (HFSE:
Nb, Ta, Hf, Zn, and Ti) and rare�earth (REE) ele�
ments. At the same time andesites and dacites are
enriched in LILE and in light rare�earth elements
(LREE: La–Sm) and depleted in heavy rare�earth ele�
ments (HREE: Eu–Lu) compared to basalts and basal�
tic andesites from inclusions, forming intersections of
element distribution curves on the spider diagrams for
acid and mafic rocks(Fig. 3b).

The observed intersection of curves on the spider
diagrams might occur due to different sources for mafic
and acid rocks. The spider diagrams of rocks that are
crystallized from one melt fractionated to different
degrees are usually sub�parallel, more acidic varieties
that are enriched in all trace elements compared to
mafic varieties. This happens during crystallization of
olivine, pyroxenes, plagioclase, and spinel (or magne�
tite). These minerals contain very small amounts of
trace elements; therefore these elements remain in the
melt and accumulate in its later portions. When horn�
blende begins to crystallize from the melt, dacite variet�
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Fig. 1. A sketched map of Kizimen volcano, after [Melekestsev et al., 1992]. Lava flows and extrusive domes: (1) younger than
1100 B.P., (2) 3000–1200 B.P.; (3) lava flows of ages 1200 and 1700 yr; (4) lava flows and extrusive domes of ages 7700 and
11000 yr; (5) Tamara cone of Late Pleistocene age; (6) pyroclastic flows and landslides younger than 3000 yr; (7) faults of different
amplitudes; (8) glacial deposits; (9) alluvial deposits; (10) pyroclastic flows and landslides of ages 11 000 and 8400 yr; (11) pyro�
clastic flows and landslides of ages 8400–3000 yr; (12) sites of geochemical sampling KIZ�96�** and TAM�96�01.
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Fig. 2. Lavas of Kizimen Volcano and mafic inclusions in
them. A large (17 × 20 cm) basaltic andesite inclusion in
dacite lava (a); fine�grained, 3 by 5�cm basalt inclusion
(marked with a solid white line) inside the larger basaltic
andesite inclusion (b) shown in (a), large plagioclase phe�
nocrysts in basaltic andesite and dacite are marked by
arrows; a fragment of banded lava (c), dark strips are high�
lighted by white dotted lines; their thicknesses are indi�
cated by double arrows.
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ies are depleted in heavy rare�earth elements and the
rare�earth distribution lines of dacite and mafic rocks
may intersect. Similar intersections of rare�earth ele�
ment distribution curves were found and numerically
simulated by F. Dorendorf et al. [2000a] for the rocks of
Bakening Volcano. Based on these data, we conclude
that the intersection of trace�element distribution
curves on the spider diagrams of the rocks of Kizimen
volcano resulted from an active crystallization of
amphibole; this indicates that both basalt inclusions
and hosting dacites were formed from either one mantle
melt or several that were similar in composition. The
active crystallization of amphibole is supported by the
fact that all the volcanic rocks, i.e., acid host rocks and
mafic inclusions, systematically contain hornblende.

According to the petrographic and geochemical
characteristics of rocks (Fo72�78, low Mg# values (41–
50), saturation with plagioclase and amphibole), basal�
tic and basaltic andesite Kizimen inclusions in their
turn are fractionated compared with the primary mantle
melts and to various degrees are contaminated with
more acidic materials of hosting lavas. At the same time
dacite and andesite lavas are contaminated with more
mafic materials of inclusions. The processes of mixing
basalt and dacite materials are indicated by the so�
called banded lavas, in which bands vary from tens of
centimeters to almost indistinguishable mixed patterns.
Numerous basalt inclusions inside andesite basalt
inclusions with boundaries that are often diffuse
(Fig. 2a) indicate the repeated mixing of melts of differ�
ent compositions. Consequently, both acid lavas and
the mafic inclusions in them are hybrids that formed
during the mixing of more extreme end members that
are not found between the volcano rocks. Against the
background of regional geochemical variations of Kam�
chatka’s rocks from the front to rear arc with an alkalin�
ity change of more than 4 times and changes in the con�
centrations of most noncoherent elements by 2–4 times
[Ivanov, 2008; Ponomareva et al., 2008; Churikova et
al., 2001] the lavas of Kizimen volcano occupy an inter�
mediate position between volcanic rocks of EVF and
CKD, not only in the major elements (Fig. 3a), but in
all traces.

The Sr and Nd isotope ratios in the three most mafic
rocks of the volcano are very similar (Fig. 3c) and vary
insignificantly (87Sr/86Sr: 0.703352�0.703370,
143Nd/144Nd: 0513045–0.513048). Figurative points of
Kizimen volcano basalts occur within the field of EVF,
CKD, and Sredinnyi Ridge (SR) of Kamchatka [Pono�
mareva et al., 2008; Churikova et al., 2001b] and are the
most primitive in these parameters.

Therefore, the rocks of the Kizimen volcano have
the following characteristic features: (1) dacite and
andesite lava flows contain many inclusions of basalt
and basaltic andesite composition; (2) banded mixed
lavas are abundant; (3) rare�earth element distribution

curves of dacite lavas and basalt inclusions in them
intersect; and (4) the Sr–Nd isotope systematics of
rocks and inclusions in these rocks do not suggest con�
tamination with crustal material.

4. THE RESULTS OF THE GEOCHEMICAL 
ANALYSIS OF PLAGIOCLASES

Plagioclase phenocrysts were studied in detail in
three samples: (a) the dacite lava of a near�summit flow
(sample # KIZ�07, SiO2 = 60.1); (b) basaltic andesite
inclusion in this lava (sample # KIZ�07/1, SiO2 =
52.9); and (c) basalt inclusion from another near�sum�
mit flow (sample # KIZ�01/1, SiO2 = 49.7). Pl phenoc�
rysts in both host rock and basalt inclusions are repre�
sented by two generations: the Pl�1 phenocrysts are
unresorbed grains with clear�cut contours and well�
expressed growth zones (Figs. 4a, 5a), and the Pl�2 phe�
nocrysts are phenocrysts that resorbed to various
degrees, in which resorption zones sometimes occupy
more than 50% of a crystal (Figs. 4b, 5b). As seen in
reflected light, the unresorbed crystals from mafic
inclusions involve nearly no zoning (Fig. 4a), while
unresorbed grains in lavas have fine zoning with zones
of partial dissolution and healing (Fig. 5a). The inner
parts of resorbed crystals in both dacites and in inclu�
sions are multizonal and are similar to non�resorbed
crystals of dacite lavas by their petrographic features.

Several crystals of each plagioclase variety from
“acid host lava–mafic inclusion” pairs were analyzed
for major (Al, Si, Na, Ca, and K) and trace (Ba, Sr, Mg,
Fe, and Ti) elements at sites 2 to 5 microns in size along
profiles from the center to the margin of phenocrysts.
The results of the analyses were given in [Churikova
et al., 2007] and are displayed for four representative
grains in Figs. 4 and 5. Non�resorbed phenocrysts of
plagioclase (Pl�1) from dacite lavas and from mafic
inclusions in them fundamentally differ in composi�
tion, while the resorbed varieties (Pl�2) are surprisingly
similar in chemical composition in all the rocks we
studied.

4.1. The Generation of Pl�1 Crystals in Basalt Inclusions 

Non�resorbed plagioclase crystals from basalt inclu�
sions are characterized by very insignificant zoning in
the center of a crystal (Fig. 4a) and the most mafic com�
position among all the studied varieties of plagioclases
(An84–An90, see insert in Fig. 4a). The cores of some
crystals contain traces of melting (dotted line, Fig. 4a)
and of subsequent healing with hornblende (white frag�
ments in the core center, Fig. 4a), seldom with magne�
tite and also with segments of more acid plagioclase
(An77) (Fig. 4a). The inner parts of non�resorbed pla�
gioclase crystals from mafic inclusions typically have
low Ba concentrations (0–50 ppm) and lower Sr con�
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tents (mostly 300–550 ppm), as well as high concentra�
tions of Fe (up to 5000 ppm) and Mg (300–500 ppm).
The marginal zones of these crystals sharply differ from
the inner and intermediate zones. In marginal zones
(varying from a few microns to 100 microns) a sharp
drop (to An36) of the anorthite component is noted,

Sr and Ba contents increase to 900 and 500 ppm,
respectively, and the concentrations of Fe and Mg
decrease to 2800 ppm and 200 ppm, respectively
(Fig. 4a). The compositions of the outer zones of
these crystals are similar in chemical composition to
the nearest microlites.

4.2. Generation of Pl�1 Crystals in Dacite Lavas 

Non�resorbed plagioclase crystals from dacite lavas
typically have well�expressed zoning and are often
rather large in size (up to 2 cm) (Figs. 2b, 5a). In con�
trast to Pl�1 phenocrysts in basalts, the central and
intermediate zones of Pl�1 from dacite lavas have rather
low calcium contents (An40–An50) and high Sr (500–
750 ppm) and Ba (150–300 ppm), as well as low values
of Fe (1500–2000 ppm) and Mg (100–150 ppm). Due
to the fine zoning of these crystals, the element distribu�
tion curves are strongly jagged, reflecting the variations
of chemical composition in different zones of the same
crystal (Fig. 5a). Similarly to Pl�1 crystals from basalt
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Fig. 4. Electron microprobe profile of quantative point determinations in typical plagioclases from basalt inclusions in Kizimen
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centrations along the profile. Several grains of plagioclase microlites that were found near the studied phenocrysts were analyzed
for comparison. Arrows indicate geochemical variations at the grain margins corresponding to the last stage of magma mixing
before the eruption. (1) phenocryst centers, (2) intermediate zones of phenocrysts, (3) marginal zones of phenocrysts, (4) micr�
olites. Point 23 in Fig. 4b corresponds to the resorption zone.
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Fig. 5. An electron�microprobe profile of quantative point determinations in typical plagioclases from dacite lavas of Kizimen
Volcano. The numbers designate successively analyzed points from the core to rim of grains (a) in non�resorbed plagioclase sized
more than 2 cm and (b) in resorbed plagioclase (resorption rim is more than 0.1 cm). Changes in An, Sr, Ba and Fe concentrations
from core to rim are shown in the inserts. Several grains of plagioclase microlites found near the studied phenocrysts were ana�
lyzed for comparison. Point 18 in Fig. 5b corresponds to the resorption zone. For legend see Fig. 4.

inclusions, the margins of Pl�1 crystals from dacite lavas
notably differ from the inner and intermediate zones,
although the trend of the change is directly opposite: an
increase in the anorthite component in marginal zones
(up to An55), enrichment in Fe (up to 3500 ppm) and
Mg (up to 300 ppm) and depletion in Ba (<100 ppm)
and Sr (up to 500 ppm) (Fig. 5a). The nearest microlites
are similar in composition to phenocryst rims.

4.3. The Generation of Pl�2 Crystals 
in Inclusions in Dacite Lavas

As mentioned above, resorbed plagioclase crystals
(Pl�2) from dacite lavas and basalt inclusions are sur�
prisingly similar to each other, both in morphology and
chemical composition. Three major zones are clearly
defined in the structure of these crystals: (I) an inner
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one, with well�expressed zoning, (II) a resorption zone
that varies from 50 to 200 microns, and (III) an outer
rim up to 50 microns (Figs. 4b, 5b). The inner zones of
Pl�2 plagioclases are analogous in chemistry to the
inner zones of Pl�1 plagioclases from dacite lavas, i.e.,
they are characterized by low values of An, Fe, and Mg
with relatively high concentrations of Ba and Sr. The
plagioclase in the resorption zone is more mafic, with
a sharply increased content of the An component (up
to An80) and concentrations of Fe and Mg (up to
5000 ppm and 550 ppm respectively) and decreased
contents of Sr and Ba. The plagioclase in the marginal
zone III again becomes more acidic, but the content of
An remains higher than in the central parts of grains.
Microlites situated close to resorbed grains vary in
chemical composition and correspond to the chemistry
of Pl�2 plagioclase in zones II and III.

5. RESULTS AND DISCUSSION

The diagram that shows the Mg concentration in
relation to the anorthite component in plagioclase
(Fig. 6) clearly demonstrates two fields that form two
zones marked as the cores of mafic and acid plagio�
clases. The cores of non�resorbed grains from basalt
inclusions are the most mafic (An75–An94) and the rich�
est in Mg (300–550 ppm) compared with all the other
crystals (Figs. 4, 5, 6). These high�anorthite plagio�
clases with high concentrations of magnesium were
probably growing in the most mafic high�magnesia melt
of basalt composition. They are never resorbed and very
rarely occur in host rocks. In contrast to them, the cen�
tral and intermediate zones of non�resorbed crystals
from host rocks are analogous to central and intermedi�
ate parts of resorbed crystals, both from dacite host
rocks and basalt inclusions (Figs. 4b, 5, and 6) and con�
sist of low�anorthite plagioclases (An40–An50) with sim�
ilar concentrations of microcomponents (including low
Mg content), indicating their generation from a single
low�magnesium dacite melt. These low�anorthite pla�
gioclases probably grew from an evolving acid melt and
occur both in hosting dacite lavas and in basalt inclu�
sions.

The compositions of the intermediate zones and
margins of crystals provide evidence of the different his�
tories of the melts from which they crystallized. Non�
resorbed plagioclases from inclusions demonstrate a
typical trend of crystallization differentiation (Fig. 6b,
trend I) with a decrease of An and Mg contents from the
center to the margin of a crystal. The intermediate and
marginal zones of non�resorbed plagioclases from host
rocks form two trends. One of them coincides with
trend I, while the other (Fig. 6b, trend II) consists in an
increase of the An component from the center to the
margin with constant Mg concentration. These two

fundamentally different trends suggest different govern�
ing processes.

Trend I may be not only the classical trend of mafic
melt differentiation, but also a trend of mixing acid and
mafic melts with subsequent growth of the intermediate
and marginal parts of crystals from the mixed melt.
Mixing processes are also indicated by the fact that all
acid plagioclases (including Pl�1 from hosting dacite
and Pl�2 from both dacite lavas and basalt inclusions)
demonstrate increasing An content from the core to the
margin (Fig. 6b). Fractional crystallization without
mixing would have resulted in an increase in only the
plagioclase acidity.

The abundance of resorbed plagioclase phenocrysts
in both rocks also indicates the mixing of a mafic and an
acid melt. During mixing of low�temperature dacite
lavas that contain plagioclase phenocrysts with a high�
temperature basalt melt these crystals occur in an over�
heated environment. This causes dissolution of the
margins of previous plagioclase crystals and their
replacement with matrix structures of more mafic pla�
gioclase with the formation of the resorption zone. In
this zone, the plagioclase composition is characterized
by the highest (for this crystal) values of An and Mg with
the lowest concentrations of Ba and Sr (Fig. 5b). The
resorbed plagioclases then overgrew a rim that was in
equilibrium with the new hybrid melt that was interme�
diate in composition between basalt and dacite. Plagio�
clase microlites grew from the same melt; this is why
they are similar to the rims of phenocrysts.

The intermediate zones of all (resorbed and non�
resorbed) low�An plagioclases reveal a well�expressed
zoning: light segments of plagioclase growth have
higher An contents, while dark ones show lower con�
centrations (Fig. 5a). This zonality is clearly detected by
increasing Mg and Fe and decreasing Ba and Sr in light
plagioclase zones and forms the respective saw�toothed
distribution of trace elements. Consequently, the pro�
cess of mixing acid and mafic melts took place
repeatedly in the course of the system’s evolution.
Addition of the last portion of basalt melt possibly
triggered the eruption, which is recorded in the sharp
change of the composition in the marginal zone of
plagioclase crystals.

As for plagioclase crystals that formed from a high�
temperature basaltic melt (Pl�1 in basalt inclusion, see
Fig. 4a), they didn’t dissolve during mixing with low�
temperature dacite magma. However, mixing with an
acid melt is indicated by development of acid marginal
zones around high�An inner parts of the crystals,
namely, zones with decreased contents of An, Mg, and
Fe and increased Ba and Sr (Fig. 4a). The Pl�1 crystals
from basalt inclusions are little affected by the addition
of acid material, which explains their poor zonality and
rather flat profiles of microelement distribution.
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As well, the abundance of banded lavas and inclu�
sions of basaltic andesites and basalts in dacite (Fig. 2)
is also a reliable sign of melt mixing; the presence of sev�
eral generations of inclusions (the occurrence of more
mafic inclusions in less mafic ones) attests to the multi�
stage character of these process (Fig. 2b).

In Fig. 6 the cores of low�An plagioclases occur on
the extension of trend I, which suggests that mixing
melts might be lavas of a single source with different
degrees of differentiation. This is supported by the sim�
ilar isotope characteristics of the dacites and basalts
(Fig. 3c), as well as by the similarity of the geochemical
characteristics in the trace element composition. This
similarity is observed on spider diagrams, in which all
the minima and maxima of both rock types coincide.

Trend II in Fig. 6b demonstrates many repeated
changes in the An content in plagioclase without corre�
sponding changes in Mg concentration. This behavior
of plagioclase is explained by an increase of temperature
in the magma chamber with no changes in the chemical
composition of the melt. An increase in temperature is
indicated by crystallization of the more mafic plagio�
clase; the stability of the chemical composition of the
system is suggested by the constant concentration of Mg
in the plagioclase, which is largely controlled by the Mg
concentration in the melt. The temperature increase
may result from the heating of a dacite melt by the intru�
sion of a high�temperature basalt magma. This may
not happen in the boundary zone where the two melts
mix but at some distance from it where no physical or
chemical mixing occurs but the temperature increases.
A similar effect must be observed as well in the case of
greater water presence in the melt [Volynets et al.,
1977].

Finally, trend III in Fig. 6 is characterized by an
increase of Mg and to a lesser extent, by an increased Fe
content [Churikova et al., 2003, 2007] with a decreasing
An�component in plagioclases. We observed such Mg
behavior only in the central and intermediate parts of
high�anorthite non�resorbed plagioclase grains from
basalt inclusions (Fig. 6b). It is logical to assume that
these, the most mafic plagioclases, must have originated
from the most primitive melts. In order to explain the
negative correlation of magnesium and anorthite in
crystals that correspond to trend III the following three
scenarios are considered.

5.1. Long�Term Replenishment of the Magma Chamber 
by Hot High�Mg Melts with the Accumulation

of Magnesium 

The existence of resorption structures in some cores
of Pl�1 crystals from basalt inclusions (Fig. 4a) may sug�
gest such mixing with a hotter melt events at the earlier
stages of plagioclase crystallization. Nevertheless, the
negative correlation between An, Mg, and Fe in Pl�1

plagioclases is noted not in the cores only, but also in the
intermediate zones of phenocrysts with no resorption.
Therefore this scenario should be excluded from con�
sideration.

5.2. Crystallization of Plagioclase
as the First and Single Phase 

If the coefficient of magnesium distribution KdMg in
the plagioclase–melt system is not changing signifi�
cantly [Bindeman et al., 1998] it is logical to assume
that during the growth of crystals with a negative An–
Mg correlation the melt would be enriched in magne�
sium. The major rock�forming minerals in the volcano
rocks are olivine, pyroxene, hornblende, and plagio�
clase. The last mineral occurs in all the rock varieties.
The contents of olivine and pyroxene decrease while
hornblende increases from basalts to dacites; however,
hornblende grains are also found in mafic rocks. The
same minerals occur as microlites in the groundmass,
which is crystallized to a different degree. Because dur�
ing crystallization of Ol, Cpx, and HbI the magnesium
concentration in a melt will drop dramatically, enrich�
ment of a melt with this element is possible in the pro�
cess of fractional crystallization of only plagioclase as
the first and single phase. This explanation may be
tested by simulation calculations if the temperature and
pressure of the crystallization are known.

In order to identify the conditions of crystallization
inside a magma chamber and the composition of a
hybrid magma just before an eruption a series of petro�
graphic experiments was performed in the Geophysical
Institute of the University of Alaska, (Fairbanks, United
States) [Browne et al., 2006, 2010]. Natural samples of
dacites from Kizimen volcano reveal a stable mineral�
ogical association: Pl + Opx + Hbl + Mt + Ilm.
According to the magnetite–ilmenite geo thermometer
[Stromer, 1983], the equilibrium temperature of crys�
tallization was calculated as 815–825°C. The entire
mineralogical association of Kizimen dacite was
obtained exactly at this temperature in the experiments
(Fig. 7a). All the experiments were carried out at the
temperatures and pressures at which plagioclase was
stable. Results of analyses of compositions of experi�
mentally obtained plagioclases in comparison with the
natural plagioclase rims of studied dacites are shown in
Fig. 7b. It is clearly seen that for an equilibrium temper�
ature of crystallization of 815–820°C, the natural com�
positions occur between the experimental compositions
observed in the experiments at 125 MPa and 150 MPa,
supposing equilibrium pressure about 125 MPa and
temperature close to 820°C. Under the same conditions
the glass compositions that were obtained in the exper�
iments correspond to compositions of natural residual
melts (see Fig. 7c; data for SiO2 and FeO are shown).
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Therefore, experiments showed that the last equilib�
rium of dacite lava of Kizimen volcano happened at a
pressure of about 125 MPa and temperature of about
~820°C (Fig. 7). With these parameters under experi�
mental conditions, the complete mineral association of
the studied dacite (Fig. 7a), the composition of the nat�
ural plagioclase (Fig. 7b), and the composition of the
residual melt (Fig. 7c) were reproduced.

Based on the obtained experimental data and sup�
posing that the magma chamber remained at the
same depth in the course of melt evolution we calcu�
lated the model of fractional crystallization for the
most mafic melt of the basalt inclusion of Kizimen
volcano (see Table 1, high�Al basalt KIZ�01/1) using
the COMAGMAT program package [Ariskin et al.,

1993] under the following conditions: P = 125 MPa,
H2O = 1%, buffer NNO [Churikova et al., 2007].

As seen from Fig. 8, the model compositions that
were obtained in calculations are close to the observed
compositions of Kizimen volcano magmas. Although
the numerical model reproduces the increase in Mg and
Fe in the melt with a simultaneous decrease of An in
plagioclase at the earliest stages of crystallization
(Fig. 6a, 6b, 6f), the trends of the volcanic rocks do not
exhibit corresponding maxima in the MgO and FeO –
SiO2 diagrams. The observed compositions of olivine
and pyroxene are reproduced well in the model (model
compositions – Fo78.5�76 and En43�46Fs12�17Wo40�42, nat�
ural compositions [Ivanov, 2008; Melekestsev et al.,
1992] Fo79�75 and En44Fs16Wo40), but the most calcic
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The chemical and isotope compositions of Kizimen volcano rocks

TAM�01 KIZ�01 KIZ�01/1 KIZ�02 KIZ�04 KIZ�05 KIZ�07 KIZ�07/1 KIZ�08 KIZ�09

SiO2 51.40 63.60 49.70 62.40 60.60 56.20 60.10 52.90 57.70 63.30
TiO2 0.83 0.58 1.22 0.65 0.66 0.89 0.77 1.10 0.93 0.61
Al2O3 15.76 16.17 18.84 16.54 17.29 17.26 16.87 18.35 17.12 16.10
Fe2O3 9.37 2.41 5.32 2.69 2.75 3.43 3.83 4.22 3.63 2.41
FeO 0.43 3.03 5.56 3.21 2.53 4.75 3.09 5.30 4.19 3.10
MnO 0.19 0.13 0.19 0.14 0.13 0.17 0.15 0.19 0.17 0.13
MgO 8.43 2.44 5.20 2.67 2.65 3.99 3.10 4.41 3.58 2.41
CaO 9.23 5.34 9.25 5.89 5.63 7.17 6.34 8.48 7.07 5.42
Na2O 2.72 3.69 2.74 3.73 3.61 3.27 3.58 3.26 3.44 3.74
K2O 0.73 1.66 0.76 1.57 1.48 1.14 1.46 0.89 1.25 1.72
P2O5 0.23 0.16 0.17 0.15 0.19 0.16 0.16 0.19 0.18 0.15
LOI 0.66 0.61 0.73 0.40 2.19 1.17 0.38 0.50 0.57 0.42
Total 99.98 99.82 99.67 100.04 99.70 99.60 99.83 99.79 99.82 99.52
Li 7.9 16.3 14.2 10.2
Be 0.51 0.79 0.52 0.63
Sc 31 15 26 17 15 21 18 26 24 15 
V 221 114 300 137 146 208 163 250 199 115 
Cr 481 17 15 16 26 10 12 11 19 13 
Co 36 14 30 18 14 29 17 26 21 13 
Ni 166 0 2 0 1 7 0 0 0 0 
Zn 79 55 79 61 57 68 63 74 65 55 
Ga 15 16 17 16 15 17 15 18 16 15 
Rb 15 38 14 34* 32* 26 31* 17* 25* 41*
Sr 380 319 370 328 318 330 320 368 325 304 
Y 16 16 21 19* 15* 20 22* 24* 22* 18*
Zr 86 121 86 124 115 102 117 96 117 126 
Nb 2.4 4.2 2.9 5.0* 6.0* 3.5 4.0* 3.0* 4.0* 4.0*
Cs 0.50 1.5 0.52 0.47
Ba 358 676 310 593 608 458 567 376 451 655 
La 7.62 10.16 5.85 7.73
Ce 19.02 22.39 15.18 19.37
Pr 2.69 3.32 2.34 2.76
Nd 13.10 13.54 11.99 12.79
Sm 3.72 2.89 3.36 3.23
Eu 1.11 0.95 1.14 1.04
Gd 3.29 2.58 3.28 2.97
Tb 0.52 0.36 0.54 0.44
Dy 3.38 2.28 3.33 2.94
Ho 0.67 0.55 0.74 0.65
Er 2.06 1.46 2.18 1.85
Tm 0.32 0.20 0.30 0.26
Yb 2.05 1.39 2.00 1.72
Lu 0.31 0.24 0.29 0.28
Hf 2.27 1.91 1.99 1.88
Ta 0.19 0.21 0.17 0.17
Tl 0.03 0.27 0.10 0.10
Pb 2.15 5.30 1.95 3.01
Th 0.91 3.19 1.02 1.42
U 0.45 1.45 0.49 0.79
87Sr/86Sr 0.703352
143Nd/144Nd 0.513045
206Pb/204Pb
208Pb/204Pb
207Pb/204Pb
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Table 1. (Contd.)

KIZ�11 KIZ�17/2 KIZ�18 KIZ�19 KIZ�21 KIZ�22 KIZ�23 KIZ�24 KIZ�24/1

SiO2 55.70 57.30 61.60 50.30 55.40 61.30 63.60 54.70 51.60
TiO2 0.97 0.84 0.67 1.20 1.07 0.64 0.58 1.03 1.28
Al2O3 17.61 17.19 16.50 16.50 17.22 16.54 16.14 17.44 17.91
Fe2O3 2.90 2.76 2.46 2.97 3.14 3.08 2.60 3.07 4.29
FeO 5.52 4.84 3.52 8.01 4.96 2.91 2.74 5.49 5.78
MnO 0.17 0.17 0.14 0.21 0.18 0.13 0.13 0.17 0.19
MgO 4.16 4.14 2.72 5.22 3.05 2.86 2.37 4.16 4.42
CaO 7.70 7.24 5.84 9.59 7.36 5.71 5.32 8.18 9.13
Na2O 3.30 3.33 3.76 2.70 3.66 3.51 3.69 3.18 3.03
K2O 1.14 1.28 1.52 0.71 1.37 1.40 1.66 1.10 0.87
P2O5 0.17 0.18 0.15 0.21 0.26 0.16 0.15 0.17 0.19
LOI 0.33 0.34 0.71 1.87 1.78 1.15 0.61 0.47 0.85
Total 99.67 99.60 99.59 99.48 99.46 99.39 99.60 99.16 99.53
Li 3.8 8.5 11.7
Be 0.44 0.56 0.56
Sc 21 22 18 35 26 16 13 22 33 
V 220 190 133 316 187 130 108 246 324 
Cr 16 47 20 42 11 34 19 24 21 
Co 27 20 21 37 20 14 13 27 27 
Ni 6 20 1 25 0 8 2 2 0 
Zn 71 76 58 94 83 60 57 72 80 
Ga 16 17 16 18 19 15 15 19 17 
Rb 24* 28* 33* 9 15* 30* 36* 21 16 
Sr 332 359 324 276 299 341 320 328 335 
Y 23* 24* 20* 32 34* 15* 19* 20 23 
Zr 98 124 124 104 140 109 124 99 90 
Nb 4.0* 4.0* 3.0* 4.1 6.0* 3.0* 4.0* 3.1 3.2
Cs 0.31 0.79 0.59
Ba 459 466 606 164 200 591 669 419 323 
La 6.49 6.52 7.02
Ce 19.11 16.57 18.10
Pr 2.73 2.83 2.59
Nd 13.11 12.73 13.08
Sm 3.86 3.25 3.91
Eu 1.14 1.08 1.27
Gd 4.04 3.12 3.53
Tb 0.70 0.47 0.63
Dy 4.37 3.08 3.88
Ho 0.94 0.76 0.75
Er 2.89 1.97 2.23
Tm 0.42 0.27 0.34
Yb 2.77 1.72 2.38
Lu 0.42 0.30 0.32
Hf 2.80 2.10 2.17
Ta 0.21 0.14 0.19
Tl 0.05 0.09 0.10
Pb 2.03 2.73 2.63
Th 0.59 1.57 0.91
U 0.38 0.77 0.61
87Sr/86Sr 0.703347 0.70337
143Nd/144Nd 0.513048 0.513047
206Pb/204Pb 18.32
208Pb/204Pb 38.033
207Pb/204Pb 15.5
Note: Major elements, Sc, V, Cr, Co, Ni, Zn, Ga, Sr, Zr, and Ba as well as the elements marked by asterisks were determined by the XRF

method; the other concentrations were obtained by the ICP�MS method. Samples KIZ�17/2, KIZ�19, KIZ�21, and KIZ�22 were
taken from the ancient basement of the volcano and are not considered in this study. The rest of the samples are of Q4 age.
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plagioclase in the calculations is An84�85, while cores and
intermediate Pl�1 zones from basalt inclusions exhibit
values up to An93.6 (see Table 2 in [Churikova et al.,
2007]). Therefore, we believe that the composition that
the calculation began with was not the primary one.
Low values of MgO (4–5%), Ni (less than 2 ppm), Cr
(11–20 ppm), and relatively high values of K2O (0.9%)
attest to the fact that the basalt inclusions themselves are
already fractionated melts and the occurrence of
resorption zones in Pl�1 cores and numerous inclusions
inside the larger ones (Fig. 2b) provide evidence of
repeated mixing processes in mafic magmas. Condi�
tions in which Pl may crystallize as the first phase are
very limited; according to our calculations this may take
place only at pressures of 1–3 kbars (up to 10 km). In
the case of crystallization from a parent melt with a
higher magnesia concentration, such a scenario would
be completely impossible.

Therefore, although the possibility of crystallization
of plagioclase as the first phase from high�Al hybrid
melts exists in principle, this process cannot control the
distribution of MgO and FeO in the most sodic and the
most calcic plagioclases.

5.3. The Nonlinear Behavior of the KdMg Distribution 
Coefficient in the Melt–Plagioclase System 

Sato [1989] noted that because of the kinetic dise�
quilibrium distribution the coefficients measured in
experiments may significantly differ from the equilib�
rium values recorded in real natural systems. The exper�
imentally determined distribution coefficients KdMg

vary in narrow limits and are almost independent of the
melt composition [Bindeman et al., 1998] based on the
supposition of a positive correlation between An and
Mg in plagioclases. Exactly this correlation is observed
for relatively acid (Fig. 6b, trend I), but not for high�An
plagioclases of Kizimen Volcano. It should be men�
tioned that most experimental works on the determina�
tion KdMg and KdFe have been carried out for plagio�
clases up to An85 [Severs et al., 2009], whereas trend III
occurs in the area of An75�93, where a negative correla�
tion between An and Mg is clearly observed (Fig. 6b,
trend III). This may indicate a nonlinear behavior of the
KdMg and KdFe distribution coefficients in high�An pla�
gioclases. Below, we will demonstrate that the negative
correlation between An and Mg (Fe) is found not only
on Kizimen volcano, but also in other even more prim�
itive magmatic systems.

Melt inclusions were studied in the minerals of mid�
ocean ridge basalts (MORB) from the Costa Rican Rift
(hole 896A), where olivine, clinopyroxene and spinel
were the first crystallizing phases [McNeill and Dany�
ushevsky, 1996]. According to this data, the contents of
An in plagioclases and concentrations of MgO and FeO
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parameters: P = 125 MPa, NNO buffer and H2O = 1%.
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in equilibrium melts display a positive correlation (see
Tables 3 and 7 in [McNeill and Danyushevsky, 1996]).
However, if we draw a diagram using the data from this
paper, the trend of a negative correlation in all calcic
(An83–An95) plagioclases (Fig. 9) will be clearly
observed. Consequently, while the Mg content in the
melt decreased, the concentration of Mg in the plagio�
clase that crystallized from this melt increased.

A similar behavior of FeO concentration, which
showed a negative correlation with anorthite in plagio�
clases, has been noted in different volcanic rocks from
Kamchatka and the Kuril Islands (see Fig. 3 from [Voly�
nets et al., 1977]).

Therefore, we suppose that the negative correlation
between the concentrations of Mg or Fe and the content
of An in high�An plagioclases results from the nonlinear
behavior of the KdMg and KdFe distribution coefficients
in the plagioclase–melt system. This phenomenon was
not noted before and requires experimental work to
study the distribution coefficients in high�An plagio�
clases.

A schematic model of the magmatic system beneath
Kizimen Volcano that illustrates these processes is dis�
played in Fig. 10. A mafic magma with high�An Pl�1
crystal intrudes into the dacite magma chamber with
low�An Pl�1 crystals and the two magmas interact. This
process generates hybrid magmas with two contrast
zones, basalt and dacite, which exhibit the features of
both chemical and thermal interactions (Fig. 2c). A
Pl�1 crystal from dacite that penetrated into the mafic

magma underwent thermal influence, which resulted in
its dissolution and transition from Pl�1 generation into
Pl�2. The new and more mafic hybrid melt formed
around this plagioclase with the development of a calcic
margin (Fig. 6, trend I). Some of such plagioclases
return into the dacite magma, others remain in basalt
inclusions.

At the contact with low�temperature dacite magma
the Pl�1 crystals from high�temperature basalt do not
change and are not resorbed. However, they are over�
grown by the more acidic margin from the hybrid, more
acidic, melt. These plagioclases are found in both basalt
inclusions and in dacite lavas.

However, mixing processes were not effective
enough to involve the entire volume of the magma
chamber and result in its complete homogenization.
Some portions of dacite magma had no direct contact
with basalt melts and were not involved in chemical
mixing processes; yet they experienced a thermal influ�
ence from the high�temperature melt. With increasing
temperature the marginal zones of the acidic Pl�1 phe�
nocrysts became high�An and formed trend II (Fig. 6).

We believe that the ascent and recharge of basalt
magma into the dacite magma chamber of Kizimen
volcano occurred rather often and resulted in the for�
mation of a great number of basalt inclusions. The com�
plex interaction between magmas at Kizimen shows
much in common with analogous processes at Unzen
volcano (Japan) [Eichelberger et al., 2000] and many
other volcanoes (Fig. 10).
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CONCLUSIONS

This study of zoning in plagioclase phenocrysts from
Kizimen volcano, as well as the distribution of major
and trace elements in these crystals, suggest the follow�
ing conclusions.

1. All the rocks of Kizimen volcano, including basalt
and basaltic andesite inclusions in them, are hybrid and
originated from mixing of mafic and acid melts in

different proportions. These end members are prob�
ably derivates of one or several primary melts of sim�
ilar composition and were formed in the course of
fractional crystallization under extensive fraction�
ation of amphibole.

2. The unusual negative correlation of MgO and An
in high�An plagioclases may be explained by the non�

Analogous examples:

Unzen, Japan
Pinatubo, Philippines

Mount Dutton, Alaska
Lassen Peak, California

Soufriere, Montserrat

Dacite magma

Kizimen dacite:
Pl + Hbl + Opx + Mt�Ilm

~125 MPa and 810–825°C

fO2
 ~ NNO + 2

4.5–5 wt % H2O
Contains many mafic

 inclusions

Area of 

the temperature

 effect of basalt 

magma on 

 dacite meltHybrid
melt

(mixing zone)

 Supply of basalt

or basaltic andesite 

magma

Mafic inclusions:

Pl + Hbl + Cpx + Ol + Mt–Ilm

5–30 cm in diameter
Rounded, with chilling rims,

composition of plagioclase rims

corresponds to rims of plagioclases

of dacites and microlites

1 2 3 4 5 6

Fig. 10. A diagram of the processes in the magma chamber beneath Kizimen volcano. (1) non�resorbed plagioclase grains (Pl�1)
in mafic magma; (2) non�resorbed plagioclase grains (Pl�1) in dacite magma; (3) resorbed plagioclase grains (Pl�2); (4) horn�
blende crystals; (5) subphenocrysts and microlites; (6) basalt melt inclusions in dacite. The black bent arrows indicate the main
directions of plagioclase phenocryst movements inside the magma chamber.



 JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 7  No. 2  2013

MAJOR AND TRACE ELEMENT ZONING IN PLAGIOCLASE FROM KIZIMEN 129

linear behavior of the KdMg distribution coefficient in
the plagioclase–melt system.

3. Recharge of basalt magma into the near�surface
dacite magma chamber of Kizimen volcano occurred
occasionally. The interaction of two magmas that were
different in their compositions and physical properties
was a complex process: while the chemical mixing of
melts and crystals and subsequent crystallization of a
hybrid melt occur widely in volcanic rocks, one may
also note indications of heat transfer only (or addition
of water), which is expressed in changes in the An com�
ponent in plagioclase with a constant concentration of
minor elements.

4. The trend within mafic enclaves toward more mafic
compositions with time suggests that at present the reser�
voirs of acid and mafic melts are located in different parts
of the system; the intrusion of basalt magma into the dac�
ite reservoir is believed to be the trigger of the eruptions.
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