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INTRODUCTION

Bezymyannyi volcano (55.98

 

°

 

N, 160.58

 

°

 

E, height
2880 m a.s.l.) is the only active andesite volcano in the
Klyuchevskoi group (Fig. 1). Its catastrophic eruption
on March 30, 1956, and the ensuing period of activa-

tion, which continues for more than 50 years, make this
volcano one of the world’s most active volcanoes. How-
ever, the March 30, 1956, catastrophic eruption was
preceded by a few episodes of eruptive activity that
started on October 22, 1955. The dynamics of magma
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Abstract

 

—The paper is devoted to the conditions under which opacite rims developed around hornblende
grains in andesite of the catastrophic eruption (March 30, 1956) of Bezymyannyi volcano, Kamchatka. The
opacite rims were produced by a bimetasomatic reaction between hornblende and melt with the development
of the following zoning: hornblende 
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 melt. Bimetasomatic reac-
tion was accompanied by the active removal of CaO from the rim, addition of 

 

SiO

 

2

 

, and more complicated
behavior of other components. The hornblende also shows reactions of its volumetric decomposition under
near-isochemical conditions. The opacite rims developed under isobaric conditions, at a pressure of approxi-
mately 6 kbar. The main reason for the instability of the hornblende was the heating of the magma chamber
from 890 to 

 

1005°C

 

 due to new hot magma portion injection. The time interval between the injection and the
start of eruption was estimated from the thickness of the opacite rims and did not exceed 37 days. Hence, the
March 30, 1956, eruption was not related to the volcanic activity in November of 1955 but to the injection of a
fresh magma portion in February–March of 1956.
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Fig. 1.

 

 Bezymyannyi volcano. August 2005.
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ascent immediately before the catastrophic eruption is
of undisputable interest. The key problems there are as
follows: (1) what was the immediate cause of this cata-
strophic eruption, and (2) whether the eruption epi-
sodes at Bezymyannyi in 1955–1956 were genetically
related or they were independent episodes that took
place at an overall resumption of the volcanic activity.

A clue for understanding the dynamics of magma
ascent is provided by studying uncompleted mineral
reactions. The andesites of Bezymyannyi volcano con-
tain hornblende with opacite rims. These rims are
opaque (in transmitted light) rims of mafic minerals in
volcanic rocks and are reaction products of these min-
erals with the ambient melt. The opaqueness of opacite
rims is largely caused by their significant contents of
ore minerals (titanomagnetite or magnetite and
ilmenite). The term 

 

opacite

 

 was coined by Vogelsang
(1867) to denote an unidentifiable mineral that was
found by this researcher in the form of “black opaque
blebs”. Levinson-Lessing (1933) published micro-
graphs of opacite rims around hornblende grains in
andesites from the Central Caucasus and refers to the
experiments of Kuzu and Yoshiki (1927) that demon-
strated the possibility of hornblende decomposition
during heating.

The causes and mechanisms of the development of
opacite rims remain uncertain as of yet and were
actively discussed for many years in the literature (see,
for example, Levinson-Lessing, 1933; Lodochnikov,
1955; Garcia and Jacobson, 1979; Rutherford and Hill,
1993; Rutherford and Devine, 2003; Buckley et al.,
2006). The instability of hornblende and its decompo-
sition can be triggered by several factors, for example,
melt degassing during its decompression (Kuno, 1950;
Garcia and Jacobson, 1979; Rutherford and Devine,
2003; Buckley et al., 2006), a temperature increase
(Rutherford and Devine, 2003), and/or oxidation of the
melt (Garcia and Jacobson, 1979; Murphy et al., 2000;
Rutherford and Devine, 2003).

Many researchers mention that the same samples
may contain various types of reaction rims around
hornblende and absolutely fresh and unaltered horn-
blende grains, which possibly suggests the simulta-
neous action of various factors that destabilized this
mineral. Garcia and Jacobson (1979) distinguished two
types of reaction rims: (1) a black type, in which
amphibole is completely or partly replaced by fine-
grained aggregates of Fe oxides and pyroxene and (2) a
gabbroic type, in which amphibole is completely or
partly replaced by fine- to medium-grained aggregates
of orthopyroxene, clinopyroxene, plagioclase, and
magnetite. These authors arrived at the conclusion that
the gabbroic type develops in response to a decrease in
water fugacity in the magmatic reservoir, whereas the
black type results from the oxidation during eruption.
Murphy et al. (2000) distinguished three types of reac-
tion rims around amphibole in eruption products of
Soufriere Hills volcano: (1) fine-grained (5–30 

 

µ

 

m)

aggregates of mutually intergrowing clinopyroxene,
orthopyroxene, pigeonite, plagioclase, and titanomag-
netite, which develop in the form of rims and along
cleavage planes in crystals; (2) coarser grained (30–
200 

 

µ

 

m) aggregates of the same phases as in type 1; and
(3) opaque (true opacite) replacing aggregates that both
formed rims and developed along cleavage in many
minerals. Opacite aggregates are, according to these
researchers, made up of extremely fine-grained inter-
growths (1–10 

 

µ

 

m) of the same phases as in types 1 and
2 but with titanomagnetite dominating over other mafic
minerals. Murphy et al. (2000) believe that type 1 is
produced in the course of amphibole dehydration dur-
ing magma ascent, type 2 reflects a long-lasting recrys-
tallization history, and type 3 corresponds to the latest
oxidation stage in the extrusion dome. Rutherford and
Devine (2003) mention that the same rock may some-
times contain more than one population of hornblende
with different types of reaction rims. The eruption
products of Soufriere Hills volcano contain, according
to these authors, (1) thin (1–20 

 

µ

 

m) rims that developed
during decompression in the course of magma ascent;
(2) much thicker (200–500 

 

µ

 

m) coarse-grained cli-
nopyroxene-dominated rims produced by thermal
decomposition; and (3) aggregates of ore minerals
along cleavage and other cracks, which were formed
due to oxidation (Rutherford and Devine, 2003).

In a series of their experimental studies, Rutherford
and Hill (1993) have demonstrated experimentally that
reaction rims can be utilized to evaluate the time during
which the hornblende reacted with the ambient melt
(Rutherford and Hill, 1993) or to assay the ascent
velocity of the magmas (see, for example, Rutherford
and Devine, 2003). Reaction rims are formed during
reactions with melt (Rutherford and Hill, 1993) and are
controlled by diffusion processes (Coombs and Gard-
ner, 2004). Many researchers (Rutherford and Hill,
1993; Rutherford and Devine, 2003; Buckley et al.,
2006) identify a repose time period during which no
rims replaced the hornblende. This publication deals
with some issues concerning the types of the decompo-
sition reactions of hornblende in products of the March
30, 1956, eruption of Bezymyannyi volcano and the
mechanisms that could form these rims. Based on iso-
baric experiments on hornblende decomposition (Ruth-
erford and Hill, 1993; Rutherford and Devine, 2003)
and petrographic observations, we consider the process
forming the rims as controlled by a bimetasomatic reac-
tion with melt and propose an equation for estimating
the time during which this reaction proceeded. Our
temperature and time estimates obtained for the reac-
tion rims provide insight into processes that occurred in
the magma chamber immediately before the cata-
strophic eruption on March 30, 1956.

METHODS

All analyses of minerals and glasses were accom-
plished on a Cameca SX100 (Hobart Uni, Australia)
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microprobe at an accelerating voltage of 15 kV and a
current of 20 nA. The beam diameter was 5 

 

µ

 

m. Back-
scattered electron (BSE) images were taken on a Cam-
Scan-4DV electron microscope at the Department of
Petrology, Moscow State University, at an accelerating
voltage of 20 kV.

The thicknesses of the reaction rims around horn-
blendes were measured in thin sections, in sections of
hornblende grains whose orientation was determined
on a Fedorov universal stage. For each grain, spherical
coordinates were determined for at least two traces of
its indicatrix axes. The third indicatrix axis was then
constructed as a perpendicular to the former two. The
indicatrix axes were identified using the Berek wedge
compensator. The orientation of a given section plane
was then calculated relative to the 

 

N

 

p

 

 and 

 

N

 

m

 

 axes
(Fig. 2), which coincide for hornblende with its crystal-
lographic 

 

X

 

 and 

 

Y

 

 axes, respectively (Tröger, 1956). For
each section, the 

 

hkl

 

 coordinates were determined and
the section “depth” and faces were identified for each

face of each section using the SHAPE computer pro-
gram. For each face in each section, we conducted eight
to ten measurements of the visible thicknesses of the
rims at various sites at the face. The measurements
were conducted in BSE images, because they exhibit
only phases exposed at the surface of the sample sec-
tion.

Table 1 presents the true thicknesses of the rims in
each set of the measurements. The true thicknesses of
the rims were calculated as a projection onto a perpen-
dicular to a given crystal face. The measurements on
the face (001) were conducted in maximally elongated
grains, and other measurements were conducted in hex-
agonal sections of various orientation. The thicknesses
of the rims on the face (001) were greater than on all
other faces. However, as can be seen from Table 1, the
difference is within the accuracy of the measurements.

In order to determine the mineral composition of the
reaction rims, we selected their portions of two struc-
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Fig. 2.

 

 Section planes of hornblende grains in a spherical projection (Wulff net). Points show perpendiculars to the examined sec-
tions, numerals nearby are their numbers.
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tural types: granular and symplectitic. In each grain, we
conducted measurements of two types: first we deter-
mined the mineralogical composition of the whole rim
and then the composition only of its granular portion
with regard for cavities. Phases were distinguished
based on contrast in the BSE images and were trans-
formed in four-color images with each color corre-
sponding to a certain phase. The percentages of the
phases were then calculated by counting pixels within
the areas of the images corresponding to each phase.

1955–1956 ERUPTION
OF BEZYMYANNYI VOLCANO

The volcano started to develop in the Late Pleis-
tocene and evolved in a number of stages: at 11 000–

7800 years BP, 5500–3300 years BP, 2400–1700 years
BP, and 1350–1000 years BP (radiocarbon dating,
Braitseva et al., 1990). The 1955–1956 eruption began
unexpectedly, after a millenarian interlude in the erup-
tive activity of this volcano. Volcanic precursor events
were noted to start half a year before the March 30,
1956, eruption and occurred in the following succes-
sion (Gorshkov and Bogoyavlenskaya, 1965):

* September 29, 1955—first seismic event, during
which the number of seismic shocks and their intensity
gradually increased. The original depths of the hypo-
centers was estimated at 50 km, the epicenters plotted
in the area of Bezymyannyi volcano.

* October 22, 1955, 6 a.m.—first Vulcanian-type
ash eruptions began simultaneously with unceasing
seismic shocks. Ash falls occurred at the townships of
Klyuchi and Ust’-Kamchatsk, and their intensity pro-
gressively increased and reached a maximum on
November 16–17. Eruptive activity diminished by
November 21. The amount of ash accumulated over one
month at Klyuchi reached 22 mm (close to 15 kg/m

 

2

 

).

* The time period from late November of 1955 till
March of 1956 was marked by insignificant eruptions
not associated with ash falls.

* Gorshkov and Bogoyavlenskaya (1965) suggested
that a lava dome grew in February–March of 1956
based on the fact that two or three lava blocks were
identified within the pyroclastic material during an air-
craft fly-out.

* March 28, 1956—after a two-month interlude, a
very weak ash fall occurred at the township of Klyuchi,
and March 30, 1956, was marked by a catastrophic
eruption of Bezymyannyi volcano.

Thus, the activity of Bezymyannyi volcano before
its eruption on March 30, 1956, included two episodes:
the first lasted from October 22 through November 20,
1955, and the second began on March 28, 1956, i.e.,
only three days before the catastrophic eruption.

The directional explosion at the volcano on March
30, 1956, destroyed its summit and eastern slope (Gor-
shkov and Bogoyavlenskaya, 1965). The explosion
broke, cut, and partly charred large trees within up to
25 km. The thickest ash deposits of this explosion accu-
mulated within a narrow sector at the bottom of the vol-
cano over an area of 60 km

 

2

 

. The thickness of the pyro-
clastic deposits outside this sector (over an area of
500 km

 

2

 

) ranged from 1 m (near the volcano) to 1 cm.
The flow expanded for 18 km along the valley of the
Sukhaya Khapitsa River, and an eruption cloud 50 km
in diameter rose to an altitude of 35–40 km. The vol-
ume of juvenile material exceeded 1 km

 

3

 

, and the total
volume of displaced material amounted to 2.6–2.8 km

 

3

 

(Bogoyavlenskaya et al., 1985).

Immediately after the March 30, 1956, eruption, a
new extrusion dome started to grow in the newly
formed crater.

 

 

 

Table 1.  

 

Measured thicknesses of reaction rims in cross sec-
tions of certain orientation in hornblende grains

Grain no.

 

α

 

,
degree

(010),

 

µ

 

m
(110),

 

µ

 

m
( 10),

 

µ

 

m
(001),

 

µ

 

m

Average 
over 

grain, 

 

µ

 

m

1 5 20.90 18.85 20.07 19.58

2 90 29.05 18.61 23.83

3 49 17.06 19.86 18.46 18.58

4 90 29.02 23.51 26.27

5 26 24.26 26.60 33.31 27.93

6 90 24.00 30.00 27.00

7 12 25.24 22.77 26.14 24.44

8 90 24.00 32.00 28.00

9 35 23.13 22.65 22.41 22.67

10 74 23.04 23.04

11 31 32.87 31.85 30.23 31.16

12 85 24.00 26.91 25.46

13 20 19.65 23.37 21.97 21.96

14 90 24.00 24.00 24.00

15 25 31.51 37.16 22.85 29.83

16 90 24.00 24.00

17 38 23.73 20.48 23.20 21.86

18 90 30.00 30.00

19 44 22.43 25.36 20.51 22.65

20 76 24.00 29.12 26.56

21 25 27.26 25.17 22.71 24.32

22 81 29.66 29.66

Average 24.37 25.12 23.80 26.44 25.13

Standard 
deviation

4.75 4.42 4.45 4.09 3.40

 

Note: Grain numbers correspond to those in Fig. 2. 

 

α

 

 is the dihe-
dral angle between a given section and the (001) plane. Each
column summarizes measurements for two crystal faces
(with direct and reverse indices). The last column reports
averaged thicknesses for each grain.
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SAMPLES

For our research, we selected two large volcanic
bombs (Fig. 3) from the pyroclastic deposits of the
March 30, 1956, eruption. The characteristic cracking
of these bombs testifies that they were still hot when
fell and cracked at the collision or immediately after it
due to rapid cooling in air. The bombs had a relatively
low porosity (~40%). These characteristics suggest that
the bombs were fragments of a cryptodome, which was
emplaced into the volcanic edifice immediately before
the 1956 eruption and deformed its southeastern slope
(Gorshkov and Bogoyavlenskaya, 1965). The samples
were used to examine the textural and morphological
characteristics of the opacite rims around hornblende
and to determine the mineralogical composition of the
rims and the conditions under which they developed.

PETROGRAPHY AND MINERALOGY
OF PRODUCTS OF THE MARCH 30, 1956, 

ERUPTION

Products of the March 30, 1956, eruption consist of
hornblende andesite with plagioclase, orthopyroxene,
hornblende, and titanomagnetite in phenocrysts and
plagioclase, orthopyroxene, titanomagnetite and minor
amounts of glass in the groundmass. The petrography
and petrochemistry of the eruption products were
described in detail in (Gorshkov and Bogoyavlenskaya,
1965).

Megascopically, the rocks are pale gray, with clearly
visible phenocrysts of pale plagioclase and dark horn-
blende, and have a porphyritic texture (20–25% phe-
nocrysts). The predominant phenocrysts are plagio-
clase (60–65%) and hornblende (25–30%), and ortho-
pyroxene phenocrysts are much more rare, with most of
them occurring in cumulophyric aggregates with pla-
gioclase. The rocks may contain rare titanomagnetite
phenocrysts.

The juvenile material of the March 30, 1956, erup-
tion is characterized by an almost unvarying chemical
composition (Table 2; Gorshkov and Bogoyavlenskaya,
1965) and corresponds to andesite of the calc–alkaline
series according to (Gill, 1981). The average composi-
tions of minerals and glasses are presented in Table 2.
The phenocryst plagioclase has weakly zonal cores
(

 

An

 

50–55

 

) and clearly pronounced bimodal zoning in
margins. The zoning consists of a resorption zone with
numerous tunnel melt inclusions and consisting of

 

An

 

64–68

 

 and an outer rim 10–30 

 

µ

 

m thick of “pure” pla-
gioclase around the resorption zone. The outer rim
shows normal zoning from 

 

An

 

62–64

 

 to 

 

An

 

54–55

 

. Plagio-
clase phenocrysts of analogous structure were
described in many arc volcanics and were interpreted as
testifying to the injection of hotter and CaO-rich
magma into the chamber (see, for example, Tepley
et al., 1999).

Hornblende phenocrysts are pleochroic in brown
shades and have euhedral morphologies (Fig. 4). All

hornblende crystals are surrounded by reaction rims of
roughly equal thickness (25–30 

 

µ

 

m). Representative
analyses of hornblende from our samples are listed in
Table 3. In spite of the significant compositional varia-
tions, these phenocrysts show no clearly pronounced
zoning. According to the systematics of (Leake et al.,
1997), most of the hornblendes are magnesiohasting-
site, although a few data points plotted within the fields
of edenite and pargasite. The 

 

Fe

 

3+

 

/Fe

 

2+

 

 ratio in horn-
blende of Bezymyannyi volcano was evaluated by
Mössbauer spectroscopy (Al’meev et al., 2002). The
aforementioned authors believe that this ratio calcu-
lated from stoichiometric considerations (by normaliz-
ing to 13 cations) is systematically underestimated (due
to underestimated Fe

 

3+

 

). However, the occurrence of
brown (basaltic) hornblende is thought to be related
first of all to oxidation near the surface. This process is
associated with the exsolution of minute magnetite
lamellae (Murphy et al., 2000). The crystals examined
by Al’meev et al. (2002) are secondarily oxidized
brown hornblende, as follows from the presence of
18% magnetite found by these authors in the horn-
blende after separation. Thus, the 

 

Fe

 

3+

 

/Fe

 

2+

 

 ratios
obtained by these authors in principle cannot reflect the
primary Fe concentrations in hornblende from Bezy-
myannyi volcano during its crystallization and cannot
be used to calculate the crystal chemical formulae of
the hornblende.

The phenocryst orthopyroxene is pleochroic from
greenish to pinkish color and occurs as euhedral equant
or slightly elongated crystals with smooth reversed
zoning and Mg# = Mg/(Mg + Fe), at %, increasing from
65 in the cores of the phenocrysts to 67.5 in their outer
zones. The Mg# of orthopyroxene microlites in the
groundmass varies from 67.7 to 70.8. Clinopyroxene is
rare in products of the March 30, 1956, eruption and is
contained in them mostly as cumulophyric aggregates
with orthopyroxene, plagioclase, and magnetite.

 

10 Òm

 

Fig. 3.

 

 Volcanic bomb with a breadcrust crack texture from
the pyroclastic deposits of the March 30, 1956, eruption.
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Table 2.  

 

Composition (wt %) of rocks and mineral phases in products of the March 30, 1956, eruption

Rock or mineral SiO

 

2

 

TiO

 

2

 

Al

 

2

 

O

 

3

 

FeO MnO MgO CaO Na

 

2

 

O K

 

2

 

O P

 

2

 

O

 

5

 

Total

Rocks of the 1956
eruption (5)

60.06 0.76 17.55 6.20 0.15 3.19 6.82 3.53 1.39 – 99.65

Standard deviation 0.87 0.12 0.63 0.39 0.03 0.53 0.41 0.37 0.14 –

Phenocrysts

Plagioclase (72) 52.21 0.03 28.13 0.36 0.00 0.03 11.53 5.22 0.19 0.00 97.70

Standard deviation 1.48 0.02 1.00 0.08 – 0.02 0.94 0.71 0.12 –

Magnetite (12) 0.07 7.52 1.91 79.95 0.59 1.19 0.00 0.00 0.00 0.00 91.25

Standard deviation 0.03 0.14 0.05 1.09 0.03 0.04 – – – –

Orthopyroxene (19) 52.28 0.14 0.73 20.70 1.14 23.02 0.85 0.00 0.00 0.00 98.86

Standard deviation 0.40 0.02 0.31 0.44 0.11 0.40 0.08 – – –

Hornblende (43) 42.56 1.89 11.05 13.49 0.29 13.16 10.76 1.90 0.40 0.03 95.53

Standard deviation 1.06 0.34 1.52 1.19 0.08 0.65 0.82 0.24 0.07 0.01

Groundmass

Plagioclase (4) 52.41 0.00 28.68 0.60 0.02 0.05 11.72 4.47 0.31 0.03 98.29

Standard deviation 0.57 – 0.09 0.03 0.01 0.01 0.30 0.14 0.09 0.01

Magnetite (5) 0.18 7.03 1.61 81.09 0.53 1.12 0.11 0.00 0.00 0.00 91.67

Standard deviation 0.03 1.21 0.50 0.99 0.05 0.10 0.04 – – –

Orthopyroxene (5) 52.26 0.14 1.44 19.02 1.12 22.57 1.50 0.00 0.00 0.00 98.05

Standard deviation 0.45 0.02 0.31 1.20 0.04 1.12 0.15 – – –

Glass (2) 76.70 0.37 11.37 1.41 0.04 0.09 0.33 2.43 5.19 0.04 97.98

Standard deviation 0.01 0.03 0.05 0.01 0.02 0.01 0.01 0.02 0.13 0.03

Cristobalite (2)* 96.25 0.18 1.06 0.06 0.00 0.00 0.04 0.57 0.03 0.02 98.21

Standard deviation 0.51 0.01 0.05 0.03 – – 0.02 0.08 0.01 0.01

Melt inclusions

In plagioclase**

min*** 56.3 0.58 17.76 4.91 0.08 1.73 6.45 4.56 4.9 0.28 97.78

max**** 73.9 0.44 11.54 2.08 0.03 0.52 1.69 2.89 2.99 0.06 96.26

Mean (8) 67.41 0.39 16.03 2.12 0.06 0.91 3.59 3.97 4.17 0.12 98.87

Standard deviation 5.56 0.11 2.99 1.25 0.05 0.77 1.81 0.99 1.35 0.08

In orthopyroxene

Mean (8) 74.30 0.25 12.64 2.16 0.05 0.57 1.67 3.13 3.47 0.39 98.09

Standard deviation 2.05 0.19 1.01 0.52 0.04 0.73 1.65 1.80 1.37 0.56

 

Note: Numerals in parentheses show the number of analyses. The compositions of rocks of the March 30, 1956, eruption are from (Maly-
shev, 2000). The analytical totals in (Malyshev, 2000) are normalized to 100 wt %, analytical total deviating from 100 wt % resulted
from the recalculation of Fe to Fe

 

2+

 

.
        * This phase was provisionally identified as cristobalite following the description in (Gorshkov and Bogoyavlenskaya, 1965).
X-ray powder diffraction identification was not performed.
      ** Data from (Tolstykh et al., 1999) were used.
    *** Melt inclusions with the lowest SiO

 

2

 

 concentration.
 **** Melt inclusions with the highest SiO

 

2

 

 concentration.

 

Plagioclase phenocrysts contain crystalline inclu-
sions of orthopyroxene and hornblende, and orthopy-
roxene and hornblende phenocrysts contain inclusions
of plagioclase. This allowed us to recognize a simulta-
neously crystallizing phenocryst assemblage: plagio-
clase, orthopyroxene, and hornblende.

The composition of melt inclusions in the plagio-
clase reflect the broad major-component compositional
variations of the melts. For example, the 

 

SiO

 

2

 

 content
varied from 56.3 to 73.9 wt %, and 

 

ä

 

2

 

é

 

 varied from
2.25 to 5.77 (Tolstykh et al., 1999). At the same time,
melt inclusions in the orthopyroxene (Table 2) show
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(‡) (b)

(c) (d)

 

Fig. 4.

 

 Hornblende morphologies as seen in transmitted light.
(a) Aggregate of two hornblende grains with opacite rims. The touching faces of the aggregate bear ingrowths of other minerals but
no opacite rims.
(b) Euhedral equant hornblende grain overgrown with an opacite rim of constant thickness and with a coarse-grained aggregate of
volumetric hornblende decomposition (

 

Cpx

 

–

 

Opx

 

–

 

Pl

 

–

 

Mag

 

) inside.
(c) Cluster of hornblende and plagioclase grains. Opacite rims developed only in contact of hornblende with the groundmass but
not in contact with plagioclase.
(d) Euhedral elongated hornblende grain with an opacite rim and domains of volumetric decomposition.
The long side of each photo is equal to 0.8 mm.

 

much narrowed compositional variations: SiO

 

2

 

 = 72.5–
74.0 wt %, 

 

ä2é = 2.35–3.27 wt %. We did not find any
melt inclusions in the hornblende. The compositional
range of melts from which plagioclase could crystallize
simultaneously with orthopyroxene corresponds to a
silicity range of 72.3 to 73.9 wt %. Conceivably, the
broader variations in the compositions of melt inclu-
sions in the plagioclase testify that it crystallized from
compositionally variable melts at their mixing front.

The groundmass is dominated by plagioclase and
orthopyroxene microlites, whose proportion is hard to
assay because of numerous relics of completely decom-
posed hornblende. The groundmass also contains many
relatively large (up to 50–60 µm) fractured anhedral
grains (Fig. 5), which were described by Gorshkov and
Bogoyavlenskaya (1965) as cristobalite (~3%) and
magnetite (<1%). The compositions of these phases are
listed in Table 2. The cristobalite contains, along with
SiO2, also Al2O3 and Na2O. Rhyolitic glass occurs in
the interstitial space between plagioclase crystals.
Table 2 also lists the compositions of all groundmass
phases.

Our samples are closely similar in mineralogy and
petrography. Their differences in porosity can be
explained by local processes and differences in the ther-
mal history of the samples already during the eruption.
The material of our samples is representative for study-
ing processes that took place in the magma chamber
before the March 30, 1956, eruption.

TYPES OF OPACITE RIMS

Andesites of the 1956 eruption of Bezymyannyi vol-
cano contain hornblende surrounded by opacite rims
visible in all cross sections of the crystals (Figs. 4–6).
The hornblende crystals remain thereby euhedral: they
usually display hexagonal cross sections with clearly
pronounced crystal faces. Figures 6a–6c exhibit two
textural types (granular and symplectitic) and their
complicated relations. A granular rim (Fig. 6d) has
sharp boundaries. On the hornblende side of this rim, it
is most commonly bounded by a crack or cleavage
plane. The morphology of the ore mineral can be
equant or elongated, and its size varies from 3 to
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Table 3.  Composition (wt %) of hornblende phenocrysts

Analysis 
number SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total Mg/(Mg +

Fe) Fe2+/Fe3+ Al(IV) Al(VI) Total 
cations

1 42.85 1.54 9.57 13.91 0.34 13.37 10.49 2.07 0.44 94.57 0.84 0.51 1.61 0.08 15.36
2 43.69 1.60 9.34 13.20 0.31 13.91 10.70 1.63 0.43 94.81 0.87 0.40 1.54 0.09 15.24
3 43.60 1.92 9.38 14.16 0.35 13.46 10.54 1.56 0.42 95.38 0.86 0.38 1.58 0.05 15.19
4 45.18 1.65 8.37 12.72 0.26 13.82 10.63 2.25 0.50 95.38 0.77 1.35 1.31 0.15 15.43
5 43.70 1.95 8.64 13.73 0.28 13.63 10.63 1.56 0.43 94.54 0.84 0.52 1.50 0.02 15.23
6 41.49 1.74 9.65 14.02 0.32 12.55 10.61 1.65 0.42 92.44 0.80 0.64 1.64 0.10 15.31
7 42.69 1.58 9.52 13.91 0.40 13.95 11.02 1.50 0.34 94.91 0.90 0.26 1.66 0.00 15.24
8 43.16 1.73 9.77 14.09 0.34 13.17 10.62 1.68 0.44 95.00 0.83 0.49 1.60 0.11 15.25
9 41.51 1.58 11.10 15.35 0.44 12.52 10.24 2.15 0.41 95.29 0.86 0.32 1.84 0.10 15.32

10 42.03 1.58 10.83 15.60 0.48 12.59 10.36 1.89 0.39 95.76 0.86 0.29 1.80 0.08 15.25
11 43.76 2.12 9.24 14.51 0.32 14.03 10.39 2.16 0.36 96.89 0.88 0.31 1.58 0.00 15.29
12 43.61 2.05 9.98 12.97 0.25 14.11 10.72 1.79 0.54 96.02 0.87 0.40 1.63 0.09 15.29
13 43.92 1.96 10.36 12.22 0.22 14.54 10.77 1.83 0.51 96.34 0.90 0.33 1.63 0.14 15.28
14 40.75 1.97 12.95 12.04 0.21 13.20 10.50 2.17 0.38 94.16 0.89 0.33 1.94 0.33 15.37
15 41.41 1.91 13.68 11.88 0.22 13.50 10.92 2.21 0.35 96.08 0.88 0.36 1.97 0.38 15.39
16 42.63 1.49 12.67 11.86 0.22 13.73 10.70 2.03 0.31 95.63 0.90 0.30 1.79 0.38 15.30
17 42.85 1.71 13.20 13.24 0.21 13.58 10.83 2.13 0.36 98.12 0.89 0.28 1.89 0.33 15.31
18 42.04 1.69 12.12 13.96 0.27 12.63 10.75 1.96 0.38 95.80 0.82 0.52 1.81 0.29 15.33
19 42.12 2.16 11.76 13.82 0.26 12.70 10.72 2.01 0.47 96.02 0.81 0.63 1.80 0.24 15.35
20 44.15 1.91 10.01 12.18 0.31 14.50 10.64 1.81 0.47 95.96 0.90 0.32 1.58 0.13 15.25
21 43.92 1.77 10.17 13.17 0.32 13.46 11.16 1.82 0.50 96.29 0.79 0.92 1.55 0.20 15.37
22 42.95 1.88 10.97 14.37 0.27 12.71 10.65 1.94 0.45 96.20 0.80 0.64 1.69 0.21 15.31
23 42.74 1.94 11.57 14.31 0.27 12.65 10.84 1.90 0.44 96.65 0.80 0.65 1.75 0.25 15.32
24 41.74 1.91 11.45 14.04 0.27 12.38 10.65 1.88 0.42 94.75 0.80 0.65 1.77 0.24 15.33
25 42.54 1.87 11.62 14.25 0.29 12.90 10.80 1.87 0.42 96.56 0.83 0.47 1.79 0.21 15.30
26 42.17 2.00 12.02 15.15 0.26 12.50 10.55 1.77 0.41 96.82 0.85 0.35 1.86 0.20 15.22
27 43.20 2.10 12.54 13.00 0.18 11.82 10.62 1.97 0.46 95.88 0.72 1.61 1.63 0.55 15.33
28 42.19 2.05 12.62 14.05 0.25 12.44 11.06 2.09 0.41 97.16 0.78 0.81 1.85 0.32 15.40
29 41.92 1.99 12.91 13.47 0.21 12.62 10.96 2.08 0.40 96.57 0.80 0.69 1.87 0.36 15.38
30 41.88 1.99 13.12 13.27 0.24 12.80 11.12 2.02 0.41 96.84 0.82 0.63 1.90 0.36 15.38
31 41.60 1.91 13.12 13.34 0.21 12.71 10.95 2.02 0.40 96.26 0.83 0.56 1.91 0.36 15.37
32 42.30 1.64 9.84 14.50 0.43 13.65 10.77 1.67 0.38 95.18 0.90 0.23 1.71 0.00 15.26
33 41.49 1.63 9.45 13.90 0.43 13.25 10.42 1.68 0.37 92.61 0.89 0.28 1.69 0.00 15.26
34 41.35 1.46 9.46 14.21 0.48 13.41 10.56 1.68 0.38 93.00 0.90 0.22 1.69 0.00 15.28
35 42.27 2.83 10.91 13.77 0.26 12.98 10.83 1.86 0.41 96.12 0.81 0.66 1.78 0.11 15.32
36 41.66 3.01 10.78 15.85 0.29 12.86 10.16 2.11 0.39 97.10 0.87 0.27 1.85 0.00 15.25
37 42.00 2.03 12.57 12.93 0.22 13.24 10.66 2.11 0.33 96.09 0.87 0.38 1.87 0.29 15.33
38 41.46 1.99 12.50 12.94 0.19 13.10 10.71 2.12 0.31 95.32 0.86 0.42 1.89 0.28 15.35
39 41.39 2.06 12.62 13.00 0.22 13.05 10.55 2.19 0.32 95.39 0.87 0.38 1.91 0.28 15.35
40 41.30 2.12 12.81 13.17 0.22 12.75 10.79 2.25 0.33 95.73 0.82 0.60 1.91 0.31 15.41
41 42.79 2.69 10.80 13.81 0.30 13.06 10.70 1.77 0.40 96.32 0.82 0.56 1.74 0.13 15.26

Average 42.49 1.92 11.12 13.66 0.29 13.17 10.69 1.92 0.41 95.66 0.84 0.51 1.74 0.19 15.31
Standard
deviation

0.98 0.33 1.48 0.94 0.08 0.61 0.22 0.21 0.05

max* 45.18 3.01 13.68 15.85 0.48 14.54 11.16 2.25 0.54
min** 40.75 1.46 8.37 11.86 0.18 11.82 10.16 1.50 0.31
Note: Analyses 1–10 and 11–31 are microprobe profiles across hornblende grains; analyses 32–41 are individual hornblende grains. The

hornblende formulae were calculated by normalizing to 13 cations.
  * Maximum concentrations of major components in the measured hornblendes.
** Minimum concentrations of major components in the measured hornblendes.
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8−10 µm. The plagioclase occurs as anhedral grains 5
to 10 µm across, and the predominant pyroxene is a
matrix including ore minerals and plagioclase. The
aggregate also contains minute cavities from 1.5 to
5 µm. The symplectitic rim (Fig. 6e) consists of fine
(<1 µm) interlacing aggregates of minerals, whose
composition cannot be determined even qualitatively.
Judging from the contrast of the BSE images, the
aggregates contain submicrometer-sized crystals of ore
minerals.

Sections perpendicular to the elongation of the
grains show both textural types of reaction rims: inner
granular and outer symplectitic (Figs. 6a, 6b). The rims
are characterized by a zonal distribution of the ore min-
eral: the outer rims exhibits a gradual decrease in the
content of ore minerals from center to margin. In sec-
tions parallel to the elongation of hornblende crystals
(Fig. 6c), it can be clearly seen that faces at the tops of
the crystals are surrounded only by symplectite reac-
tion rims, which also show a clearly zonal distribution
of the ore mineral. Figure 6f displays a junction of top
and side crystal faces of hornblende. The outer dark
symplectitic rim surrounds both the side and top faces,
and its thickness and composition do not vary. The
granular rim, which is typical of the inner reaction
zones of side faces, drastically gives way to a clearly
pronounced symplectitic rim at faces at the top of the
crystal. The boundaries of the rim remain sharp, and its
thickness does not change. Reaction rims at side and
top faces consist of two similar zones but differ in the
morphology of grains in the inner zone.

Along with rims around crystals, the rocks contain
coarse-grained (with grains up to 10–20 µm) aggre-
gates of the decomposition products of hornblende
inside its grains. This aggregate can touch the rim, cut
across it, or be constrained within a hornblende grain
and display no immediate contact with the rim (Fig. 7).
Clinopyroxene in these domains inherits the orientation
of the replaced hornblende. These aggregates have
irregular morphologies or are equant, elongated, and
are in places bounded by cleavage planes. Grains with
these replacing aggregates are often cut by thin (a few
micrometers) channels and fractures with acicular or
platy ore minerals.

We recognized two major types of hornblende
decomposition in andesites erupted in 1956 by Bezy-
myannyi volcano. The first type comprises zonal opac-
ite rims that surround hornblende grains and consist of
two zones. This type, in turn, comprises two subtypes:
of granular and symplectitic textures. The granular
rims developed only on the side faces of hornblende
crystals. The second type is the volumetric decomposi-
tion of hornblende. This type can also be subdivided
into two subtypes. Coarse-grained replacement
domains correspond to type 2 in (Murphy et al., 2000),
the “gabbroic type” in (Garcia et al., 1979), and “cli-
nopyroxene” type in (Rutherford and Devine, 2003).
The fine-grained domains are the closest to the “black

type” in (Garcia et al., 1979), type 3 in (Murphy et al.,
2000), and opacite in (Rutherford and Devine, 2003).

In spite of the seeming similarities of the hornblende
replacement aggregates, due to certain reasons we can-
not identify the opacitization rims with the products of
the volumetric decomposition of hornblende. First, the
chemical composition of the volumetric decomposition
products is practically identical to the composition of
the surrounding hornblende, whereas the opacite rims
notably differ in composition from the hornblende
(Table 4). Second, their mineralogical compositions are
also different: the volumetric decomposition products
contain Ca-rich clinopyroxene, while the granular
aggregates of the opacite rims contain only orthopyrox-
ene and pigeonite. Third, domains of volumetric
decomposition cut across opacite rims, i.e., are younger
than they (Fig. 7).

DECOMPOSITION REACTIONS
OF HORNBLENDE

Rutherford and Hill (Rutherford and Hill, 1993)
note that the development of reaction rims around horn-
blende in the Sent Helens andesites requires the partic-
ipation of melt because (i) reaction rims are absent from
places shielded from the melt by other phases, and
(ii) melt participation is evident from textural features
of the growth of the rims inward the crystals. Opacite
rims on hornblende in rocks of Bezymyannyi volcano
show analogous evidence of their interaction with the
ambient melt (Fig. 4).

100 µm

Crb

Crb

Hbl

Ap
Ap

Hbl

Crb

Fig. 5. BSE image of an aggregate of hornblende crystals in
the groundmass. The image clearly shows numerous cristo-
balite grains and aggregates in the groundmass. The image
shows the same site as in Fig. 4a (in which it is displayed in
transmitted light). Mineral symbols: Hbl—hornblende,
Ap—apatite, Crb—cristobalite.
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Buckley et al. (2006) believe that the reaction of
hornblende decomposition is nearly isochemical but
proceeds in an open system, with an insignificant com-
ponent exchange with the melt. The mass balance cal-
culations are complicated by the zoning of the horn-
blende and the broad compositional variations of min-
erals in the reaction rims, i.e., the uncertainty in
compositions of phases participating in the mass bal-
ance. Nevertheless, all cases analyzed by these authors

required SiO2 introduction from the melt and the
removal of FeO, CaO, and alkalis from the hornblende.

The decomposition reactions of hornblende reported
in the literature are summarized in Table 5. Domains
with the volumetric decomposition of hornblende in
rocks from Bezymyannyi volcano can be realistically
described by the isochemical reaction proposed in
(Buckley et al., 2006). In these domains, pyroxene obvi-
ously dominates over other minerals, and plagioclase is
contained in subordinate amounts (Fig. 7). The content

30 µm 30 µm 100 µm

10 µm3 µm10 µm

(‡) (b) (c)

(d) (e) (f)

Fig. 6. (a–c) Various sections of hornblende grains and their crystallographic orientation. (d–f) Textural types of the rims.
(a, b) Sections perpendicular to the hornblende crystal elongation; (c) section along crystal elongation; (d) granular type of rims;
(e) symplectitic type of rims; (f) junction of faces at the top and side of hornblende crystals.

30 µm 100 µm 30 µm

Fig. 7. Coarse-grained decomposition aggregate within a hornblende crystal.
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of the ore mineral in these domains strongly varies but
generally does not exceed 8 wt %. In our rocks, the only
ore mineral is titanomagnetite (Table 4), although some
rocks from Sent Helens (Buckley et al., 2006) and
Montserrat (Murphy et al., 2000) volcanoes contain
reaction rims with two ore minerals: magnetite and
ilmenite.

Opacite rims on hornblende in rocks from Bezymy-
annyi volcano could not be formed by the reactions pro-
posed in (Rutherford and Hill, 1993; Buckley et al.,
2006) due to the following reasons:

(1) The opacite rims contain no Ca-rich clinopyrox-
ene, which is the main mineral in the proposed reac-

tions. Pyroxene in the rims contains from 0.5 (orthopy-
roxene) to 12 wt % (pigeonite) CaO (Table 4). High-Ca
clinopyroxene is contained only in the domains of vol-
umetric hornblende decomposition, which developed
after the opacite rims.

(2) The mineral proportions in the reaction rims
principally differ from those in the proposed reactions.
We measured the proportions of pyroxene, the ore min-
eral, and plagioclase in the rims as a whole and sepa-
rately in their granular parts. The results of these mea-
surements and recalculation into weight percentages
are listed in Table 6. It can be seen that the granular rim
is richer in the ore mineral than the outer symplectitic
zones. Compared to the domains of volumetric decom-

 
Table 4.  Composition (wt %) of hornblende decomposition products

Minerals SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5

In rim

Plagioclase (4) 49.77 0.29 25.78 1.97 0.07 1.93 12.80 3.54 0.45 0.02

Standard deviation 1.01 0.26 2.29 1.06 0.03 1.14 0.34 0.33 0.13 0.01

Magnetite (2) 2.94 8.42 3.87 62.79 0.57 3.71 0.67 0.10 0.03 0.01

Standard deviation 3.95 1.57 0.83 10.01 0.11 0.88 0.54 0.12 0.00 0.01

Orthopyroxene (3) 52.28 0.14 0.73 20.70 1.14 23.02 0.85 0.00 0.02 0.01

Standard deviation 0.40 0.02 0.31 0.44 0.11 0.40 0.08 0.01 0.01 0.01

Outer rim (22)* 51.20 0.93 12.69 10.34 0.53 12.37 7.30 2.20 0.34 0.04

Standard deviation 2.35 0.54 2.53 1.52 0.16 2.11 2.50 0.41 0.37 0.02

Inner rim (41)* 43.72 2.01 10.25 16.36 0.49 12.16 10.31 1.53 0.18 0.03

Standard deviation 1.71 0.37 2.03 2.49 0.11 1.54 1.45 0.45 0.11 0.03

In domains of volumetric decomposition

Plagioclase (5) 53.61 0.09 26.50 1.25 0.03 0.24 9.71 5.22 0.74 0.03

Standard deviation 2.20 0.05 0.89 0.30 0.02 0.15 0.56 0.10 0.15 0.01

Magnetite (4) 0.30 5.72 3.14 75.16 0.69 5.78 0.23 0.00 0.01 0.00

Standard deviation 0.41 3.15 0.51 3.05 0.01 1.62 0.12 0.01 0.01 0.00

Orthopyroxene (4) 53.00 0.37 1.68 14.92 0.69 26.19 1.88 0.03 0.01 0.01

Standard deviation 0.21 0.05 0.56 1.32 0.02 0.78 0.20 0.01 0.01 0.01

Clinopyroxene (10) 48.80 1.11 3.18 7.56 0.39 15.68 19.49 0.42 0.04 0.02

Standard deviation 2.56 0.22 0.67 1.26 0.06 1.46 1.44 0.11 0.06 0.02

Aggregate of volumetric hornblende decomposition (31)**

44.84 1.47 11.96 11.99 0.57 13.78 9.72 1.84 0.29 0.03

Notes: * Average compositions in profiles across certain portions of the rims.
** Average compositions in profiles across completely decomposed hornblende grains.

Table 5.  Hornblende decomposition reactions reported in the literature

Reactants, wt % Products, wt % Reference, volcano

73 Hbl + 27 Melt 29 Opx + 24 Cpx + 43 Pl + 3 Ilm (Rutherford and Hill, 1993), Sent Helens

100 Hbl 49.8 Cpx + 27.6 Opx + 18.2 Pl + 4.5 Ti-Mag (Buckley et al., 2006), Montserrat

100 Hbl 53.9 Cpx + 24.4 Opx + 18.1 Pl + 1.9 Ilm + 1.7 Mag (Buckley et al., 2006), Montserrat

100 Hbl 43.0 Cpx + 24.5 Opx + 23.7 Pl + 5.2 Ilm + 3.5 Mag (Buckley et al., 2006), Sent Helens
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position of hornblende and reactions proposed in
(Buckley et al., 2006), opacite rims in rocks from Bez-
ymyannyi volcano contain much more ore mineral and
plagioclase and much less pyroxenes.

(3) The rims of hornblende decomposition in rocks
from Bezymyannyi volcano display more clearly pro-
nounced zoning, which is also pronounced in micro-

probe profiles across symplectite rims on faces at the
tops of the crystals (Fig. 8).

This zoning can reflect the primary zoning of the
hornblende crystals, i.e., the decomposition reaction
could not be “almost isochemical”, contrary to what
was proposed in (Buckley et al., 2006). Neither can the
complicated and variably directed zoning be obtained
by the simple addition of the composition of horn-

Table 6.  Measured mineral proportions in reaction rims and their recalculation into wt %

Grain no.
Granular parts of rims, vol % Whole rim, vol % Whole rim, wt %

Px Pl Ti-Mag cavities Px Pl Ti-Mag Px Pl Ti-Mag

1 49.24 30.43 15.09 5.25 54.86 33.23 11.91 55.36 26.43 18.21

2 55.4 32.35 10.8 1.45 58.92 28.85 12.23 58.81 22.7 18.49

3 53.31 34.19 8.98 3.52 61.53 29.02 9.45 62.33 23.17 14.5

4 47.6 35.23 14.89 2.29 51.99 34.12 13.89 52.03 26.92 21.06

5 55.79 31.17 9.28 3.76 55.88 36.11 8.02 57.91 29.5 12.59

6 64.58 23.01 10.03 2.37 61.35 29.65 9 62.38 23.76 13.86

7 58.13 32.03 7.63 2.22 61.42 31.11 7.46 63.16 25.22 11.62

8 46.84 39.51 11.67 1.97 56.38 33.52 10.1 57.47 26.93 15.59

9 50.45 33.88 13.42 2.25 54.99 35.83 9.17 56.62 29.08 14.3

10 52.99 29.74 13.5 3.77 53.91 32.18 13.91 53.72 25.28 21

11 54.35 33.56 9.72 2.37 53.96 37.8 8.24 56.07 30.96 12.97

12 53.71 33.83 8.84 3.62 57.19 35.33 7.48 59.35 28.9 11.76

Mean 53.53 32.41 11.16 2.9 56.87 33.06 10.07 57.93 26.57 15.5

Standard deviation 4.87 3.91 2.52 1.08 3.26 2.96 2.35 3.49 2.66 3.39

4

0 20

C
aO

, w
t %

X, µm

3
40 60 80 100 120 140

5
6
7
8
9

10
11
12

0 20

Si
O

2,
 w

t %

35
40 60 80 100 120 140

40

45

50

55

60

0.1

0 20

K
2O

, w
t %

X, µm
40 60 80 100 120 140

0.2

0.3

0.4

0.5

0.6
0 20

Fe
O

, w
t %

6
40 60 80 100 120 140

12
14

18
20
22

16

10
8

Fig. 8. Microprobe profiles across symplectitic rims. Gray fields show compositional variations of hornblende.
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blende and a certain amount of melt, as was proposed
in (Rutherford and Hill, 1993).

Complicated doubly directed processes of the selec-
tive removal and introduction of components are typi-
cal of bimetasomatic processes. A principally impor-
tant distinctive feature of metasomatism is the develop-
ment of metasomatic zoning, which is expressed in our
samples in the presence of two zones: an inner zone of
a three-phase assemblage (plagioclase + pyroxene +
titanomagnetite) and an outer zone made up of a two-
phase assemblage (plagioclase + pyroxene). On the
side of melt, the hornblende is often overgrown by a
micrometer-sized zone with pyroxene microlites. This
zone can also be part of the metasomatic column. The
zones distinguished in the metasomatic column at the
boundary between melt and hornblende are shown in
Fig. 9. Rare grains of an ore mineral in the Px-Pl zone
are most probably relics of the Px-Pl-Mag zone. Thus,
the bimetasomatic process of hornblende decomposi-
tion in andesite from Bezymyannyi volcano can be rep-
resented in the form of the following metasomatic col-
umn:

SiO2 migrates from the melt toward hornblende, and
CaO is, conversely, removed from the hornblende.
Other components behave in a more complicated man-
ner and are redistributed between the zones of the meta-
somatic column (Fig. 8).

CONDITIONS INDUCING HORNBLENDE 
DECOMPOSITION

Hornblende is a complex hydroxyl-bearing chain
silicate, which is characterized by a limited stability
field in magmatic rocks. Its crystallization requires a
relatively high water partial pressure, a condition that
makes hornblende unstable under pressures less than
1 kbar even in water-saturated systems. As was demon-
strated experimentally, magma degassing due to
decompression may destabilized amphiboles and their
replacement by growing reaction rims (Rutherford and
Hill, 1993).

The upper temperature stability limit of amphibole
was thoroughly examined experimentally in various
magmatic systems. Kadik et al. (1986) experimentally
examined phase relations in andesites from Bezymyan-
nyi volcano under various pressures and water concen-
trations and have demonstrated that the upper limit of
hornblende stability does not exceed 950°ë. Hence,
system heating to higher temperatures should destabi-
lized hornblende and result in its decomposition.

Some researchers (for example, Murphy et al.,
2000) believe that opacitization reactions can proceed
via hornblende oxidation during the growth of the
extrusion dome. The stability limits of hornblende
depending on  are known still relatively poorly.
Scarce experiments (Barclay and Carmichael, 2004)

Hornblende Px + Pl + Ti-Mt Px + Pl Px Melt

f O2

have demonstrated that the stability field of horn-
blendes can expand to 1035°ë at an increase in the oxy-
gen fugacity to the NNO + 2 level in equilibrium with
subalkaline basaltic andesite melt, which is, however, at
variance with the traditional viewpoint concerning the
development of opacite rims via melt oxidation and
requires further experimental studying.

REASONS FOR HORNBLENDE 
DECOMPOSITION IN ANDESITE

FROM BEZYMYANNYI VOLCANO

The crystallization conditions of phenocrysts in the
hornblende andesite from Bezymyannyi volcano were
estimated at 875–925°ë, 3–8 kbar, and >6 wt % H2O
(Kadik et al., 1986). Al’meev et al. (2002) report a tem-
perature range of 800–920°ë and a pressure of approx-
imately 6 kbar. A water content in the melts was also
estimated at 3–4 wt % based on studying melt inclu-
sions in the plagioclase (Tolstykh et al., 1999).

We determined the crystallization conditions of the
phenocrysts by comparing the cotectic lines of acid
melt (which were calculated by the MELTS computer
program) with the results of plagioclase–hornblende
thermometry (Holland and Blundy, 1994). The melt
composition was assumed equal to the averaged com-
position of melt inclusions in the orthopyroxene (Table 2).
Using the MELTS program (Ghiorso and Sack, 1995),
we calculated a network of cotectic temperatures for
various pressures and water concentrations. At a given
water concentration and temperature, which was evalu-
ated by (Holland and Blundy, 1994), we assayed the
crystallization pressure. The minimum water concen-
tration was assumed to be equal to 3 wt % (melt in the
hornblende stability field). An increase in the specified

10 µm

Zone III

Zone II Zone I

Fig. 9. Bimetasomatic zones in a rim. Zone I: Px + Pl + Ti-
Mag; zone II: Px + Pl; zone III: Px.
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water concentration by 0.5 wt % resulted (at the same
pressure) to a decrease in the cotectic temperature for
15–20°ë and a pressure overestimation by 1 kbar. In
this method, the minimum pressure (5.1 kbar) can be
obtained at the lowest water concentration (3 wt %
H2O). If the water content is assumed as was estimated
in (Tolstykh et al., 1999) for melt inclusions in plagio-
clase from rocks of the 1956 eruption (i.e., 3.5–4 wt %
H2O), then the crystallization temperature of the phe-
nocrysts should be equal to 890 ± 20°C at a pressure of
6 ± 2 kbar. These values are in good agreement with lit-
erature data and lie within the stability field of horn-
blende (Kadik et al., 1986).

As was demonstrated above, the andesites of Bezy-
myannyi volcano contain two types of hornblende
decomposition: opacite rims and domains of volumet-
ric decomposition. Two pyroxene–plagioclase–titano-
magnetite mineral assemblages suitable for determin-
ing P–T conditions were found only in domains with
volumetric hornblende decomposition. Opacite rims
contain no clinopyroxene. The domains of volumetric
hornblende decomposition cut opacite rims, but at the
same time, the volumetric decomposition of horn-
blende was not completed and terminated at an early
stage of this process. Thus, the temperatures and pres-
sures at which the aggregates were formed during vol-
umetric hornblende decomposition can be utilized as
transitional conditions from the growth of the reaction
rims around hornblende to the volumetric decomposi-
tion of this mineral. The temperatures at which the vol-
umetric decomposition aggregates were produced was
determine by two-pyroxene thermometers, by the
method described in (Pletchov et al., 2005), and was
1005 ± 36°C.

These temperatures determined for the decomposi-
tion of the hornblende are 100°ë higher than the tem-

peratures at which the phenocryst assemblage crystal-
lized. The heating could be induced by a newly arrived
portions of hot and more basic magma. This idea
receives support from the fact that the Mg# of orthopy-
roxene and the Ca# of the plagioclase increase in the
marginal portions of the phenocrysts.

The pressure under which the volumetric decompo-
sition aggregates developed was estimated by the tech-
niques proposed in (Nimis and Ulmer, 1998). These
authors made use of a correlation between the crystalli-
zation pressure and the unit cell volume of clinopyrox-
ene, which was determined experimentally and in natu-
ral samples by single-crystal X-ray diffraction. Indeed,
this phenomenon is the main factor affecting the unit
cell volume of clinopyroxene, and its chemical compo-
sition is a dependent parameter, which is controlled by
both the permissible unit cell volume and the composi-
tion of the melt. The practical application of this tech-
nique involves the evaluation of the structural parame-
ters of the clinopyroxene unit cell from its composition
and the subsequent evaluation of the crystallization
pressure from the unit cell volume. The greatest uncer-
tainty is related to the estimation of the unit cell vol-
ume, because clinopyroxene allows various schemes of
isomorphism. Nimis with coworkers proposed a num-
ber of variants for the calibration for the estimates of
the clinopyroxene unit cell parameters for basic mag-
matic systems. In our calculates, we made use of the
calibration proposed for calc–alkaline melts (Nimis and
Ulmer, 1998) as the most suitable for arc systems. The
pressure values calculated for five clinopyroxene grains
lie within a narrow range of 6.1–6.7 kbar, averaging at
6.4 kbar. Nimis and Ulmer (1998) reported the errors of
this calibration as 1.7 kbar. The application of other
proposed calibrations (Nimis and Ulmer, 1998) yielded
pressures of no lower than 5 kbar. Thus, it is reasonable
to think that a pressure of 6.4 ± 1.7 kbar in the mag-
matic system during hornblende decomposition corre-
sponds (within the accuracy of the technique) to the
crystallization pressure of the phenocryst assemblage,
i.e., the decomposition of hornblende in andesite from
Bezymyannyi volcano occurred under isobaric condi-
tions and was not related to the decompression of the
magma and its degassing under pressures less than
1 kbar, as was proposed in (Rutherford and Hill, 1993)
for Sent Helens volcano. The rapid oxidation of horn-
blende because of its contact with atmospheric oxygen
also seems to have been hardly probable at depths of
more than 20 km. Hence, the main reason for the
decomposition of hornblende in andesite of Bezymyan-
nyi volcano was the isobaric heating of the magmatic
chamber from 890 to 1005°C (Fig. 10).

THICKNESSES OF THE REACTION RIMS
AND THEIR INTERPRETATION

The thicknesses of the reaction rims measured at
hornblende grains of various orientation are summa-
rized in Table 1. In spite of the differences in the mor-
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Fig. 10. Conditions under which hornblende grains could be
opacitized in andesites erupted on March 30, 1956, by Bez-
ymyannyi volcano. Rectangles outline P–T regions in
which the phenocrysts and rims were formed. The solid line
shows the stability field of hornblende after (Rutherford and
Hill, 1993).
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phologies of the aggregates produced by the decompo-
sition of hornblende along various crystallographic
directions, the thicknesses of the rims are independent
(within the error of the measurements) on the crystallo-
graphic direction in which the rims developed. The
insignificant variations in the thicknesses of the rims on
all of the examined grains suggest that the decomposi-
tion process was initiated practically simultaneously at
all grains and did not depend on the location of the
grains in the magmatic chamber.

The time during which the reaction rims developed
was evaluated from the results of the experiments
(Rutherford and Hill, 1993; Rutherford and Devine,
2003) (Fig. 11). The technique proposed in (Rutherford
and Hill, 1993; Rutherford and Devine, 2003) is based
on the results of decompression experiments modeling
magma ascent during a certain eruption. As was dem-
onstrated above, opacitization rims developed on horn-
blende in rocks of Bezymyannyi volcano under isobaric
conditions. The factor controlling the growth rate of
rims is the diffusion rate of components through the
reaction rim (Coombs and Gardner, 2004). We use an
equation similar to that of diffusion

t = t0 + X2/D, (1)

where t is the time in days, X is the thickness of the rim
in µm, t0 is the repose time in days, and D is a coeffi-
cient. The least squares technique was used to treat the
experimental results from (Rutherford and Hill, 1993;
Rutherford and Devine, 2003) and determine the maxi-
mum range of D (23.6–209.3 µm2/day, which corre-
sponds to 2.7 × 10–16 to 2.0 × 10–15 m2/s) and t0 (2–
5 days). The time required for the development the
hornblende decomposition rims during the March 30,
1956, eruption of Bezymyannyi volcano and calculated
using the maximum and minimum possible t0 and D
values was evaluated at 4–37 days.

INTERPRETATION OF VOLCANIC EVENTS 
THAT PRECEDED THE MARCH 30, 1956, 

ERUPTION

The time estimated for the development of reaction
rims around hornblende grains in products of the March
30, 1956, eruption allowed us to revise the preexisting
interpretations of the events preceding this eruption.
The hot magma injection into the chamber that induced
hornblende opacitization could take place in February
or March of 1956, while the first eruptive activity of the
volcano was identified on October 22, 1955, and a
series of eruptions associated with ash falls continued
only until late November. The mafic minerals in the ash
of these eruptions are dominated by orthopyroxene
(Gorshkov and Bogoyavlenskaya, 1965), and the prod-
ucts of the March 30, 1956, eruption are obviously
characterized by hornblende predominance over ortho-
pyroxene. Starting in November of 1955 until March of
1956, the magmatic chamber should have undergone
significant transformations that induced a change in the

phenocryst assemblage. Hence, the volcanic events in
1955 were not directly related to processes in the cham-
ber before the March 30, 1956, eruption, but the magma
portion involved in this eruption could have activate the
long-lived chamber beneath Bezymyannyi volcano and
cause the crystallization of hornblende phenocrysts. A
fresh magma injection in February–March of 1956
caused the significant heating of the magmatic cham-
ber, hornblende opacitization, growth of the outermost
zones of the orthopyroxene and plagioclase phenoc-
rysts with reversed zoning, and eventually, the cata-
strophic eruption on March 30, 1956.

CONCLUSIONS

1. The reactions of hornblende decomposition in
andesites of the 1956 eruption of Bezymyannyi volcano
can be subdivided into two major types: opacitization
rims and reactions of volumetric decomposition.

2. The opacite rims developed because of a bimetaso-
matic reaction of the hornblende with melt with the ori-
gin of the following zoning: hornblende  Px + Pl +
Ti-Mag  Px + Pl  Px  melt. This reaction
was associated with CaO removal from and SiO2 intro-
duction into the reaction rims with respect to the horn-
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Fig. 11. Dependence of the thicknesses of the reaction rims
on their growth time. Experimental conditions: (a) 900°C,
90 MPa; (b) 900°C, 160 –2 MPa; (c) 900°C, 220 – 2 MPa;
(d) 900°C, 20 MPa. The results of the experiments in (Ruth-
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blende composition. Conversely, the reaction of volu-
metric hornblende decomposition was almost isochem-
ical and resembles the reactions proposed in (Buckley
et al., 2006).

3. The opacite rims developed under isobaric condi-
tions. The main reason for hornblende instability was
the heating of the magmatic chamber from 890 to
1005°ë due to an injection of a fresh portion of hot
magma.

4. The time elapsed from the hot magma injection
into the chamber till the beginning of the eruption on
March 30, 1956, was no longer than 4–37 days. The
activity episode of Bezymyannyi volcano in October–
November of 1955 was not directly related to the
March 30, 1956, catastrophic eruption.
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