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Reconstruction of the Cenozoic evolution of
WKSB is important for deciphering geodynamic pro�
cesses in the Sea of Okhotsk region and estimating
petroleum potential of this structure. The early (Pale�
ocene–Eocene) stage of WKSB, i.e., origination and
evolution of the West Kamchatka trough is least stud�
ied. The stratigraphic subdivision of the Paleocene–
Eocene sequence, its dislocation pattern, and paleo�
geographic reconstructions of this stage are debatable
(Belonin et al., 2003; Bogdanov and Chekhovich,
2002; Gladenkov et al., 1997; Moiseev and Solov’ev,
2010). It should be noted that the lower WKSB section
is promising for the detection of hydrocarbons,
because Late Paleocene(?)–Eocene terrigenous rocks
are potential reservoirs (Belonin et al., 2003; Otchet …,
1986).

Our studies were aimed at reconstruction of the
source of clastic material transported to WKSB in the
Middle Eocene. The paper presents data on the min�
eral and chemical compositions and the heavy fraction
of sandstones of the Middle Eocene Snatol Forma�
tion. We also examined the U–Pb age and crystal mor�
phology of clastic zircon from these sandstones. The
comprehensive analysis of these data made it possible
to reconstruct possible provenances of the clastic
material and propose new paleogeographic models.

GEOLOGICAL AND TECTONIC SETTING 
OF THE TAGIL UPLIFT

The northeastern part of Asia is a collage of differ�
ent�age heterogeneous terranes incorporated into
Eurasia in the Mesozoic and Cenozoic (Bogdanov and
Chekhovich, 2002; Bogdanov and Dobretsov, 2002;
Nokleberg et al., 1998; Ob’yasnitel’naya zapiska …,
2000; Parfenov et al., 1993; Sokolov, 1992; Stavsky
et al., 1990; Til’man et al., 1992; Watson and Fujita,
1985; Worrall, 1991; Zinkevich et al., 1993; Zonnen�
shain et al., 1990).

The basement of western Kamchatka is considered
a part of the Sea of Okhotsk Plate in (Gladenkov et al.,
1997; Khanchuk, 1985; Konstantinovskaia, 2001), but
it is defined as an independent West Kamchatka
microplate in (Bogdanov and Chekhovich, 2002;
Ob’’yasnitel’naya zapiska …, 2000). The Sea of
Okhotsk Plate is considered the fragment of an ancient
oceanic plateau (Bogdanov and Dobretsov, 2002),
whereas the West Kamchatka microplate is located in
the continental�type crust (Bogdanov and Chekhov�
ich, 2002).

The basement of WKSB is composed of terrigenous
rocks of the Omgon–Ukelayat terrane and silicic vol�
canic rocks of the Achaivayam–Valagin island arc.
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The Omgon–Ukelayat terrane comprises Late Creta�
ceous–Middle Eocene terrigenous rocks that are
exposed in northern Kamchatka Peninsula and
Omgon Range. According to (Solov’ev and Shapiro,
2008), terrigenous sediments of the Omgon–Ukelayat
terrane are turbidites and contourites that were depos�
ited in the Cretaceous–Middle Eocene along the
northeastern margin of Asia.

The Achaivayam–Valagin island arc includes Late
Cretaceous siliceous and volcanic rocks that are
exposed in erosional “windows” in the central and
eastern parts of western Kamchatka. According to
(Solov’ev et al., 2011), the island arc was incorporated
into the margin of Asia in the Eocene that marked the
onset of the WKSB formation.

The Tigil uplift, which includes the studied sec�
tions, is located in the central WKSB. The NE�strik�
ing uplift is about 300 km long and 100–120 km wide.
The uplift comprises the Uvuchin anticline and the
conjugated Mainach low�angle syncline. According to
(Skhema …, 2001), the northern Tochilin anticline is
confined to the Kinkil trough. The uplift comprises
brachioform and linear folds with limbs dipping at
30°–40°. The Cenozoic sequence is crosscut by faults
parallel and perpendicular to the structural fabric. The
central part of the uplift is composed of Cretaceous
and Lower Paleogene rocks.

STRATIGRAPHY

The Paleogene basement in the Tigil uplift includes
three formations (from the bottom to top): Khulgun
(conglomerate), Napan (coaliferous), and Snatol
(mainly, sandy) (Karta …, 1999; Resheniya …, 1998).
Beginning from the Snatol Formation and stratigraph�
ically upward (Pliocene included), the Tigil uplift is
marked by a consistent succession of Cenozoic sedi�
ments, with stratotype sections exposed along the Sea
of Okhotsk coast.

The lower WKSB section is a continental sequence
marked by small thickness and conglomerate lenses
deposited in intermontane depressions and foothills
(Grigorenko, 2011). The conglomerates unconform�
ably overlie protrusions of the Cretaceous basement
and make up the basal part of coastal sections (Main�
ach and Uvuchin), as well as ledges along the bank of
large Kvachina and Snatolveem rivers (Fig. 1). Based
on flora finds, the age of conglomerates is estimated as
Paleocene (Budantsev, 2006; Gladenkov et al., 1997).
According to our data (Khisamutdinova et al., 2015),
conglomerates exposed in coastal sections are
younger. Based on the K–Ar dating of amphibole and
biotite from conglomerate pebbles, the lower limit of
the coarse�clastic sequence deposition corresponds to
the Eocene.

Conglomerates of the Khulgun Formation are
irregularly overlain by the coaliferous sandstones
intercalating with conglomerates of the Napan For�
mation. Its stratotype is recorded in the Snatolveem

River valley (Gladenkov et al., 1997). The Napan For�
mation in this section makes up the core of a steep
anticline. The outcrop is crosscut by overthrusts, along
which rocks of the Napan Formation are discordantly
overlain by Middle Eocene sandstones of the Snatol
Formation. The coaliferous sandstones were deposited
in the continental setting within a hilly plain with peri�
odically flooded sectors (Grigorenko, 2011). The
Napan Formation includes foraminifers, rare macro�
fauna, and leafy flora. Based on their finds, age of the
Napan Formation is estimated as Late Paleocene–
Early Eocene (Budantsev, 2006; Gladenkov et al.,
1997).

We studied the Snatol Formation mainly composed
of sandstones with rare interbeds of conglomerates
and clayey rocks. These rocks lie unconformably (con�
formably in some places) over the basal conglomerates
assigned in various sections to the Khulgun Formation
(Paleocene) or Snatol Formation (Middle Eocene)
that overlie the Cretaceous basement. In some sec�
tions, sandstones of the Snatol Formation lie with
angular and stratigraphic unconformity over the Cre�
taceous basement (Solov’ev, 2005). Tectonic contact
between the Napan and Snatol formations is defined
on the right bank of the Snatolveem River (Gladenkov
et al., 1997). The base of the Napan Formation is
unexposed.

The Snatol Formation is widespread over the entire
WKSB. According to (Resheniya …, 1998), the Rate�
gin and Ust�Anadyr formations are developed in the
coeval sections of the Chemurnaut Bay and Palan area
in the northern part of the basin. Thickness of Middle
Eocene sediments varies from the north (300–400 m)
to south (50–100 m) and reaches the maximum in the
Tigil uplift (500–1000 m) (Resheniya …, 1998). This
formation pinches out in the southern part of WKSB.

The detailed paleontological characteristics of the
lower part of this sedimentary section are given in
(Dmitrieva, 2007; Gladenkov et al., 1991, 1997, 2005;
Serova, 2001). The faunal assemblage is mainly repre�
sented by marine mollusks and benthic foraminifers
that often contain the endemic species.

It is noteworthy that the sequential bedding of
Paleocene–Eocene formations is lacking in any lower
WKSB sections or in available publications.

HISTORY OF THE STUDY OF WKSB

A significant contribution to the study of lithology
and stratigraphic subdivision of the lower WKSB sec�
tion was made by workers from GIN (Gladenkov
et al., 1991, 1997, 2005) and VNIGRI (All�Russia
Geological Prospecting Research Institute). Assess�
ment of the hydrocarbon potential of sedimentary
structures and intervals were carried out by researchers
from MGU (Moscow State University) and VNIGRI
(Belonin et al., 2003; Grigorenko et al., 1969, 1981,
2011; Svistunov et al., 1977).
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The Paleocene–Early Eocene paleogeographic
models based on the lithostratigraphic data without
the consideration of palinspastic reconstructions are
given in (Gladenkov et al., 1997). These models show
the transport of clastic material and possible areas of
volcanism within WKSB.

Paleogeographic reconstructions for the later (Late
Eocene and Oligocene) interval based on the lithofa�
cies and formational analysis of the Cenozoic section
in outcrops and borehole cores are presented in (Belo�
nin et al., 2003). The models show the distribution of
lithofacies and various sedimentation settings, but the
possible direction of clastic material transport is not
indicated.

Scrutinization of the composition and formational
affiliation of terrigenous rocks in the lower WKSB sec�
tion is reported in (Grigorenko, 1969, 1981, 2011). In
(Grigorenko, 1981), all sandstones are assigned to the
graywacke group, the composition of basal conglom�
erates is estimated, and the main directions of the clas�
tic material transport from the west and east into the
incipient submeridional trough are reconstructed.

METHODS

We carried out a comprehensive study of sand�
stones based on the standard petrographic and
geochemical methods, analysis of the heavy fraction,
and detailed study of the detrital zircon (analysis of
crystal morphology and U–Pb LA�ICP�MS dating).

Sandstones were examined under a polarization
microscope. The composition of major minerals, grain
interrelation, and cement type and composition were
studied at a magnification of 10. The number of major
minerals and rock clasts was calculated at a magnifica�
tion of 20 (the minimum number of analyzed samples
was 300). The number of grains was estimated using
the method developed by F. Chase (1963) and modi�
fied by M.N. Shapiro. The sandstone composition is
summarized in Table 1.

The content of the major components of sand�
stones was determined by the silicate analysis in the
Chemical�Analytical Laboratory of GIN (M.V. Rud�
chenko, analyst).

The heavy fraction of sandstones was analyzed in
the Mineralogical–Track Analysis Laboratory of GIN
based on the standard procedure (Kopchenova, 1979):
crushing → sieving → panning → magnetic separa�

tion → fractionation in the heavy liquid (bromoform)
and electromagnetic separation → study of the frac�
tion under binocular microscope. Then, we examined
morphology of zircon crystals in the –0.07 mm
monofraction by the method described in (Pupin,
1980). The obtained data were compared with the dia�
gram proposed in (Belousova et al., 2006). In our
table, the initial table of zircon morphological types
(hereafter, morphotypes) according to (Pupin, 1980)
is supplemented with information pertaining to the
genetic granitoid types characterized by specific crys�
tal habitus.

The age of clastic zircon was determined by the
LA�ICP�MS method according to (Gehrels, 2011;
Gehrels et al., 2008) at University of Arizona (Tyson,
United States).

THE STUDIED SECTIONS

Field studies were carried out in 2005–2008 by the
Prospecting Team of GIN in the Tigil uplift area of
western Kamchatka. We described and scrutinized
sediments of the Snatol Formation in stratotype
coastal sections (Tochilin, Mainach, and Uvuchin).
Representative sections of this formation were also
studied along banks of large Rassoshina, Polovinka,
Snatolveem, Belogolovaya, and Ushkh rivers (Fig. 1).
We compiled the detailed lithological columns, stud�
ied structural�textural features of sandstone beds and
their interrelations, and took samples of all rock vari�
eties.

The Tochilin section is located on the Sea of
Okhotsk coast. Rocks of this section make up a large
anticline, with core composed of sediments of the
Snatol Formation. The anticline core is buried under
talus, but some fragments are exposed. Rocks of the
formation show an almost horizontal bedding (at 5°–
7° in some places). The most complete description of
this section is given in (Gladenkov et al., 1991). The
coastal outcrop shows only the upper (most sandy)
part of the Snatol Formation with a total thickness of
400 m. The northeastern limb of the fold is character�
ized by dip�slip tensile strains (Moiseev and Solov’ev,
2010) and compression with wedging and overthrust�
ing.

Figure 2 shows a summary section of this formation
with the designation of sampling sites. In total, more
than 50 sandstone samples were taken. Among them,

Fig. 1. Schematic geological setting of the central part of western Kamchatka. Modified after (Karta …, 1999; Gladenkov et al.,
1997). (1–8) Sediments of the West Kamchatka trough: (1) Quaternary, (2) N2 (Enemten Formation), (3) N2–Q, volcanic,

(4)  (hereinafter, from the bottom to top): Etolon and Ermanov formations), (5)  (ll’in and Kakert formations), (6) (P3�
(Viventek and Kuluven formations), (7) P3 (Amanin, Gakkhin, and Utkholok formations), (8) P1–2 (Khulgun, Napan, and Sna�
tol formations plus Kovachin Group); (9, 10) trough basement: (9) K1–2, flyschoid sediments of autochthon (Tal’nich, Mainach,
and Kunun formations), (10) K2, silicic volcanic sediments of allochthon (Irunei Formation); (11) stratigraphic contacts;
(12) faults: (а) proven, (b) inferred, (c) overthrust; (13) positions of the studied sections: (I–III) marine coastal sections:
(I) Tochilin, (II) Mainach, (III) Uvuchin; (IV–VI) river bank sections: (IV) Rassoshina River, (V) Polovinka River, (VI) Bel�
ogolovaya River.
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(b) Compositional diagram of rock fragments, after (Shvanov, 1987). (volc) Volcanic, (silic) cherts and siliceous shales, (sed +
met) sedimentary and metamorphic.
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relationship between the major minerals and rock
clasts were examined in 23 thin sections. In terms of
composition, the studied sandstones can be assigned
to the group of quartz–feldspar graywackes. Some
samples represent the mesomictic and arkosic sand�
stones according to the classification by V.D. Shutov
(1975).

In general, the sandstones are composed of the
mono� and polycrystalline quartz (often well�
rounded) grains with tiny fluid inclusions. Quartz and
feldspar intergrowths are subordinate. Feldspars are
represented by the major plagioclases and the less
common platy or irregular microclines and ortho�
clases (often twinned). Feldspars are replaced by seric�
ite (carbonate in some places). Rock clasts are mainly
represented by the lathlike and felsitic volcanic rocks.
Quartzite and sedimentary rock clasts are less com�
mon. Metamorphic rock clasts are virtually missing
(Fig. 3).

The Mainach section is located on the Sea of
Okhotsk coast near the Babushkin Cape. The section
is confined to the western limb of a monocline (Fig. 1)
dipping at 30°–40° near the contact of Middle
Eocene and Upper Cretaceous rocks. It flattens
toward the central part of the fold down to 10°–15°.
The basement here is represented by sandstones of the
Mainach Formation of the distal turbidite facies
(Solov’ev, 2008) accumulated in the deep�water envi�
ronment. They are underlain with angular and strati�
graphic unconformity by rocks of the Snatol Forma�
tion. Direct contact between them is buried under
debris, and the beach shows Cenozoic andesite boul�
ders up to 2 m in diameter. Olistolith of the petro�
graphically similar andesite from sandstones of the
Snatol Formation, which was found 30 m upward the
section, was dated by the K–Ar method at 87 ± 3.5 Ma
corresponding to the Coniacian–Santonian interval
(Khisamutdinova et al., 2015). The lower part of the
sequence is composed of variegated different�pebble
conglomerates. Their age and composition are given in
(Khisamutdinova et al., 2015). They are replaced
upsection by shallow�marine sandstones. The sand�
stone�dominated Snatol Formation includes inter�
beds of coaliferous clayey rocks (Fig. 2).

The structural�textural pattern of sandstones
(abundance of ripple marks and oblique bedding
emphasized by the distribution of coaliferous parti�
cles) suggests their deposition in a shallow�water envi�
ronment. The sandstones often contain ferruginated
zones. In terms of composition, the sandstones corre�
spond to feldspar–quartz graywackes, and the content
of quartz (mono� and polycrystalline varieties) is 25–
37%. Clasts are represented by quartzite grains that
can be defined as rock clasts. Feldspars are represented
mainly by plagioclases, with the subordinate K�feld�
spars (orthoclase, microclines) accounting for 8–
24%. They are observed usually as platy grains and less
commonly as unrounded crystals. Secondary alter�
ations (sericitization and carbonatization) are irregu�

lar. Rock clasts are dominated by the volcanic (felsitic
and microlithic) rock varieties and the volcanic (often
devitrified and chloritized, but sometimes zeolitized)
glasses. Sedimentary rocks (sandstones and clayey
fragments) are much less common. Clasts of meta�
morphic rocks (chlorite and amphibole schists) are
rare (Fig. 3).

The Uvuchin section is exposed on the cliff at the
Kvachin Bay (Fig. 1). Rocks in this section make up
two folds. The anticline is represented by a large out�
crop with Cretaceous sandstones in the core. The con�
jugated NNW�oriented syncline, which includes
Miocene rocks in the core, dips at 17°–25°. Here, the
Paleogene portion of the sedimentary section is appre�
ciably reduced. Thickness of the Snatol Formation is
72 m (Fig. 2). Rocks of this formation lie with angular
and stratigraphic unconformity on the Upper Creta�
ceous sandstones of the Mainach Formation. The
lower part of the sequence is mainly composed of con�
glomerates alternating with sandstones. The conglom�
erates make up variegated and different�pebble inter�
beds up to 50–70 cm thick. The sandstones, which
alternate with conglomerates, are coarse� and
medium�grained (often oblique�bedded) rocks with
“floating” pebbles. The composition and age of peb�
bles in conglomerates from the lower part of the sec�
tion are scrutinized in (Khisamutdinova et al., 2015).

In terms of composition, the sandstones corre�
spond to feldspar–quartz graywackes (Fig. 3). Quartz
(mono� and polycrystalline varieties without fluid
inclusions) make up 23–31% of the thin section area.
In some places, they include triangular quartz grains
with smooth edges and moderate roundness suggest�
ing their volcanic origin. Feldspars are represented by
plagioclases, and K�feldspars are rare. Platy and quad�
rate feldspar grains make up 13–22% of the thin sec�
tion area. Feldspars are replaced in some places by
aggregates of saussurite (sericite in rare cases). Rock
clasts are commonly represented by volcanic glass and
volcanic rocks with the felsitic and microlithic
groundmass. Volcanic glasses are partly devitrified,
replaced by clay mineral aggregates, or chloritized.
Volcanic rock fragments have a fresh appearance,
although the vitreous mass in interstices between pla�
gioclase laths and crystals are often replaced by sec�
ondary clay minerals. Volcanic rock clasts are charac�
terized by moderate and high roundness, and they are
usually larger than mineral grains in sandstones. In
addition to volcanic rocks, clasts of probably Late Cre�
taceous sandstones are significant.

The Rassoshina River section, which is exposed on
the right bank of the river 800 m upward its inflow into
the Napan River, comprises rocks of the Khulgun (?)
and Napan formations (Karta …, 1999) (Fig. 1). They
lie with a sharp angular unconformity over Late Creta�
ceous (?) volcanic rocks. We combined the description
and comparison of sandstones of this section with
sandstones in the stratotype coastal sections, because
one can see here a distinct contact of the lower part of
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the sequence and the Upper Cretaceous basement.
Therefore, we can compare confidently sandstone
beds located at one stratigraphic level. The basal part
of the Cenozoic section is composed of the low�sorted
conglomerates (with siltstone interbeds) grading
upsection into siltstones (with large coal seams)
(Fig. 2) and further 15 m upsection into the coarse�
grained sandstones. The siltstones include abundant
coalified plant detritus and flora imprints. The sand�
stones are also saturated with the coalified plant detri�
tus on the bedding surface, emphasizing the oblique
bedding. In terms of grain size composition, the sand�
stones grade from the coarse�grained to the fine�
grained variety. The fine�grained sandstones are more
mature and marked by the absence of plant detritus.
Apparent thickness of the sandstone sequence is 130 m.
In the classification diagram (Shutov, 1975), data
points of sandstones are mainly clustered in the
graywacke domain (Fig. 3). Quartz occurs as fresh,
rounded and angular (sometimes polycrystalline)
grains (19–27%) with rare fluid inclusions. Feldspars
(12–24%) mainly represented by plagioclases make
up mono� and polysynthetically twinned crystals.
They are weakly rounded and partly replaced by sec�
ondary minerals (sericite, carbonate). The sandstones
are mainly composed of volcanic and sedimentary
rock fragments (46–62%). The felsitic effusive rocks
account for up to 10% of the clastic particles. The sub�
ordinate component is represented by volcanic glass,
felsitic and microlithic volcanic rocks, and sandstones.

The Polovinka River section is located on the left
bank of the river flowing from Mt. Polovinnaya
(Fig. 1). The exposure is composed of rocks of the
Napan Formation (Karta …, 1999). It includes a hori�
zontal sandy sequence with an apparent thickness of
about 60 m. The sequence base is unexposed. The
lower part of the section comprises the friable fine�
pebble conglomerates cemented with brown sand�
stone (Fig. 2). The conglomerates are replaced upsec�
tion by sandstones with abundant “floating” coal peb�
bles, horizontal and oblique bedding, and coalified
plant detritus. The section top includes a thin con�
glomerate interbed giving way to glauconite sand�
stones.

Sections exposed at the Polovinka and Napan rivers
are characterized by similar compositions and appear�
ance of sandstones, as well as the presence of coal
seams. We believe that sandstones exposed on cliffs
along the Polovinka River correlate with the middle
sandy section along the. Rassoshina River.

Sandstones from the Polovinka section correspond
to the feldspar–quartz graywackes (Fig. 3). Quartz
(13–23%) occurs as subrounded and well�rounded
monocrystalline grains. Triangular grains observed in
some places suggest the disintegration of volcanic
rocks. Feldspars (11–21%) are represented by sub�
rounded grains and elongated crystals of plagioclase
and microcline that are altered by sericite. Quartz and

feldspar intergrowths are likely fragments of felsic
rocks.

The Belogolovaya River section located consider�
ably southward from the sections described above is
presented here for the sake of comparison. The sum�
mary section is compiled from separate sectors
exposed on river walls. Apparent thickness of subhori�
zontal sandstones is 65 m. Since the sequence base is
unexposed, we cannot determine the position of sand�
stones relative to the Cretaceous basement. The sand�
stones correspond to quartz–feldspar and feldspar–
quartz graywackes in the classification diagram.
Quartz and feldspars in this section are similar to those
in sections exposed along the Rossoshina and Polov�
inka rivers. Rock clasts in this section include equal
amounts of felsitic, lathlike, and microlithic volcanic
rocks.

We supplemented the processing of original rock
material with the analysis of data in the reports of
VNIGRI (L.V. Goma, chief executive; Yu.S. Voronkov,
L.M. Pylina, et al., executives) based on the study of
core materials from parametric boreholes drilled in the
Tigil area. Figure 4 presents the location of boreholes
and the composition of sandstones sampled from the
core material according to the report “Processing of
Parametric Boreholes Drilled in the Tigil Area, West�
ern Kamchatka” (L.V. Goma, chief executive). Sand�
stones recovered by boreholes Rassoshinskaya,
Sredne�Rassoshinskaya, Khromovskaya 1, and Khro�
movskaya 2 are less mature. They are often assigned to
graywackes according to the classification by V.D.
Shutov (1975). The major minerals in them are repre�
sented by quartz and feldspars; rock clasts, by volcanic
rock, volcanic glass, sandstone, siltstone, chert, and
feldspar–quartz intergrowths.

On the whole, sandstones of the Middle Eocene
Snatol Formation, which are exposed on the surface
and recovered by parametric boreholes, have imma�
ture composition. In the classification diagram, most
sandstones fall into the graywacke domain. Some sam�
ples taken from the sequence top belong to the oligo�
mictic and mesomictic sandstones (Figs. 3, 4). The
composition variation lacks any distinct lateral/verti�
cal trend.

In the summary triangular diagram with geody�
namic settings of the pasammite formation (Dickin�
son, 1983), the rock composition in provenances (and
their geodynamic setting) falls into the field of mixed
source, as well as eroded and weakly eroded arcs of the
transitional type (Fig. 5).

DISCRIMINANT DIAGRAMS, MATURITY 
DEGREE, AND GEODYNAMIC SETTING 

OF ERODED ROCKS–SUPPLIERS 
OF THE TERRIGENOUS MATERIAL

Reconstruction of the sandstone provenance was
corroborated by analysis of the contents of petrogenic
oxides in the rock. We applied the diagram proposed in



320

LITHOLOGY AND MINERAL RESOURCES  Vol. 51  No. 4 2016

KHISAMUTDINOVA et al.

Q

L F

1 2 3 4

Palana

Khromovskaya
Sredne�Rossoshinskaya

Rossoshinskaya

Gavanskaya

Tigil

1

2

Fig. 4. Composition of sandstones of the Snatol Formation (in cores taken from parametric boreholes in western Kamchatka),
after (Shutov, 1975). (QFL) classification diagram of sandstone composition, Q = Qm + Qp, F = Fm + Fp, L = Qq + Fq + Lv +
Lm + Lssh + Lsa + Lsch + Lst + Lso. Parametric boreholes: (1) Rossoshinskaya, (2) Khromovskaya 1, (3) Khromovskaya 2,
(4) Gavanskaya. Inset shows the location of boreholes.

(Roser and Korsch, 1982) and used often for deci�
phering provenances of sedimentary basins and tec�
tonic reconstructions (Zhengjun et al., 2005; Concep�
cion et al, 2012). In this diagram, data points of SiO2

and (Na2O + K2O) in the sandstones (Table 2) fall
mostly into the domain of oceanic island arc and
partly into the domain of active continental margin
(Fig. 6).

With respect to the chemical index of alteration,
CIA (Nesbitt and Young, 1984), some data points fall
into the domain of unweathered rocks with CIA < 50,
while another part falls into the domain with average
CIA = 65, which corresponds to slightly altered rocks
in the provenance and temperate climate (Fig. 7).

MINERAL COMPOSITION
OF THE HEAVY FRACTION

Analysis of the mineral composition of the heavy
fraction is essential for deciphering sandstone prove�
nances (Malinovskii and Markevich, 2007; Mange
and Otvos, 2005; Morton, 1985; Morton and
Hallsworth, 1994, 1999; Morton et al., 2003). We took
18 representative sandstone samples from different

sections and examined them thoroughly: preliminary
petrographic study, crushing, fractionation, and
examination with immersion liquids under a Meiji
Techno binocular microscope. The contents of miner�
als in the heavy fraction of sandstones are given in
Table 3.

The heavy minerals were divided conventionally
into three assemblages (rock composition indicators)
prevailing in the provenance. Such studies were
reported previously in (Malinovskii and Markevich,
2007; Mange and Otvos, 2005; Morton et al., 2003;
and others). The first (sialic) assemblage is composed
of minerals related to the disintegration of felsic intru�
sive and effusive rocks (zircon, apatite, rutile, and
tourmaline). In this assemblage, the major mineral
zircon (0.1–34%) is represented by two generations:
euhedral colorless (or pale pink) and lilac�pink. The
euhedral grains are prismatic (pyramidal in rare
cases). Some grains are marked by yellow cathodolu�
minescence (CL) color. The lilac�pink grains are usu�
ally rounded, but some grains are characterized by the
prismatic habitus (with smoothed edges) and the lack
of CL effect. The grain surface is shiny and smooth,
and the luster is vitreous. Rutile, second in abundance
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Fig. 5. Composition of sandstones in provenances with various geodynamic settings, after (Dickinson, 1983). (I) Central part of
the platform; (II) intermediate zone of the platform; (III) basement projections; (IV) orogenic zones; (V–VII) island arcs:
(V) differentiated, (VI) slightly differentiated, (VII) undifferentiated. (1–6) Sections: (1) Tochilin, (2) Mainach, (3) Uvuchin,
(4) Rassoshina River, (5) Polovinka River, (6) Belogolovaya River.

(0–20%) in this assemblage, occurs as a black mineral
characterized by red (in some cases, red or orange�
red) translucence in thin chips and shiny vitreous lus�
ter. Irregular (sometimes prismatic) clasts are abun�
dant. Apatite (0–8%) occurs as colorless, transparent,
slightly rounded prismatic crystals. Tourmaline (0–
0.1%, 14% in one sample) occurs as brown, greenish
brown, or dark green rounded and transparent grains.

The second (mafic) assemblage comprises indica�
tor minerals of the major intrusive and effusive rocks
(spinel, ilmenite, leucoxene, and pyroxene). The most
widespread mineral in the heavy fraction of sandstones
is represented by spinel (0–58%) as black splintered
grains and well�developed octahedra. The grains have
a smooth shiny surface and resinous luster. They are
low rounded or subrounded, and the octahedral apex
is often smoothed. The assemblage contains nearly
equal amounts of leucoxene (0–75%) and ilmenite
(0–56%). Leucoxene is marked by beige or gray�beige
color and irregular shape. Ilmenite is represented by
black, flattened, platy grains with

resinous luster and leucoxenized surface in some
places. Pyroxenes (0.1–2%) are subordinate except in
one tuffaceous sandstone sample taken near the
Ichinsk Volcano that was likely formed during the dep�
osition of the Middle Eocene terrigenous sequence.

The content of pyroxenes in this sample is as much as
98%.

The remaining minerals of the heavy fraction and
rock fragments from sandstones were united into the
third group (anatase, barite, sulfides, ore mineral,
amphibole, mica, garnet, and clasts of chlorite and
actinolite schists). These minerals can belong to dif�
ferent genetic rock types (igneous, metamorphic, or
sedimentary) and, therefore, cannot serve as distinct
indicator of rock composition in the provenance. Pro�
portions of these indicator minerals are shown in the
summary section (Fig. 8).

We also compiled such columns for the parametric
boreholes Rassoshinskaya, Sredne�Rassoshinskaya,
Khromovskaya 1, and Khromovskaya 2. The mineral�
ogical data on core material are given in the report
(Otchet …, 1986). The columns show a gradual
increase of the clastic material derived from the mafic
rock source and the simultaneous decrease of minerals
of the heavy fraction derived from the felsic rock
source. The content of mafic minerals reaches 70%.

Correlation of the summary “terrestrial” section of
the Snatol Formation with sections recovered by para�
metric boreholes makes it possible to define two stages
characterized by increase of the discharge of clastic
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material from felsic rock provenances. The content of
indicator minerals of felsic rocks is as much as 38–
40% in samples from the terrestrial sections. Variation
of their content in core samples from boreholes is as
follows: 50% in Khromovskaya 1 and Khromovskaya 2,
39% in Rassoshinskaya, and 63% in Sredne�Rassos�
hinskaya.

Analysis of the mineral composition of the heavy
fraction revealed the existence of at least two Middle
Eocene provenances that delivered the clastic material
to WKSB. Discharge of terrigenous material from the
mafic source rocks was the dominant process, while
the discharge from provenances mainly composed of
felsic rocks was subordinate.
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Fig. 8. Distribution of heavy fraction minerals (indicators of eroded rocks) in the studied boreholes and summary column.
(a⎯c) Boreholes: (a) Khromovskaya 1 and Khromovskaya 2, (b) Rassoshinskaya, (c) Sredne�Rassoshinskaya, (d)) summary col�
umn of the Snatol Formation (outcrops). (1) Zircon, apatite, rutile, and tourmaline (indicators of the erosion of felsic rocks);
(2) spinel, ilmenite, leucoxene, and pyroxene (indicators of the erosion of mafic felsic rocks). (3) garnet, amphibole, anatase, sul�
fides, and barite (heterogeneous minerals).

MORPHOLOGY OF CRYSTALS AND U–Pb 
ISOTOPE AGE OF THE CLASTIC ZIRCON

Detailed examination of the detrital zircon
included the study of morphology grains and their LA�
ICP�MS dating.

Morphology of clastic zircon crystals. We studied
the –0.07 mm fraction, which is most representative
for the comparison of crystalline forms of zircon. The
samples contained two zircon generations: (i) rounded
and subrounded grains and short�prismatic crystals
with smoothed crimson and deep pink apices and
edges; (ii) euhedral colorless and slightly colored crys�
tals of different morphotypes. Crimson grains are
extremely rare. Therefore, only colorless grains were
counted. In all samples, the average approximate con�
tent of grains is as follows (%): countable (non�
rounded) grains 35%, semirounded 45%, and rounded
20%.

Classification of zircon types in (Pupin, 1980) was
modified for the convenience of calculation. Morpho�
types with similar setting were united into groups with�
out the consideration of elongation coefficient. Desig�
nation of each group was based on the extreme left

morphotype in the classification. Example of the
obtained morphotype distribution for sample SN�01 is
given in Fig. 9. Counting was based on 100–250 grains
depending on the zircon content in sample. The
results showed that the samples are dominated by five
zircon morphotypes (H, L4, S9, S15, and S25). Crys�
tal morphotype H is characteristic of the high�alumina
muscovite�bearing granites (s�type); morphotype L4,
for the hybrid (contaminated) monzonites and alka�
line granites; morphotype S9, for the contaminated
subalkaline and alkaline granites; morphotype S15, for
the subalkaline and alkaline granites (i�type); and
morphotype S25, for the alkaline granitoids and
tholeiitic granites (i�type) (Belousova et al., 2006).
The content of other zircon morphotypes is extremely
low. Detailed data on the morphology of clastic zircon
crystals from Middle Eocene sandstones are presented
in (Rozhkova et al., 2012).

Thus, the Middle Eocene source of clastic material
transported to WKSB was composed of the dominant
subalkaline (calc�alkaline) granitoids and the subordi�
nate high�alumina muscovite granites. Correlation of
the zircon crystal morphology with the formation con�
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dition and granite type (Belousova et al., 2006) is
shown in Fig. 10.

The U–Pb isotope dating of clastic zircons was
accomplished for two samples: sample SN�1 from the
lower part of the Tochilin section (Fig. 2, I) and sam�
ple AS�06�10 from the section exposed in the Rassos�
hina River valley (Fig. 2, VI). Sample SN�1 occurs
above sample AS�06�10 in the stratigraphic setting.
Zircon monofractions were separated from these sam�
ples. During preparation of the laboratory cartridge,
clastic zircon grains were spread in rows upon the two�
sided adhesive tape using a stencil plate. Crystals of
standard SL2 with an age of 563 Ma (Gehrels et al.,
2008) were placed at the cartridge center. Then, the
cartridge surface with zircon grain was polished.
Cathodoluminescence images of the samples were
obtained with a JEOL JSM 5600 scanning electron
microscope equipped with CL detector (Microanalyt�

ical Center of Stanford University). The U–Pb dating
was carried out by the LA�ICP�MS method at the Ari�
zona Laser Chron Center (Tucson, United States)
(Gehrels, 2011; Gehrels et al., 2008).

Dating was accomplished for 100 grains in each
sample. Grains without fluid inclusions and visible
distortions were chosen based on CL images for the
isotope dating. Zircon ablation was carried out in a
New Wave UP193HE Excimer Laser (wavelength
193 nm, crater diameter 30 µm). Isotopes of U, Th,
and Pb were measured simultaneously in the following
way: 15 s–one measurement with the laser off); 15 s–
laser ablation and 30�s delay for the preceding sample
clean�up and preparation of the next analysis. The
crater ablation depth was ~15 µm. For each analysis,
error in the determination of 206Pb/238U and
206Pb/204Pb was not higher than ~1 or 2% (±2σ). Error
in the determination of 206Pb/207Pb and 206Pb/204Pb

 prism
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was not also higher than ~1 or 2% (±2σ) for most
grains, less than 1% for the grains with an age of more
than 1 Ga, and higher than the above values for
younger grains due to low intensity of Pb signal. Con�
centrations of U and Th were calibrated relative to the
zircon standard SL2 (Gehrels et al., 2008) containing
518 ppm U and 68 ppm Th. The analysis was only
based on concordant grains, i.e., grains with discor�
dance less than 10%. Concordia plots were drawn
based on the ISOPLOT program (Ludwig, 2003).

Dating of the clastic zircon revealed that the stud�
ied sandstones contain different�age zircons (Fig. 11).
The samples include a significant amount (22–33%)
of Precambrian zircon grains with a prominent peak at
2.0–1.8 Ga. Paleozoic zircon grains are rare (5–11%)
and make up a significant peak at 496 Ma only in sam�
ple 06AS�10. Much more abundant are Mesozoic
grains (52–68%) with a peak at 118–70 Ma. Cenozoic
zircons are also present (4 to 5%).

In Fig. 11, clastic zircons from Paleogene terrige�
nous sediments of the Ukelayat flysch (Solov’ev, 2008)
and recent sand of the Amur River (Safonova et al.,
2010) are compared. All samples from the Sea of
Okhotsk region contain rare Archean zircon grains,
whereas grains with an age of 2.0–1.8 Ga make up a
significant peak (14–33%). Their content is lower
(8%) only in sediments of the Amur River. The Early
Proterozoic zircon was likely derived from rocks of the
Siberian Craton or blocks related with Siberia (Avekov,
Okhotsk, and Omolon), where magmatic activity was
maximal about 1.9 Ga ago (Rosen, 2002). Recent
studies revealed the continental crust formation 2.0–
1.8 Ga ago during the formation of supercontinent
Columbia (Safonova et al., 2010). The Paleozoic zir�
con is insignificant. The Mesozoic (~250–66 Ma) zir�
con is most abundant (~52–74%). Zircon older than
110 Ma is abundant only in sediments of the Amur
River (~47%). Its content is appreciably lower (~10–
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Fig. 12. Paleogeographic schemes of the central WKSB. (a) Early Eocene, (b) Middle Eocene. (1–3) Paleogeographic setting:
(1) land, (2) land intermittently flooded by sea, (3) shallow sea; (4, 5) sediment type: (4) sandy silt, (5) conglomerates; (6–8) rock
composition: (6) felsic, intermediate, and felsic volcanic rocks, (7) cherts and siliceous shales, (8) granitoids; (9) rivers;
(10) direction of the clastic material transport; (11) overthrust.
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25%) in the remaining samples (~250–110 Ma). The
most significant peak is recorded in samples with the
age of 106–77 Ma corresponding to calc�alkaline
magmatism in the Okhotsk–Chukotka volcanic belt
(Akinin et al., 2011) (Fig. 11). Younger zircon grains
are rare in samples from the West Kamchatka trough
(Fig. 11), probably, due to synchronous volcanism in
the Kinkil volcanic belt. The Early Eocene peak is dis�
tinct only in sandstones of the Ukelayat flysch.

THE SNATOL (MIDDLE EOCENE) 
PALEOGEOGRAPHY OF WESTERN 

KAMCHATKA

To elucidate specific features of sedimentation in
the Snatol time, two�member paleogeographic
schemes were modeled for the early and late stages
marked by deposition of the coarse�clastic sequence
and psammitic material, respectively. During the early
stage of the WKSB formation, sediments were accu�
mulated in intermontane valleys and at foothills
(Grigorenko, 1981, 2011). Sediments were deposited
mainly in proluvial fans and mountain riverbeds.
Composition and age of the pebble material of con�
glomerates suggest the existence of a proximal prove�
nance. Basal conglomerates of WKSB are scrutinized
in (Khisamutdinova et al., 2015). Clasts in conglomer�
ates are dominated by volcanic rocks of the basic,
intermediate, and less common felsic composition.
Fragments of terrigenous rocks are subordinate. The
K–Ar age of pebbles (51.5 ± 3.5, 51.2 ± 2.0, 35.5 ± 6.5,
87 ± 3.5, 50 ± 1.5, 57.3 ± 2 Ma) suggests the existence
of two different�age (Late Cretaceous and Early
Eocene) provenances. The clastic material was mainly
derived from volcanic island�arc fragments, which
were located east of the incipient basin (Solov’ev and
Shapiro, 2011), and Paleogene volcanic complexes,
which surrounded the basin from the east and occu�
pied its central part (Fig. 12a).

Later, the coarse�clastic sequence was replaced by
sandstones in response to marine transgression (Glad�
enkov et al., 1991, 1997). The basin began to accumu�
late fine�clastic material that was delivered from new
sources located in the north and northeast, as sug�
gested by measurements of oblique bedding. The main
sources of clastic material in this time were repre�
sented by the Okhotsk–Chukotka volcanic belt
located in the north�northwest, Achaivayam–Valagin
island arc located in the east, and volcanic rocks of the
Kinkil belt and Utkholok Peninsula. Some clastic
material deposited in the southern parts of the basin
could likely be derived from the Median Ridge of
Kamchatka, which was exposed to erosion in the Mid�
dle Eocene (Fig. 12b).

CONCLUSIONS

Sandstones of the Middle Eocene Snatol Forma�
tion belong to the immature quartz–feldspar and feld�

spar–quartz graywackes, according to classification
(Shutov, 1975). Clastic rock grains are mainly repre�
sented by the erosion products of volcanic rocks: frag�
ments of volcanic glass and rocks with the felsitic,
lathlike, and less common microclinic groundmass.
The sandstone composition does not change much
from the top to bottom of the sequence. It also remains
constant along the lateral direction.

In diagram (Dickinson et al., 1983) characterizing
the setting of provenances, most data points of these
rocks fall into the mixed source domain, many points
fall into the island�arc domain with different levels of
the erosional section, and some points fall into the
domain of disintegrating orogenic buildups. This con�
clusion is supported by the relationship between alka�
line oxides and silica acidity of rocks, according to
(Nesbitt and Young, 1982). Data points pertaining to
this parameter make up a domain indicating a similar
geodynamic setting of the eroded rock complexes.

The mineral composition of the heavy fraction of
sandstones suggests the presence of two provenances
with different compositions: (i) felsic igneous and vol�
canic rocks and (ii) mafic igneous rocks.

Morphology of clastic zircon crystals indicates the
erosion of mainly subalkaline (calc�alkaline) grani�
toids and a subordinate share of high�alumina musco�
vite granites. This conclusion is consistent with the
U–Pb isotope data on zircon from sandstones of the
Snatol Formation. The sandstones were mainly
derived from the Okhotsk–Chukotka volcanic belt
that accommodates large volumes of the calc�alkaline
igneous rocks, including the contaminated mantle–
crust granitoids (Akinin et al., 2011).
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