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Fayalite rhyolites and a zoned magma chamber of the Paleocene 
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During the Late Paleocene, at least five ignimbrite units were emplaced from the Yakutinskaya caldera complex 
in Primorye, Russia. The erupted ignimbrites show two distinct chemical cycles, believed to represent the 
“high”－silica and “low”－silica parts of the compositionally zoned magma chamber. Two petrographically dis-
tinctive types of rhyolites are distinguishable in each chemical cycle, based on their phenocryst chemistry and 
silica content: (1) “low”－silica rhyolites with mineral assemblages of quartz, sanidine, plagioclase, ferrohyper-
sthene, ferroaugite (Ca41Mg21Fe38), biotite, and hornblende, and (2) “high”－silica rhyolites with a similar min-
eral assemblage to “low”－silica, but containing more Fe－rich clinopyroxene (Ca44Mg2Fe54) and biotite, and a 
with lower phenocryst abundance. This difference is related to the variation in chemical composition and tem-
perature of the magma in the zoned magma chamber for each eruption cycle. Rb－Sr mineral－rock isochron 
ages show that the ignimbrites erupted between 59.7 ± 1.6 and 54.8 ± 2.6 (2σ) Ma (Late Paleocene), and initial 
87Sr/86Sr ratios are distinct in the different ignimbrite units. The “high”－silica rhyolites show the highest 
87Sr/86SrI ratios (0.70810－0.70738), whereas “low”－silica rhyolites show lower 87Sr/86SrI ratios (0.70659－
0.70724). The compositional zoning of the single magma chamber can be explained by the large－scale mass 
transport in the liquid phase due to roofward migration and concentration of volatile species.
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INTRODUCTION

The Primorsky Krai (Primorye) is located in the East 
Asian continental margin (Fig. 1), and was formed in the 
margin of the Bureya－Khanka－Jiamusi continental ter-
rane. The formation of the East Sikhote－Alin volcano－
plutonic belt began at the end of the Albian period related 
to the subduction zone of the Andean－type continental 
margin (Khanchuk, et. al., 1996). In the late Cretaceous, 
the volcanic belt formed a part of a transform continental 
margin of the California－type that resulted from a dis-
placement of the oceanic plate along the continental mar-
gin from subduction to sinistral sliding, with a typical 
manifestation being within－plate magmatism (Khanchuk, 
et. al., 1999).

The East Sikhote－Alin volcano－plutonic belt stretch-es 
along the Japan Sea coast, and is 1500 km long and 100 
km wide. It is connected with a deep fault system on the 
boundary of the central Sikhote－Alin. The belt comprises 
a two－storied structure: the upper part consists of volca-
nic facies and the lower part consists of dislocated sedi-

mentary rocks. Volcanic complexes were formed during 
the Cenomanian to Danian. These consist of acid effusive 
rocks and granite to gabbro complexes. This magmatic 
activity was terminated by voluminous eruptions of acid 
magmas, which occurred over the entire area of the belt 
during the Paleocene. The products of this activity are 
mainly rhyodacitic to rhyolitic ignimbrites, with associ-
ated intrusions exhibiting a similar chemistry (the Bogo-
polsky igneous complex). The felsic volcanics are mostly 
preserved within the graben－like structures and/or col-
lapsed calderas.

The Yakutinskaya volcanic depression (YVD) is one 
such structure, and is situated about 450 km to the north-
east of Vladivostok. The depression is located on a junc-
tion of the Mesozoic accretionary wedge and turbidite ter-
ranes stretching northwest, perpendicular to the charac-
teristic northeast direction of East Sikhote－Alin volcano－
plutonic belt. Despite its large size, good state of preser-
vation, and uniqueness, the Yakutinskaya structure has not 
undergone a comprehensive petrogenetic study before. A 
study of this structure will provide valuable information 
on the detailed mechanism of differentiation in silicate 
melts, and an understanding of the magma system beneath 
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the Sikhote－Alin volcanic field.
Detailed studies on the geology of the Bogopolsky 

igneous complex, bulk rock chemistry, mineral composi-
tion, and Sr－isotope ratio of ignimbrites and related rocks 

have been carried out as a basis for the reconstruction of 
magma chamber conditions beneath the caldera. The ori-
gin of the ignimbrites is discussed in terms of a repeatedly 
refilled zoned magma chamber model.

Figure 1. A geological sketch of the Yakutinskaya volcanic depression in Primorye, Russia.
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GEOLOGY OF THE YAKUTINSKAYA 
VOLCANIC DEPRESSION

The YVD is situated towards the continental side of the 
East Sikhote－Alin volcano－plutonic belt. Mapping around 
the YVD suggests that the basement rocks of the depres-
sion fill are Hauterian－Albian arkosic sandstones inter-
bedded with siltstones. These sediments form part of the 
Sikhote－Alin flysch association of the Zhuravlevka ter-
rain (Markevich, 1979).

The Yakutinskaya volcanic depression is a large, 
oval－shaped volcanic massif stretching about 40 km north-
west (Fig. 1). It is rimmed by linear and arcuate faults 
filled with porphyritic rhyolite dikes. The depression was 
formed by repeated ignimbrite eruptions from several vol-
canic centers. Older volcanic edifices are deeply eroded to 
the level of the subsurficial magma chambers, which are 
filled with porphyritic granite. Younger volcanic construc-
tions are well preserved.

Two caldera formation stages have occurred. During 
the Maastrichtian period, a large volume of pyroclastics 
and lavas were emplaced in the depression, forming the 
Siyanovsky igneous complex. During the Late Paleocene, 
central constructural edifices of felsic rocks (the Bogo-
polsky igneous complex) were formed. This younger 
complex consists of ignimbrites, tuffs, lava domes, and 
granite. The geology of the YVD has been described by 
Popov and Grebennikov (1997) and Mikhailov (1989), 
who divided the Siyanovsky igneous complex into two 
units: a pyroclastic unit and an overlying lava flow unit. 
The pyroclastic unit consists of tuffs, welded tuffs, and 
stratified deposits of rhyodacite to rhyolite composition. 
Outcrops of these rocks can be seen only in the most 
eroded parts of the structure. The Maastrichtian age is 
determined from flora finds in its pyroclastic rocks, as 
well as the close genetic and spatial connection of its 
extrusive facies with its stratified sheets (Matyunin et al., 

1986). Andesite and dacite lavas are the major compo-
nents of the lava flow unit. These lavas intrude the pyro-
clastic unit, and are covered by the Bogopolsky igneous 
complex.

The Bogopolsky igneous complex is Maastrichtian－
Danian in origin, as determined from flora in the tuffa-
ceous silt beds (Matyunin, et al., 1986). As the rocks from 
the Siyanovsky igneous complex have been highly alter-
ed, they are not favorable for petrological examination. 
Consequently, this study concentrated on the geology of 
the Bogopolsky igneous complex.

THE BOGOPOLSKY IGNEOUS COMPLEX

This igneous complex consists of both effusive and intru-
sive facies, predominantly rhyolitic ignimbrites, and tuff 
layers. A characteristic feature of the Bogopolsky igneous 
complex is a marked lateral variation and close associa-
tion of intrusive and extrusive bodies, which comprise the 
bulk of the complex. The intrusive facies consist of dikes, 
stocks, and granite batholiths.

The ignimbrite sequences of the Bogopolsky effu-
sives have been studied in detail from a flank of Mount 
Yakut (Fig. 2). The slope has a stepped profile, and each 
step corresponds to an individual ignimbrite unit. At least 
five ignimbrite sequences occur in the depression (hereaf-
ter referred to as Ignimbrite (Ign.) 1 to Ign. 5, occurring 
from the bottom to the top of the geological section). The 
total thickness of the five units is 600－650 m. Each ignim-
brite unit consists fundamentally of three parts: pumice 
tuff, the ignimbrite body, and tuff beds. Relatively uncon-
solidated rhyolitic pumice tuff occurs in the lower parts. 
The pumice tuff is covered by the ignimbrite body, which 
is unwelded to the welded facies. In the highly welded 
parts, the ignimbrite is comprised of massive dark obsid-
ian in the Ign. 2 and 4 layers. In the weakly welded parts, 
fiamme is observed, and the shallow inclination of their 

Figure 2. A schematic cross－section of typical ignimbrite sequences of the effusive rocks in the Bogopolskaya suite.



72 A.V. Grebennikov and S.O. Maksimov 73Yakutinskaya volcanic depression in Primorye, Russia

foliations or faces (0－10°) suggests that no significant 
deformation has occurred after deposition. The ignimbrite 
sequence is overlain by unwelded rhyolite tuffs, with 
occasional intercalations of tuffaceous silt beds. The esti-
mated volume of the Yakutinskaya structure ignimbrites 
is approximately 400 km3.

Intrusive facies in the complex consist of porphyritic 
rhyolite dikes and granite stocks. The dikes form ring and 
linear bodies with an apparent thickness ranging from a 
few meters to 600 m. In the eastern and northern rims of 
the YVD, the intrusions form a ring dike belt bounding 
the volcanic depression from the basement rocks. These 
dikes also intrude the ignimbrites, which form the depres-
sion fill. The contacts are often smooth, and usually dip at 
high angles into the structure. The thick dikes have por-
phyritic rhyolite interiors, and grade into fine－grained 
rhyolite towards their contacts. The thin dikes (1.5－2 m) 
consist almost entirely of fine－grained rhyolite lavas 
showing a flow structure. Stretched, crack－filled, or iso-
metric pyroclastic rhyolite intrusions, which grade into 
granite on the lower hypsometric levels, are also observed 
in the depression, and are probably facies variations of the 
underlying granite. Stocks intrude the ignimbrites without 
exhibiting any effect of strong contact. The contact con-
figurations of these intrusives attest to their sill－like form 
(Matyunin, 1988). The intrusives are homogeneous, and 
consist of porphyritic rhyolite. The large－scale stocks 
consist of granite, which is thought to be a diapir shape.

The rhyolite lavas occur only at the rim of the south-
ern area, and are represented by an array of various scales 
of oval－shaped lava domes. These domes consist of 
spheruloidal or vitric rhyolite, some of which grades into 
the short thick lava flows. Almost all the lava domes are 
rhyolite, and were active after the emplacement of the 
voluminous ignimbrites. This suggests that the extrusions 
originated from a large magma chamber, which now may 
form a large granite batholith at depth.

PETROGRAPHY AND MINERALOGY OF THE 
BOGOPOLSKY IGNEOUS COMPLEX

Analytical methods

The mineral compositions were determined using electron 
probe microanalysis (EPMA) (Model JXA－8800M, 
JEOL, Japan) located at the Research Center for Coastal 
Lagoon Environments, Shimane University, Japan, and at 
the Far East Geological Institute, Russia (Model JXA－

5A, JEOL, Japan). The accelerating voltage and sample 
current were 15 kV and 2 × 10−8A, respectively. The cor-
rection procedure used was that of Bence and Albee 
(1968). Total iron is reported as FeO.

Because the content of the ferromagnesian mineral, 
phenocryst, in most of these rocks is low, this phase was 
separated using heavy liquid and magnetic techniques 
before mounting and polishing the samples for EPMA. 
Conventional polished thin sections were also prepared so 
that the direction and extent of zoning (if present) could 
be determined.

Effusive facies

Ignimbrites characteristically display horizontal internal 
structures that are principally due to postdepositional pro-
cess. In particular, they show varying degrees of welding 
(Cox et. al., 1979), and this pattern is typical of the ignim-
brite of the Yakutinskaya volcanic depression (Fig. 2).

Pumice tuffs are characterized by relatively uniform 
clast size (about 0.5 mm), and contain angular fragments 
of quartz (15－20 vol%), K－feldspar (15 vol%), subhedral 
oligoclase (5 vol%), altered mafic minerals (0.5－1 vol%), 
all enclosed in a fine－grained ash matrix.

The ignimbrite bodies are composed of sporadic, 
typically broken crystals, set in, and frequently draped by, 
glass shards with sinuous or cuspate outlines. They con-
tain phenocrysts of quartz, sanidine, plagioclase, orthopy-
roxene, clinopyroxene, biotite, hornblende, and olivine 
(from 5－10 vol% in the lower part, to 30－35 vol% in one 
of the upper deposits). Not all the minerals occur in each 
ignimbrite unit.

Quartz (10－15 vol%) shows embayment against the 
groundmass, which may be interpreted as crystal resorp-
tion or be due to rapidly growing crystals enclosing the 
groundmass material. Many quartz phenocrysts are highly 
fractured and shattered, and their fragments are slightly 
shifted relative to each other, which may be the result of 
an intensive melt decompression during eruption.

Anhedral clasts of sanidine (Or70 or Or58; 3－5 vol%) 
were observed in samples rich in essential olivine (fay-
alite). Compositional zoning is small. Plagioclase (Pl) 
phenocrysts (oligoclase) are rare (2－3 vol%), up to 0.8 
mm in size, and are euhedral to subhedral. The pheno-
crysts are twinned, and sometimes show normal zoning 
with more calcic centers.

Orthopyroxenes (Opx) were found in small amounts 
(1－2 vol%) in all the mineral separates. Rare orthopyrox-
ene phenocrysts observed in thin sections were predomi-
nantly euhedral to subhedral (0.4－0.6 mm), and contained 
Fe－Ti oxide inclusions. The orthopyroxenes in all the 
ignimbrites were ferrohypersthenes (Ca3Mg27Fe70, see 
Table 1).

The clinopyroxenes (less 1 vol%) were generally sub-
hedral (at most, 0.8 mm in size) and typically contained 
inclusions of apatite and Fe－Ti oxide. Their composition 
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ranged from ferrohedenbergite (Ca44Mg2Fe54) in the 
Ignimbrite 2 and 4, to ferroaugite (Ca41Mg21Fe38) in Ignim-
brite 1, 3, and 5 (Table 1). Discrete euhedral grains of fer-
roaugite (Ca42Mg22Fe36) were also found in Ignimbrite 2 
and 4.

The fayalite phenocrysts occurred in all ignimbrite 
units except Ign. 5. In thin sections, up to 1 vol% fayalitic 
olivine occurred only in rocks with glassy groundmass. 
The phenocrysts were usually subhedral, up to 0.9 mm, 
and showed some iddingsitic rim alteration. The average 
composition was Fa89 in Ign. 1 and Fa99 in the other units 
(Table 1).

The hornblende and biotite contents are inversely 
related to the olivine content. Ignimbrites enriched in 
olivine (Ign. 2 and 4) contained little hornblende and bio-
tite, whereas rocks depleted in olivine (Ign. 1 and 3) con-
tained higher hornblende and biotite contents. The biotite 
was brown, iron－rich, and strongly pleochroic. It formed 
tabular euhedral phenocrysts up to 1.1 mm in length and 
flaky aggregates in the groundmass. The biotite contents 
reached 2 vol%. Fiamme in the ignimbrite was character-
istically enriched in biotite. In general, as the entire rock 
silica content increased, the biotite became richer in FeO 
and MnO, and poorer in MgO and TiO2. Some biotite 
grains in Ign. 2 and 4 were more ferruginous than in Ign. 
1 and 3 (Table 1). The reaction of biotite with magnetite 
was common in the more devitrified samples (Ign. 5). 
This reaction occurred around the edges of the pheno-
crysts and penetrated along the cleavage planes inside the 
phenocrysts, suggesting a subsolidus, and hence, a pos-
templacement reaction.

The amphiboles (0－1.5 vol%) were euhedral or sub-
hedral, and up to 1.4 mm in length. They were calcic, and 
most could be classified as ferro－edentic hornblende or 
ferro－hornblende (after the nomenclature of Leake 1978).

The microphenocrysts comprised of ilmenite, and 
traces of zircon, apatite, and allanite. Small inclusions of 
ilmenite were also observed in biotite and clinopyroxene. 
The occurrence of titanomagnetite was extremely rare.

The groundmass was entirely volcanic glass. The 
glassy matrix in this lithotype had an apparent discontinu-
ous lamination caused by a compaction and welding of 
the original pumice fragments. The flow texture was char-
acterized by a wavy pattern in which clasts and shards 
were oriented parallel to the glass flow lines. Character-
istically, Ignimbrite units 1 and 3 contained abundant rock 
fragments, which did not occur in Ignimbrites 2 and 4.

Tuff

A typical tuff facies consisted of phenocrysts and glass 
shards. The glassy shards were banded and slightly flat-

tened, but were not welded to each other. The glass shards 
and the phenocrysts were embedded in a devitrified ash 
matrix. These rocks differed from the ignimbrites, in that 
they contained greater volumes of phenocrysts (up to 50 
vol%), and fewer mafic minerals (about 1 vol%). The 
mafic minerals were biotite and hornblende, and typically, 
both were altered. The phenocrysts comprised of quartz 
(20－25 vol%, 0.6 mm in size and sometimes up to 4 mm), 
sanidine (15－20 vol%, 2.6 mm in size), and subhedral oli-
goclase. Ilmenite and rare magnetite were occasionally 
observed. The groundmass texture is felsitic, and con-
sisted of a mixture of quartz and alkali－feldspar. Sections 
of fiamme－like quartz aggregates were sometimes observ-
ed.

Thin ash－fall tuffs were a minor facies. This rock 
type was characterized by a vitroclastic structure, with 
clasts of rounded volcanic glass (7－10 vol%, 0.5 mm in 
size) and phenocrysts of quartz (5－7 vol%), sanidine (5 
vol%), and oligoclase (2－3 vol%). Mafic minerals (0.5－
1 vol%) were commonly fully altered and distributed 
throughout the ash matrix. Allanite (0.6 mm) and ilmenite 
(0.3 mm) were occasionally observed.

Extrusions (lava domes)

Lava domes commonly consisted of three lava types: rhy-
olitic obsidian at the margin, and spheruloidal rhyolite 
lava－filled extrusion vents that sometimes graded into 
lava flows with a flow structure. All three types were 
characterized by the presence of phenocrysts (up to 5－7 
vol%) of quartz (3－4 vol%), plagioclase An17−25 (about 2 
vol%), and sanidine Or63−68 (about 1 vol%). Their size var-
ied from 1.9 mm (plagioclase) to 3.2 mm (sanidine). 
Allanite and ilmenite were occasionally observed. The 
rhyolites showed spherulitic, felsitic, cryptocrystalline, 
and flow textures. The rhyolitic obsidians were commonly 
black or sometimes green in hand－held samples, with the 
glassy groundmass showing a perlitic fracturing that was 
sometimes emphasized by chloritic margins. Rhyolite 
lavas with spherulitic texture were characterized by their 
greater phenocryst content (up to 10 vol%), more sanidine 
than plagioclase, and felsitic cryptocrystalline ground-
mass. The plagioclase phenocrysts were frequently 
leached. The most common occurrence of spherulitic tex-
ture was as radiatative aggregates of acicular alkali feld-
spars with interstitial glass, which commonly enclosed 
microphenocrysts of quartz, sanidine, and plagioclase. 
Quartz was also present, resulting in an intergrowth tex-
ture. The lava flows showed flow, felsitic, and cryptocrys-
talline textures. These consisted of phenocrysts of round-
ed quartz (3－4 vol%, 1.4 mm), sanidine－Or59−61 (5－6 
vol%, 2.2 mm), and subhedral sieve－textured plagioclase 
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crystals (3－5 vol%, 1 mm).

Intrusive facies

The porphyritic rhyolite intrusions showed gradual transi-
tions from megaporphyritic to microphyric rhyolite. The 
former was characterized by a porphyritic texture (up to 
50 vol.% phenocryst) with sanidine (Or65, about 15 vol%, 
13－14 mm), albitized plagioclase (An0.1－26, about 15 vol%, 
3－4 mm), quartz (10－15 vol%, 5－6 mm), biotite (Fe# = 
66－70, 5－7 vol%, 1－2 mm), and totally altered pyroxenes 
(1－2 vol%). Accessory minerals present were hornblende, 
ilmenite, allanite, and zircon. As the lithology tended to 
be more of the microphyric rhyolite type, the amount of 
biotite decreased until it became absent, and the pheno-
cryst size and plagioclase percentage decreased. A gradual 
transition from phaneritic to aphanitic textures was also 
observed.

The batholithic and diapiric granites were leucocratic 
coarse－grained rocks with subhedral－granular texture 
containing mainly quartz, alkali feldspar, plagioclase, and 
biotite. Alkali feldspars were the most abundant mineral 
(up to 55 vol%), occurring as orthoclase－microperthite－
Or57−58, which was usually anhedral (2.4－4.4 mm). The 
plagioclase was commonly subhedral oligoclase (An14−18), 
but was relatively rare (about 3 vol%). Quartz occurred as 
small plates or aggregates of grains (1.3－2.2 mm) filling 
spaces between the other constituents, but could reach 40 
vol%. Biotite occurred in two forms: as small euhedral 
plates (0.5－1.3 mm), and as opacite flakes. The latter con-
sisted chiefly of magnetite dust. The biotite was brown, 
iron－rich (Fe# = 73－79), strongly pleochroic, and could 
reach 3 vol%. Orthopyroxene, zircon, allanite, and ilmen-
ite were occasionally observed.

GEOCHEMISTRY

Analytical methods

The major and trace element content of the rock samples 
and ignimbrite fiamme were determined using X－ray flu-
orescence spectrometry (XRF), employing a Rigaku 
Model RIX 2000 XRF located at the Department of 
Geoscience, Shimane University, Japan. Fresh samples 
were crushed in a jaw crusher, and pounded in a tungsten 
carbide pestle, and subsequently ground using an auto-
matic agate mortar. The resulting powders were then dried 
for a period of 24 h at 110 °C. Glass beads were prepared 
by fusing 1.8 g of rock powder mixed with 3.6 g of alkali 
flux. The alkali flux used was an 8:2 mixture of lithium 
tetraborate (Li2B4O7, Merck, USA) and lithium metabo-
rate (LiBO2, Merck, USA), based on the method of 

Kimura and Yamada (1996).
The reproducibility was checked using several igne-

ous rock reference standards provided by the Geological 
Survey of Japan (GSJ): Sample JB－1 was a basalt and 
Sample JG－1 was a granitoid. The results were in good 
agreement with the recommended values.

To perform Sr isotope analysis, the Sr was extracted 
a Class－1000 clean room located at the Department of 
Geoscience, Shimane University, Japan, following the 
method of Kagami et al. (1982, 1987). Each sample (100 
to 150 mg) was decomposed in a sealed Teflon vessel 
using a mixture of HF, HCl, and HNO3. The Sr was ex-
tracted from the decomposed sample using a column 
filled with a cation exchange resign (Dowex, Japan AG 
50W－X8, 200－400 mesh). The Sr extract was loaded onto 
a Re filament with HCl. The Sr isotope ratio was mea-
sured using a Finnigan, MAT 262 (Japan) thermal ioniza-
tion mass spectrometer equipped with five collectors, and 
the 87Sr/86Sr ratio normalized to 86Sr/88Sr = 0.1194 was 
measured. The Sr isotope ratio for Sample NBS987 was 
measured five times, and showed a mean ratio of 
0.710255 ± 0.000009 (2σ = mean). The Rb and Sr con-
centrations were determined using isotope dilution, and 
the age and initial Sr isotope ratio were calculated using 
the method of York (1969). The data were collated from 
100 to 240 measurements, comprising of ten scans of 10－
24 blocks. To verify the results, samples with very low Sr 
contents (biotite and fiamme glass) were measured twice.

Major and trace element chemistry

The volcanic rocks were classified using the total alkali 
versus silica classification diagram of Le Bas et al. (1986). 
All data were plotted in the rhyolite field (Fig. 3), and 
showed a single evolutionary trend from the first to the 
last erupted units (65－85 wt% of SiO2). The rhyolitic lava 
formed a different trend, and showed a slight enrichment 
in CaO (Table 2). The volcanics were subalkaline in com-
position, according to the criteria of Miyashiro (1978). 
The fundamental acid magmatic rocks in YVD belong to 
the ilmenite series (Ishihara, 1997), and from their geo-
chemical, mineralogical, and isotopic features correspond 
to S－type ilmenite, according to the classification scheme 
of Chapell and White (1974). Their mostly normative 
corundum composition reflects their crustal low－depth 
origin.

The Bogopolsky ignimbrites were classified into 
“high”－ and “low”－silica populations, with the boundary 
set at ~ 74% SiO2 (normalized to 100%, water free). This 
classification is used hereafter. The mineral composition 
also supported the use of this classification. “high”－silica 
ignimbrites (Ign. 2 and 4) commonly contained hedenber-
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gite and biotite crystals, whereas the “low”－silica ignim-
brites (Ign. 1, 3, and 5) contained less ferric clinopyrox-
ene and biotite.

From the major and minor element chemistry, both 
the effusive and intrusive rocks of the Bogopolsky igne-
ous complex can be divided into two groups. The granites 
and “high”－silica ignimbrites from Ign. 2 and 4, with 
most the evolved compositions, are characterized by low 
K/Rb ratios (Fig. 4), and typically, are situated at the end 
of the whole－rock trend lines. The porphyritic rhyolite 
dikes and “low”－silica Ign. 1 and 3 show higher Fe, Ti, 
Ca, and Sr contents than those of the “high”－silica rocks, 
and also, have higher K/Rb ratios. However, the data for 
the rhyolite extrusion are an exception. As described 
above, the extrusion occurs as a glassy rhyolite and a 
spheruloidal rhyolite at the rim and in the center of a sin-
gle dome. These erupted during the same eruptive cycle. 
However, on a K/Rb－Ca/Sr plot (Fig. 4), the rhyolitic 
obsidians and spheruloidal rhyolites fall into two distinct 
fields located at opposite ends of the trend, and display a 
similar chemical contrast as the two groups above.

Sr isotopes and Rb-Sr ages

Data from the Sr isotope analysis and mineral－whole rock 
Rb－Sr isochron ages are listed in Table 3 and Figure 5, 
showing that the ignimbrites erupted between 59.7 ± 1.6 
and 54.8 ± 2.6 (2σ) Ma (Late Paleocene), from the bot-

tom to the top of the section. These dates are consistent 
with the stratigraphy, although no age determination was 
possible for the uppermost ignimbrite in the sequence 
(Ignimbrite 5) due to the extent of the posteruptive min-
eral alteration.

According to the Rb－Sr data, a porphyritic rhyolite 
dike (Sample AV－62) has an Rb－Sr internal isochron age 
of 55.3 ± 2.8 (2σ) Ma. The age of this intrusion is compa-
rable with the age of the youngest dated ignimbrite (Ignim-
brite 4). The lava dome rhyolite (sample AV－59) showed 
the youngest radiometric age (52.9 ± 3.5 Ma).

It is notable that the “high”－silica rhyolites (Ignim-
brite 2 and 4) showed the highest 87Sr/86SrI value (0.70810－
0.70738), and the “low”－silica rhyolites (Ignimbrites 1 
and 3) showed the lowest 87Sr/86SrI values (0.70659－
0.70724). Both Sample AV－62 (porphyritic dike) and the 
dome lava (Sample AV－59) had lower 87Sr/86SrI ratios in 
the range 0.70675－0.70692, which is comparable with 
Ign. 1.

DISCUSSION

Chemical zonation of the ignimbrite magma chamber

The major and trace element data show that the 
Bogopolsky ignimbrites have a distinct compositional 
range, and can be divided into two groups based on the 
data. The first group includes Ignimbrites 1, 3, and 5, and 
is represented by the “low”－silica rocks, whereas the sec-
ond group consists of the “high”－silica rhyolite of Ignim-
brites 2 and 4. Figure 6 shows the whole－rock enrichment 
factor diagrams (Hildreth, 1979) that emphasize the con-
trast in the major and minor elements. The “high”－silica 
ignimbrites have greater SiO2, K2O, Rb, Y, and Nb con-
tent and higher Rb/Sr ratio, and therefore, are richer in 
large ion lithophile (LIL) elements. The “low”－silica and 
“high”－silica ignimbrites erupted alternatively, and the 
first ignimbrite (Ign. 1) in the Bogopolsky igneous com-
plex began as a “low”－silica magma eruption.

Similar progressive variations in the bulk composi-
tion during large ash－flow eruptions are well documented 
for the Bandelier Tuff, found in New Mexico, USA (Smith 
et al., 1966; Smith, 1979), the Bishop Tuff and Long 
Valley Caldera, from California, USA (Hildreth, 1979; 
Heumann and Davies, 1997), the Paintbrush Tuff, 
Nevada, USA (Lipman et al., 1966), the climactic erup-
tion at Crater Lake, Oregon, USA (Williams, 1942), and 
for the Toba Tuffs, in Sumatra, Indonesia (Chesner, 1998). 
In most cases, the eruption sequence is characterized by a 
trend toward less siliceous compositions that are richer in 
phenocrysts, which according to the above authors reflects 
zonation within the preeruptive magma chamber. In this 

Figure 3. A diagram of the total alkali versus silica classification (Le 
Bas et al., 1986) for the volcanic rocks of the Yakutinskaya vol-
canic depression.
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context, Ign. 2 and 3 are thought to have been erupted 
from a zoned magma chamber, and Ign. 4 and 5 are 
another pair representing the next eruptive cycle. Periods 
of 1.5－1.8 My elapsed between these eruptions. Thus, the 
intervals are relatively uniform between “high”－ and 
“low”－silica ignimbrites, and between the two cycles. As 
all the ignimbrites lie on a single chemical evolution trend 
(see Figs. 3 and 4), the magmas are considered to be co－
genetic, and so the time required for “low”－silica to 
“high”－silica evolution is about 1.5－1.6 My. Ignimbrite 1 
does not have a “high”－silica counterpart; and may repre-
sent the first magma emplacement in the Yakutinskaya 
volcanic depression.

The ignimbrite glass compositions plotted on the 
pressure－calibrated An－Or－Q phase diagram of the gran-
ite system (Tuttle and Bowen, 1958; Luth et al., 1964; 
Johannes and Holtz, 1996) suggests confining pressures 
were between 1.5 and 2.5 kbar (Fig. 7). Assuming a value 
of the confining pressure of 2 kbar, the Yakutinskaya mag-
mas may have resided in the crust at a depth of approx. 7 
km.

Zoned magma chamber: mineralogical and isotopic 
evidence

The “high”－silica ignimbrites (Ign. 2 and 4) contain phe-
nocrysts of quartz, sanidine (Or70), oligoclase (An29), ferro-
hypersthene (Ca3Mg27Fe70), olivine (Fa99), and ferroheden-
bergite (Ca44Mg2Fe54), with minor biotite (Annite70−77), 
ferro－hornblende, and ilmenite content. Ignimbrites 1, 3, 
and 5 are characterized by similar mineral assemblages, 
but contain a greater amount of biotite and hornblende, 
along with very rare grains (possibly xenocrysts) of oliv-

ine Fa99 (Fa89 in Ign. 1) and ilmenite. Furthermore, crys-
tals of clinopyroxene (Cpx) and biotite are lower in Fe 
than the “high”－silica ignimbrites are (Fig. 8). The ferro-
silite content (Fs) of Cpx also contrasts between the “high” 
and “low” silica types. The “low”－silica ignimbrites com-
monly contain Cpx with Fs compositions of Fs60−70, 
whereas those in the “high”－silica ignimbrites contain 
Fs94−100 (Fig. 8a). The Fe# ratio of the biotites also shows a 
similar contrast, but with less variation (Fig. 8b). These 
compositional contrasts in the minerals also support the 
concept that the “high”－ and “low”－silica ignimbrites are 
from evolved and less evolved magmas, respectively.

Most Yakutinskaya ignimbrites contain ilmenite but 
no magnetite, and consequently, the Fe－Ti oxide geother-
mometry cannot be used for temperature determination. A 
petrographic study of the ignimbrites shows that the clino-
pyroxene coexists with fayalite in the first erupted units of 
each cycle (Ignimbrites 2 and 4), and with orthopyroxene 
in the later flows. The Mg－Fe partitions between coexist-
ing olivine and clinopyroxene (Obata et al., 1974) and 
between two－pyroxenes (Lindsley, 1983) can be used as 
an empirical geothermometer. The temperatures were cal-
culated using an estimated pressure 2 kbar using the 
quartz－ulvospinel－ilmenite－fayalite (QUILF) software 
program of Frost et al. (1988). This shows that the pre-
eruptive temperatures were close to 710 °C for the “high”－
silica Ignimbrites 2 and 4, and 780 °C for the “low”－silica 
Ignimbrites 1 and 3. These temperatures are close to the 
solidus of water－saturated silicic melts (Johannes and 
Holtz, 1996). The lower temperature for “high”－silica 
rhyolitic magma suggests that both thermal and composi-
tional zoning exists in the Yakutinskaya magma chamber.

The observed crystallization of the various ferromag-

Figure 4. A plot of the Ca/Sr versus K/Rb ratios of the igneous rocks of the Yakutinskaya volcanic depression.
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nesian phases may be related to the oxygen fugacity in the 
“high”－silica rhyolitic magmas (Hildreth, 1981). More-
over, preferential crystallization of iron－rich orthopyrox-
ene over olivine under increasing oxygen fugacity (Car-
michael, 1967) suggests that this factor played an 
important role in the crystallization of the different ferro-
magnesian phases in the rhyolites. However, single mea-
surements of the oxygen fugacity carried out on micro-
probe compositions of coexisting minerals (where possi-
ble) following the techniques of Anderson and Lindsley 
(1988), showed fO2 values close to －15.5 log units for Ign. 
1 (T = 783 °C) and －16.5 log units for Ign. 2 (T = 706 °C). 
It is doubtful whether the obtained values fitting the same 
fayalite－magnetite－quartz (FMQ) buffer curve can 

explain such differences in mineral crystallization as that 
observed.

The initial Sr isotope ratios (Table 4) covary with the 
Fe# in biotite (Fig. 8b). The earliest “low”－silica ignim-
brite (Ign. 1) has the lowest 87Sr/86SrI value, and this is 
followed by the highest 87Sr/86SrI value in Ign. 2. Ign.－ has 
a low 87Sr/86SrI ratio, but the ratio is higher than in Ign. 1. 
In turn, the “high”－silica Ign. 4 has a slightly greater 
87Sr/86SrI ratio than Ign. 3, but is not as high as in Ign. 2. 
Ign. 4 is possibly a mixed product between “high” and 
“low”－silica magmas, and the lower 87Sr/86SrI ratio could 
result from such mixing between “high”－silica low－Sr, 
and “low”－silica high－Sr magmas. This suggests that the 
high－temperature, “low”－silica end member magmas 

Figure 5. A Rb－Sr isochron diagram for the igneous rocks of the Yakutinskaya volcanic depression. Key: IR, initial Sr isotope ratio; MSWD, 
mean square weighted deviation. W, whole rock; Bi, biotite; Kfs, feldspar; Pl, plagioclase; Px, pyroxene; Opx,  orthopyroxene; Amph, amphi-
bole.
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have lower Sr isotope ratios than the low－temperature, 
“high”－silica magmas do.

The systematic change in bulk chemistry and con-
stituent minerals with geological sequence raises the 
question of whether the eruptions originated from multi-

ple magma chambers or a single zoned magma chamber. 
If, by analogy with other ash－flow eruptions, less－silicic 
magma underlies the “high”－silica bodies, then the erup-
tion of a multiple magma chamber should carry some pet-
rochemical characteristics of higher emplaced magmas. 
However, there is no evidence for magma mixing between 
the “high” and “low” silica types in the ignimbrite units. 
Moreover, Smith (1979) discussed the characteristics of 
“high－level magma chambers”, such as chamber volume 
and depth, caldera size, and compositional zoning in 
ignimbrite sheets and magma chambers. He concluded 
that in small－volume systems, compositional zoning may 
be rationalized as resulting from two separate magmas 
from two separate chambers, but in large－volume sys-
tems, in which calderas are formed, the two－chamber 
hypothesis is unrealistic.

The coherence of the chemical and thermal evolution 
of the rhyolites with time, the similarity of the geochemi-
cal characteristics, the unity of the mineralogical features 
and accessories, and the close grouping on the data plots 
suggest a single common magmatic reservoir and an 

Figure 6. Enrichment factors for selected elements in the ignim-
brites and intrusive facies of the Yakutinskaya magma chamber. 
The factors are calculated by dividing the concentration in the 
late－erupted samples by the concentration in samples that 
erupted early in the sequence.

Figure 7. Pressure－temperature 
diagram showing the begin-
ning of H2O－saturated melt-
ing in the system. Qz－Ab－Or 
= continuous lines. The inset 
shows the cotectic lines and 
composition of the H2O－satu-
rated minimum and the eutec-
tic in the albite－quartz－ortho-
clase－H2O system projected 
from H2O onto the Ab－Q－Or 
plane for pressures of 1 atm 
and 0.5－30 kbar. Also shown 
are the minima for the anhy-
drous system at 4 and 10 kbar 
pressure (+). Piercing points 
are shown for the 5% and 
7.5% anorthite planes, the 1－
4% F minima, and the eutec-
tic for the fluorine－bearing 
system.
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open－system differentiation.

Origin of the compositional zonation

Thus, the Yakutinskaya ignimbrites represent a sequence 
erupted from different parts of a single evolving magma 
system, rather than from discrete magma chambers. The 
processes that may be responsible for the generation of 
such large volumes of chemically zoned magma (crystal-
lization differentiation, assimilation, magma mixing, liq-
uid immiscibility, progressive partial melting, or thermal 
contact with primitive magma from the mantle) are 
fiercely debated in the literature (e.g., see Hildreth, 1979). 
Most occurrences that show evidence of compositional 
zonation are attributable to crystal fractionation, most 
notably the Bishop Tuff (Michael, 1983; Cameron, 1984), 
Los Humeros Tuffs (Ferriz and Mahood, 1987) and the 
Toba Tuffs (Chesner, 1998).

Hypothetical models suggest that compositional 
zonation of silicic magma bodies can develop from dou-
ble diffusive convection resulting from crystal fraction-
ation (Huppert and Sparks, 1984; Baker and McBirney, 
1985; McBirney et al., 1985; Nilson et al., 1985; Turner 
and Campbell, 1986). To test this hypothesis, least－
squares fractionation calculations were carried out on 
selected samples spanning the compositional range of all 
the Yakutinskaya units. Vectors showing the nature and 
magnitude to which different minerals will fractionate K, 
Ca, Rb, and Sr are shown in Figure 4. The partition coef-
ficients used were from Arth (1976), and Mahood and 

Hildreth (1983). These calculations suggest that composi-
tional zonation within the YVD units could only be pro-
duced by crystal fractionation of the K－feldspar (Kfs).

About 5 wt% fractionation is required to produce a 
“high”－silica ignimbrite, and 15－20 wt% for an intrusive 
rocks. About the same amount of Or component (4－5 
wt%) is necessary to obtain a “high”－silica composition 
on the Q－Ab－Or chart (Fig. 7). However, the isotopic 
data shows significant to pronounced intrasheet differ-
ences in the initial 87Sr/86Sr ratio within each ignimbrite 
unit (Table 3 and Fig. 8b). Furthermore, the feldspar phe-
nocrysts (first liquidus phase to be crystallized) are less 
radiogenic than other associated phenocrysts and ground-
mass materials (Table 3), and show the same initial iso-
tope ratios in both rock types. Significantly, the initial iso-
tope ratios of the feldspar grains are equal to those of the 
groundmass materials in Ign. 1 (0.70659). This leads to 
the conclusion that the silicic magma chamber became 
zoned immediately after quartz－feldspar crystallization 
occurred. All these features indicate that the composi-
tional zoning could not have originated by simple crystal 
settling in the melts.

As mentioned above, “high” SiO2 samples represent-
ing the upper parts of the magma chamber are more radio-
genic than samples from the lower parts. Such isotopic 
zonation could be explained by crustal assimilation, 
which is more intensive at the roof of large magma cham-
bers (Noble and Hedge, 1969). The highest 87Sr/86SrI ratio 
observed in the first “high”－silica (Ign. 2) may represent 
an intensive assimilation at the roof, and the growth of the 

Figure 8. A plot of the composition of the mineral phenocrysts plotted in terms of Fe ratio versus sequence of the rock deposition and Sr isotope 
initial ratio (＊).



84 A.V. Grebennikov and S.O. Maksimov 85Yakutinskaya volcanic depression in Primorye, Russia

crystal mash may have subsequently reduced the interac-
tion. Noble and Hedge (1969) inferred an assimilation 
process to account for a similar unusually high initial 
87Sr/86Sr ratio in five upper Cenozoic ash－flow sheets. 
Thus, it seems reasonable to hypothesize that much of the 
variation in the initial 87Sr/86Sr ratio (0.70659－0.70810) 
observed in the Yakutinskaya ignimbrites may be the 
result of the assimilation of varying amounts of 87Sr 
enriched upper crustal material. Exposures around the 
Yakutinskaya depression (Markevich, 1979) suggest that 
the roof of the magma chamber consisted largely of the 
Hauterian－Albian arcosic sandstone interbedded with silt-
stone from the Sikhote－Alin flysch association. Unfor-
tunately, no isotopic data is available from the southern 
Primorye crystalline basement. However, assimilation of 
arcosic sandstones and siltstones cannot in any case 
increase the SiO2 content (from 72 to 75 wt%) and 

decrease the Sr content (from 200 to about 80 ppm) in the 
magmas, due to the content of both elements in the sedi-
mentary rocks of the flysch complex itself (< 67 wt% 
SiO2 and > 250 ppm Sr). Thus, there is no evidence for 
assimilation.

Hildreth (1979) used the thermogravitational con-
vection－diffusion model proposed by Shaw et al. (1976) 
to explain the repeated establishment of associated ther-
mal, compositional, volatile, and isotopic gradients in 
large silicic magma chambers. This model permits a dif-
fusional influx of water and some minor components from 
outside the magma chamber, but its main emphasis is on 
the combined effect of convective circulation and internal 
diffusion developing a chemical gradient within the ther-
mal and gravitational field of the magma chamber itself. 
This model seems most appropriate for the magmatic 
rocks of the Yakutinskaya volcanic depression.

Table 4. Sr isotope ratios and others parameters

Sr isotope ratios were measured using a Finnigan MAT 262 thermal ionization mass spectrometer at the department of Geoscience, Shimane 
University, Japan.
Note: 87Sr/86Sr (P) and 87Sr/86Sr (I) are the Present and Initial ratios, respectively. *Sr and *Rb in ppm measured by XRF, others by isotope dilu-
tion method.
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However, it is difficult to present geological evi-
dence for the co－existence of two magmas within a single 
and layered magma reservoir in the Yakutinskaya mag-
matic system, taking into account Pl－Kfs－Opx paragene-
sis and the similarity of the chemical compositions, espe-
cially in terms of alkalinity. The mineralogical differences 
are firstly expressed in the enrichment of “high”－silica 
ignimbrites by extreme Fe－rich silicates and their acces-
sory contents compared to Ign. 1. Crystallization of the 
abnormal high Fe# silicates (Cpx and Ol) should be con-
sidered as a disequilibrium subsolidus phase with regards 
to the transmagmatic Opx grains that occur in all rock 
types. Their unusually high Fe# cannot be only related to 
an extremely low oxygen fugacity regime, but may be due 
to crystallization from a residual, high water－saturated, 
relatively low－temperature, almost magnesium－free melt 
that permitted crystallization of fayalite and ferroheden-
bergite, even under FMQ buffered conditions. This is the 
result of the higher fluidization in the roof zone of the sys-
tem.

The first group has higher Al2O3, MgO and CaO con-
tents and a lower SiO2 content. This is well correlated 
with the crystalline nature of Group 1 and vitrophyric 
character of the second group. The chemical composition 
of the volcanic glasses (Table 3) shows that glassy, fluid 
enriched melts (Ign. 4) change from having a “potas-
sium”－ to a “sodium”－type alkalinity, and the degree of 
coordination state of Al2O3 changes from calcium to 
alkali. This process is also responsible for the degree of 
fluid saturation of the system. Taking into account the 
concordant changes of the chemical composition (K/Na 
and Rb/Sr ratios, and CaO and SiO2) between Ignimbrites 
1, 3, and 5 and Ignimbrites 2 and 4 eruptions and their 
fiamme (fluid saturated sections) we propose that the 
chemical activity character of the silicate system is deter-
mined by the mobile behavior of the alkaline elements, 
and especially Na.

Geologically well－defined zoning－alternation of dif-
ferent fluid saturated flows conditioned by insignificant 
but regular chemical variations, and most importantly by 
specific mineralogy, is necessary to relate to the enrich-
ment of definite erupted phases of the “head” column by a 
fluid, and not with chemical stratification of the melts. 
Following on from this process, changes will be expressed 
in regular successive, less fluid saturated explosions.

Such differentiation of rhyolite magma in a high－
level magma chamber is formed by a gravitation floating 
mechanism of a more fluidized, and thus lighter, melt into 
the apical part of the chamber. According to Lowell (1985) 
and Nilson et al. (1985) the floating of a fluidized portion 
of the melt leads to an accumulation of light components 
near the roof with a geologically significant speed of 10－3 

km3/year. It is supposed that due to this process in a geo-
logically short period, the formation of a subsurficial bed 
that subsequently erupts takes place.

A change in the melt structure caused by an increase 
in water concentration and depolymerization will give rise 
to differences in the occupation of water－saturated melt 
cations compared to a less water－saturated melt (Watson, 
1982; Lesher, 1986; Maury and Bizouard, 1974). 
Variations in the 87Sr/86Sr(I) ratios and their rise in “high” 
silica, more fluidized and low－temperature melts are 
probably connected not with host rocks assimilation, but 
with 87Sr self－diffusion into the octahedral melt structure 
(Watson, 1982; Baker, 1989; Pankhurst, 1969). Thus, the 
“low”－silica rhyolites of the Yakutinskaya volcanic 
depression represent the deeper and hotter portion of the 
magma chamber, whereas the “high”－silica rhyolites are 
derived from the stratified upper layer of the chamber that 
grew gradually as the underlying chamber cooled, and 
differentiated following each new addition of magma. The 
compositional zonation of the single magma chamber can 
largely be explained by a large－scale mass transport in the 
liquid phase due to roofward migration and concentration 
of volatile species.

CONCLUSIONS

1. At least five ignimbrite units were erupted from the 
Yakutinskaya magma chamber. The ignimbrites were 
deposited between 54.8 ± 2.6 and 59.7 ± 1.6 Ma (in the 
Paleocene). The magma erupted during each successive 
eruption was compositionally zoned, ranging from “low” 
silica to “high” silica rhyolite.
2. The composition of the ferromagnesian silicates in the 
ignimbrite units and their preeruptive temperature varied 
systematically with stratigraphic sequence. Clinopyroxene 
occurring in the basal deposits of each member was the 
richest in Fe and Mn, and the poorest in Mg. The upper-
most flows of these units had the most magnesian pyrox-
enes and the highest preeruptive temperature. These flows 
originated in the deepest, hottest zone of a single zoned 
magma chamber. This zone had the lowest Si content in 
the chamber.
3. The “high”－silica granites and “low”－silica porphyritic 
rhyolites inherited the geochemical peculiarities of the 
ignimbrites, and can be regarded as an example of zoned 
magma chamber rocks exposed at the surface.
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