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INTRODUCTION

Within the scope of the plate tectonics model, indi-
cator compositional parameters of volcanic rocks are
widely used, together with structural and other geo-
logic information, to interpret the geodynamic environ-
ments in which rocks composing foldbelts were formed

(Miyashiro, 1974; DePaolo and Wasserburg, 1976;
Wood, 1980; Pearce

 

 et al.

 

, 1984; Cabanis and Lecolle,
1989; LeMaitre

 

 et al.

 

, 1989; Gorton and Schandl, 2000;
Condie, 2001). However, igneous rocks often display
dualistic petrotectonic signatures, and this precludes
the direct utilization of the petrochemical, geochemi-
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Abstract

 

—

 

T

 

he hypabyssal rocks of the Omgon Range, western Kamchatka, that intrude Upper Albian–Lower
Campanian deposits of the Eurasian continental margin belong to three coeval (62.5–63.0 Ma) associations:
(1) ilmenite gabbro-dolerites, (2) titanomagnetite gabbro-dolerites and quartz microdiorites, and (3) porphyritic
biotite granites and granite-aplites. The Early Paleocene age of the ilmenite gabbro-dolerites and biotite granites
was confirmed by zircon and apatite fission-track dating. The ilmenite and titanomagnetite gabbro-dolerites
were produced by the multilevel fractional crystallization of basaltic melts with, respectively, moderate and
high Fe–Ti contents and the contamination of these melts with rhyolitic melts of different compositions. The
moderate- and high-Fe–Ti basaltic melts were derived from mantle spinel peridotite variably depleted and
metasomatized by slab-derived fluid prior to melting. The melts were generated at variable depths and different
degrees of melting. The biotite granites and granite aplites were produced by the combined fractional crystal-
lization of a crustal rhyolitic melt and its contamination with terrigenous rocks of the Omgon Group. The rhy-
olitic melts were likely derived from metabasaltic rocks of suprasubduction nature. The Early Paleocene
hypabyssal rocks of the Omgon Range were demonstrated to have been formed in an extensional environment,
which dominated in the margin of the Eurasian continent from the Late Cretaceous throughout the Early Pale-
ocene. Extension in the Western Kamchatka segment preceded the origin of the Western Koryakian–Kamchatka
(Kinkil’) continental-margin volcanic belt in Eocene time. This research was conducted based on original geo-
logical, mineralogical, geochemical, and isotopic (Rb–Sr) data obtained by the authors for the rocks.
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Fig. 1.

 

 Schematic map of the distribution of Lower Cretaceous–Cenozoic continental-margin volcanic belts and magmatic areas
related to extension zones in the Kamchatka and Penzhina–Anadyr–Koryakia regions (modified after 

 

Tectonic Map…

 

, 1992, 2000;
Fedorov and Filatova, 1999). The outlined area was examined in detail by Fedorov and Filatova (1999).
Continental-margin volcanic belts: (

 

1

 

) Okhotsk–Chukchi (Albian–Campanian), (

 

2

 

) Western Kamchatka–Koryakia (Middle
Eocene–Oligocene), (

 

3

 

) Sredinnyi range of Kamchatka (

 

a

 

—Miocene–Pliocene, 

 

b

 

—Pliocene–Quaternary), (

 

4

 

) Kurile–Kamchatka
island arc (Pliocene–Quaternary). Magmatic complexes of extension zones: (

 

5

 

) Maestrichtian–Middle Eocene (

 

a

 

—volcanic areas,

 

b

 

—dike swarms, sills, and small intrusions), (

 

6

 

) Neogene–Quaternary. Boundaries: (

 

7

 

) stratigraphic, (

 

8

 

) normal faults; (

 

9

 

) strike-
slip faults, (

 

10

 

) faults of uncertain kinematics (

 

a

 

—documented, 

 

b

 

—inferred).
Circled numerals indicate areas of Maestrichtian–Middle Eocene volcanic and hypabyssal rocks of extension zones, which are
described in (Slyadnev 

 

et al.

 

, 1997; Shantser and Fedorov, 1997; Fedorov and Filatova, 1999; Palandzhyan, 2002; this publication).
Areas of hypabyssal rocks: (

 

1

 

) Omgon Range, (

 

2

 

) Elistratov Peninsula, (

 

3

 

) Talovka Mountains (Kuyul Massif), (

 

4

 

) El’denyr Massif,
(

 

5

 

) Ust’-Belaya Massif, (

 

6

 

) Pekul’ney Range, (

 

7

 

) Rarytkin Range. Areas of volcanic rocks: (

 

8

 

) western slopes of the Sredinnyi
Range of Kamchatka (Cherepanov Series), (

 

9

 

) Utkholok Peninsula, (

 

10

 

) Evdyrveem, (

 

11

 

) Chineyveem, (

 

12

 

) Kanchalan–Tanyurer,
(

 

13

 

) Rarytkin, (

 

14

 

) Anadyr depression, (

 

15

 

) Kakanaut, (

 

16

 

) Vel’kemveem. Dashed lines mark fields of rocks of similar composition
in western Kamchatka and Koryakia.
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cal, and isotopic geochemical data. Rocks with
“mixed” petrotectonic signatures can likely be pro-
duced in diverse geodynamic environments. Striking
examples are offered by (i) volcanic rocks of intra- and
backarc basins, (ii) magmatic rocks in extensional areas
and continental-margin rifts, such as the Basin and
Range Province in the western North American coast
(Robyn, 1979; Goles, 1986; Falkner

 

 et al.

 

, 1995;
Hawkesworth

 

 et al.

 

, 1995; Hooper

 

 et al.

 

, 1995, 2002;
Johnson and Grunder, 2000; Morris

 

 et al.

 

, 2000;
Camp

 

 et al.

 

, 2003), the coastal areas of central Queen-
sland, West Australia (Ewart 

 

et al.

 

, 1992), the D’Entre-
casteaux Islands, eastern Papua New Guinea (Smith,
1976; Smith and Milsom, 1984); and (iii) continental-
margin volcanic rocks generated above a slab window,
as near the Taitao Peninsula, where the West Chile Rise
is subducted beneath the South American plate (Guivel

 

et al.

 

, 1999; D’Orazio 

 

et al.

 

, 2003).
Volcanic and intrusive rocks with mixed petrotec-

tonic signatures can be produced by various processes,
such as (i) the adiabatic melting of a lithospheric man-
tle source that has undergone metasomatic recycling by
fluids and/or melts from the subducted plate, as is typi-
cal of extensional environments and rifting in continen-
tal margins; (ii) interaction between lithospheric and
asthenospheric mantle sources, which is process possi-
ble when a mid-oceanic ridge is subducted and induces
the development of a window in the subducted slab; and
(iii) the modification of parental melts within the crust
due to assimilation (contamination), mixing, and other
processes. Different geodynamic environments are
characterized by different processes that can generate
melts and maintain their further evolution. This prede-
termines the importance of petrologic research focused
on the simulation of the compositions of parental melts
and the contribution of various sources and magma-
transforming mechanisms within the crust when geody-
namic interpretations are accomplished based on data
on the composition of igneous rocks.

This publication presents an illustration of the
dependence of a geodynamic interpretation on the
model proposed for the genesis of magmatic rocks with
reference to Lower Paleocene hypabyssal rocks in the
coastal cliffs of the Omgon Range in western Kam-
chatka (Figs. 1, 2a–2c). The dualistic petrotectonic

affiliation of these magmatic complexes, which were
produced 

 

in situ

 

, and the scarcity of information on
their composition were largely responsible for the con-
tradictoriness of the concepts proposed to account for
the tectonic development of the Western Kamchatka
segment of the Eurasian continental margin at the
boundary between the Late Maestrichtian and Early
Paleocene. According to some geologists (Seliverstov,
1998; Bogdanov, 2000), this area was then an Eurasian
continental margin; while others researchers (Konstan-
tinovskaya, 2003) believe that it was a intracontinental
area. The type of this margin is also poorly understood
as of yet. In geological reconstructions, this lithos-
pheric plate boundary can be shown as convergent (sub-
duction-related; Seliverstov, 1998), collisional
(Bogdanov, 2000), or transform (Bogdanov, 2000).

Until recently, precise analytical data on the compo-
sition of the Lower Paleocene rocks from western
Kamchatka were limited only to four samples of basalt,
andesite, dacite, and rhyolite from the Utkholok Penin-
sula. According to Shantser and Fedorov (1997), these
rocks have a composition analogous to that of continen-
tal-margin volcanics of the calc–alkaline series that
crystallized from melts derived during the partial melt-
ing of “rocks in the mantle wedge zone above the seis-
mic focal plane.” This interpretation has underlain the
conclusion that the Lower Paleocene volcanics of west-
ern Kamchatka should be classed with the rocks of the
Western Koryakia–Kamchatka (Kinkil’) marginal vol-
canic belt.

This conclusion is, however, in conflict with modern
interpretations of the geodynamic evolution of adjacent
areas of the Pacific at the boundary between the Late
Maestrichtian and Early Paleocene, a fact that triggered
the development of alternative hypotheses proposed to
account for the geodynamic evolution of the area
(Seliverstov, 1998; Bogdanov, 2000; Konstanti-
novskaya, 1999, 2001). The geodynamic evolutionary
models are somewhat different. However, there is con-
vincing evidence that the Northwest Pacific hosted at
that time a system of island arcs and related fore-,
intra-, and backarc basins, whose fragments are now
preserved in the form of exotic terranes in western
Kamchatka (Kuz’michev and Sukhov, 2000; Kov-
alenko 

 

et al.

 

,

 

 

 

2005), Govena–Karaginskii zone (Chek-

 

Fig. 2.

 

 Geological map of the Omgon Range.
(a) Location of the study area.
(b) Geologic structure of the Omgon Range [prepared by A.V. Lander, A.V. Soloviev, G.V. Ledneva, and V.E. Verzhbitskii with the
use of materials from (Singaevskii and Babushkin, 1965; 

 

Geological Map…, 

 

1989; Bondarenko and Sokolkov, 1990; Bogdanov

 

et al.

 

, 1991).
(

 

1

 

) Quaternary deposits; (

 

2

 

) Snatol Series, terrigenous deposits (Middle Eocene); (

 

3

 

) Snatol Series, conglomerates (Middle
Eocene); (

 

4

 

) Omgon Group, turbidites (Albian–Campanian); (

 

5

 

) Omgon Group, conglomerates (Cretaceus); (

 

6

 

) complex of sili-
ceous and volcanic rocks: pillow basalts, dolerite-basalts and dolerites, cherts, limestones (Middle Jurassic–Lower Cretaceous); (

 

7

 

)
cherts (Upper Jurassic); (

 

8

 

) sills of subvolcanic rocks: (

 

a

 

) of predominantly acid–ultracid composition, (

 

b

 

) basic–intermediate com-
position (Early Paleocene); (

 

9

 

) faults: (

 

a

 

) overthrusts, (

 

b

 

) subvertical, (

 

c

 

) inferred; (

 

10

 

) contacts: (

 

a

 

) unconformable, (

 

b

 

) strati-
graphic; (

 

11

 

) strike and dip symbols.
(c) Sampling sites.
(d) Principal structural scheme of thick sills that consist mostly of mafic–intermediate rocks (not to scale).
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hovich et al., 1990), and East Ranges and East Peninsu-
las of Kamchatka (Zinkevich et al., 1993). These data
testify that the ocean-continent transition zone
belonged to the West Pacific type, which is character-
ized by passive continental margins (Khain and
Lomize, 1995).

This publication presents the very first data on the
composition of Lower Paleocene rocks of the Omgon
Range. Analysis of these data together with literature
materials on volcanics from western Kamchatka and
adjacent areas allowed us to give a justified and realistic
geodynamic interpretation, which is consistent with
geological, paleomagnetic, and other data. This study
was based on our original materials on the geology,
mineralogy, major- and trace-element chemistry, and
isotopic geochemistry of local rocks, on the calculated
thermodynamic conditions under which these rocks
were formed, and on the simulation of the magmatic
processes.

GENERAL GEOLOGICAL OVERVIEW
AND THE SETTING OF HYPABYSSAL ROCKS

IN THE OMGON RANGE

Geological overview. Interpretations of the struc-
ture of the western Kamchatka basement are contradic-
tory. Some researchers believe that western Kamchatka
is a continental or subcontinental block that collided
with Eurasia (Parfenov and Natal’in, 1997; Khanchuk,
1985; Zonenshain et al., 1990; Gladenkov et al., 1997;
Konstantinovskaya, 2001, 2003). Others distinguish an
individual western Kamchatka continental microplate
(Bogdanov, 2000; Bogdanov and Chekhovich, 2002),
which existed in Cretaceous time and collided with the
Sea of Okhotsk plate in the Maestrichtian. Soloviev
(2005) argues that western Kamchatka is an accretion-
ary-collision belt that consists of three structural units,
with an autochthon (or a parautochthon), allochthon,
and a neoautochthon.

The autochthon (or parautochthon) is made up of
terrigenous (mudstone, siltstone, and sandstone), in
places flyschoid sequences (Soloviev, 2005), which
were likely deposited on a margin of the Eurasian con-
tinent. According to the fission-track datings of the
detrital zircon (Soloviev, 2005) and fossil ages (ammo-
nites, aptychi, bivalves, and gastropods; Palechek et al.,
2005), the timing of the sedimentation varies from
place to place, with the overall time span constrained to
the Aptian–Albian. Sandstones are compositionally
similar throughout the area and correspond to quartz–
feldspar and feldspar–quartz graywacke. The terrige-
nous complex was deposited on a continental margin.
The mineralogy of the sandstones (Goldyrev, 2001;
Shapiro et al., 2001) and the chemistry of the mud-
stones (Bogdanov et al., 2003; Soloviev et al., 2005)
suggest that the material was transported from a dis-
sected volcanic arc (most probably, the Okhotsk–Chuk-
chi volcanic belt), which started to develop on the base-

ment of the Eurasian paleomargin (Soloviev, 2005;
Soloviev et al., 2005).

The autochthonous continental-margin sequences
of the Omgon Range bear tectonic blocks and nappes
consisting of Middle Jurassic–Early Cretaceous (Bond-
arenko and Sokolkov, 1990; Vishnevskaya et al., 1998;
Bogdanov et al., 2003; Soloviev et al., 2005) pillow
dolerite-basalts and basalts of the N-MORB type and
their derivatives (basaltic andesites), which were
erupted at the seafloor, with cherty and jasper material
filling the space between pillows and occurring as indi-
vidual blocks (Bogdanov et al., 2003; Soloviev et al.,
2005). Blocks of Late Jurassic–Early Cretaceous age
are contained in the accretionary prism of the Okhotsk–
Chukchi continental-margin volcanic belt. The accre-
tionary prism was formed during the subduction of oce-
anic plates (Izanagi and Kula) beneath the Eurasian
continental margin. The development of the prism
ended in the Maestrichtian (~70 Ma; Bogdanov et al.,
2003; Soloviev et al., 2005).

The allochthon is composed of Upper Cretaceous
complexes, which consist of spatially separated tec-
tonic nappes occurring as an extended (~500 km) lon-
gitudinal belt. Individual nappes consist of Coniacian–
Lower Campanian volcanic–siliceous deposits (Vish-
nevskaya et al., 2005), Campanian–Maestrichtian vol-
canic–terrigenous deposits (Kurilov, 2000) with Mae-
strichtian dolerite and Early Paleocene dolerite and
granite-aplite sills (Sukhov and Kuz’michev, 2005) and
volcanic rocks erupted at the boundary between the
Campanian and Maestrichtian (Palechek et al., 2003).
The source of material for the volcanic–terrigenous
sequences was a volcanic arc (Ledneva, 2002; Sukhov
and Kuz’michev, 2005). According to paleomagnetic
data, the Campanian–Maestrichtian volcanic–terrige-
nous sequences were accumulated at ~40° N, at a sig-
nificant distance form the ancient Eurasian continental
margin (Kovalenko, 2003).

The allochthonous rocks are considered to compose
the separate Omgon–Palana collision belt (Bogdanov,
2000; Bogdanov and Chekhovich, 2002) or to be the
fragments of a sometime-continuous island arc
(referred to as the Kvakhona arc; Konstantinovskaya,
2003), which were obducted over the continental base-
ment. Some researchers include these Upper Mesozoic
deposits in the Achaivayam–Valaginsky arc, which
combines fragments of Upper Cretaceous sequences
from the Koryak Highland, western Kamchatka, the
southern portion of the Sredinnyi Range, and the East
Ranges of Kamchatka (Shapiro, 1995).

The Upper Cretaceous allochthonous rocks are
overlain by molasses of the neoautochthon, whose age
is still not constrained reliably enough. The deposits of
the Anadyrka Series overlain (with a sharp discontinu-
ity; Palechek et al., 2003) the deformed Cretaceous
tuff–sedimentary rocks of the Palana sequence. The
conglomerates and sandstones of the Anadyrka Forma-
tion (which is also referred to as the Khulgun Forma-
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tion) are of Paleocene age (Gladenkov et al., 1997).
These authors point out that “the stratigraphic position
of the Anadyrka Formation should be regarded as pro-
visional until newly obtained data make it possible to
constrain it more accurately.” However, according to
A.E. Shantser (personal communication), recent bios-
tratigraphic materials point to an Eocene age of the
Anadyrka Formation. Now its dating cannot be
regarded as unambiguous. The neoautochthonous
deposits of the Snatol Formation, which are widespread
in western Kamchatka, seem to be dated reliably
enough at the Middle Eocene (Gladenkov et al., 1997).

Setting of the Omgon Range hypabyssal rocks.
Lower Paleocene hypabyssal rocks occur in the Omgon
Range as numerous sills that intrude the autochthonous
deposits (Figs. 2b, 2d): siltstone, mudstone, and sand-
stone (corresponding to quartz–feldspar graywacke of
the Upper Albian–Lower Campanian continental-mar-
gin terrigenous complex, which is combined into the
Omgon Group; Soloviev et al., 2005). According to
paleomagnetic data, the spatial position of the Omgon
rocks during the emplacement of the sills was close to
their modern position (Chernov and Kovalenko, 2001;
Kovalenko, 2003). Thus, the Omgon Range hypabyssal
rocks mark the postaccretionary evolution of the conti-
nental margin in the Early Paleocene.

INNER STRUCTURE OF THE SILLS AND THEIR 
RELATIONS WITH THE HOST ROCKS OF THE 

OMGON GROUP

The sills consist of ilmenite and titanomagnetite
gabbro-dolerites, quartz microdiorites, porphyritic
biotite granites, and granite-aplites. The mafic–inter-
mediate and acid–hyperacid hypabyssal rocks compose
either individual sills or occur within a single body and
are then characterized by intrusive relations.

The relatively thin (approximately 1–5 m) sills have
simple inner structures and commonly consist only of
one of the aforementioned rock types. The inner-con-
tact zones of the sills are made up of micro- and fine-
grained rocks that grade into coarser grained varieties
toward the central parts of the bodies. Thick (about 30–
200 m) sills of mafic–intermediate composition have a
“differentiated” inner structure: the bulk of the bodies
is composed of gabbro-dolerites and quartz microdior-
ites, which grade into one another in the vertical section
(Fig. 2d). Granophyric varieties are rare and occur as
small elongated lenses (from 1–2 to 10–15 cm along
the long axes of the ellipses) among patchy quartz
microdiorites. Where contained in mafic and intermedi-
ate sills, granite-aplites compose either thin (5–10 cm)
randomly oriented veins or injections whose thick-
nesses and strikes vary and which are oriented roughly
parallel to the contact zones.

Thick (up to 30–40 m) granite-aplite sills contain
xenoliths of the host terrigenous rocks of the Omgon
Group and are sometimes cut by relatively thin (10–15 cm)

veins of titanomagnetite gabbro-dolerites. The geologic
relations between the hypabyssal rocks of mafic–inter-
mediate and acid–hyperacid composition suggest that
all of them were emplaced simultaneously; the grani-
toids were intruded in several stages.

The mafic–intermediate sills are surrounded by
outer-contact thermal aureoles, whose thicknesses are
directly proportional to the thicknesses of the hypabys-
sal bodies and vary from 20–30 cm to 5–7 m. No outer
contact aureoles were found around the granite-aplite
sills.

METHODS

Our research is based on the results obtained on
22 samples of hypabyssal rocks from the Omgon
Range (see Fig. 2c for sampling sites).

Individual zircon and apatite grains from titanomag-
netite gabbro-dolerite and biotite granites were dated
by the fission-track method (Table 1) at the Laboratory
of Mineralogical and Track Analysis of the Geological
Institute, Russian Academy of Sciences, with the use of
an external detector (Wagner and Van den Haute, 1992).

All of the samples were examined petrographically,
and their minerals were analyzed (Tables 2–6). All rock
samples were analyzed for major elements. Represen-
tative samples were additionally analyzed for trace ele-
ments by ICP-MS (Table 7), and other samples were
analyzed for these elements by XRF (these analyses are
not listed in this publication). Rb–Sr isotopic data were
obtained on six whole-rock samples (Table 9). In order
to simulate the magmatic processes, the concentrations
of trace elements were determined by the inductively
coupled plasma mass-spectrometry (Table 8), and the
Rb and Sr isotopic compositions (Table 9) were ana-
lyzed in three and two samples, respectively, of the ter-
rigenous rocks hosting the hypabyssal intrusions.

Minerals were analyzed at the laboratory of the
Geological Faculty of the Moscow State University on
a Camscan-4DV scanning electron microscope (analyst
N.N. Karotaeva). The compositions of minerals and the
groundmass of the rocks were determined on a Link
AN-10000 EDS analytical setup at an accelerating volt-
age of 15 kV and a beam current of 1–3 nA. The detec-
tion limits of elements were (wt %): >0.12 for K2O,
>0.15 for SiO2, >0.18 for Al2O3 and TiO2, >0.20 for
FeO, MnO, MgO, CaO, and Cr2O3, and >0.5 for Na2O.
The analyses were conducted at analytical spots with
X-ray radiation generated within an area of approxi-
mately 3 µm in diameter. Inasmuch as the beam current
was not stabilized, the analytical totals could not be used
as a criterion of the quality of the analyses and were auto-
matically normalized to 100 wt % (Table 2–6). The
quality of the analyses was estimated using the fit indi-
ces and from stoichiometric considerations, using the
calculated cation proportions of the minerals.

Major elements were determined by XRF on a
VRA-20R X-ray analyzer at the Institute of Mineralogy
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and Petrography, Siberian Division, Russian Academy
of Sciences, using conventional methods of sample
preparation and analysis. Trace elements were analyzed
by ICP-MS on a PerkinElmer/SciexElan 6100 DRC
mass spectrometer at the Institute of Mineralogy,
Geochemistry, and Crystal Chemistry of Rare Elements
(analyst D.Z. Zhuravlev). Samples were prepared for
the analysis by a method involving decomposition in
acid. The Rb–Sr isotopic data on whole-rock samples
of the hypabyssal magmatic rocks and their host terrig-
enous rocks were measured on a Finnigan MAT-262
mass spectrometer at the Institute of Mineralogy,
Geochemistry, and Crystal Chemistry of Rare Elements
(analyst V.S. Bogatov), using conventional techniques
of sample preparation and analysis.

AGE OF HYPABYSSAL ROCKS
FROM THE OMGON RANGE

The Early Paleocene age of hypabyssal rocks in the
Omgon Range was confirmed by fission-track dates of
apatite and zircon (Table 1). The fission-track zircon age
of the titanomagnetite gabbro-dolerite is 62.5 ± 3.4 Ma,
and that of the biotite granite is 63.0 ± 4.0 Ma. Apatite
age from the same gabbro-dolerite sample is also close to
these values: 60.9 ± 7.2 Ma. Although the fission-track
dates of the zircon and apatite correspond to the cooling
age of these minerals to approximately 215−240°ë
(Brandon and Vance, 1992) and ~111 ± 6°ë (Laslett
et al., 1987), respectively, the aforementioned dates are
close to the emplacement time of the rocks, because (i)
the hypabyssal rocks crystallized at relatively shallow
depths (<4 km, according to geothermometric evi-
dence, see below), and (ii) the apatite age of sandstone
from the Omgon Group (this age was reset during the
thermal event, perhaps, under the effect of the mafic
magma) is 57.7 ± 7.0 Ma (Sobolev et al., 2005) and is
close, within the error, to the apatite age of the biotite
granite.

PETROGRAPHY

The gabbro-dolerites with microgranitic and
micrographic textures of their groundmass are ilmenite
and titanomagnetite varieties with similar rock fabrics.
The central portions of the hypabyssal bodies consist of
these rocks with patches of micropoikilitic and micro-
phitic textures (which will be referred to below as dol-
erite patches), with the space in between filled with
quartz, orthoclase, and, more rarely, albite and micro-
graphic (granophyric) aggregates of quartz + albite ±
orthoclase (which will be referred to below as the
groundmass). The chill zones typically consist of glom-
erophyric and porphyritic rocks. Dolerite patches
account for 70–75 to 90% of thin sections by area. The
titanomagnetite gabbro-dolerites are richer in ore min-
erals than the ilmenite gabbro-dolerites.

Dolerite patches with micropoikilitic and micro-
phitic textures consist of zonal clino- and orthopyrox-
ene grains (Table 2) or serpentine ± chlorite + magne-
tite pseudomorphs after these minerals, often with sau-
ssuritized zonal plagioclase grains of bytownite–
labradorite or andesine–oligoclase composition
(Table 3), pseudomorphs of chlorite with disseminated
magnetite after biotite, and pale green chlorite and
amphibole of tremolite–actinolite composition. The
accessory minerals in dolerite patches are skeletal
grains of ilmenite or euhedral titanomagnetite grains
with ilmenite exsolution lamellae (Table 4) and sphene.

Plagioclase occurs as tabular crystals and randomly
oriented elongated laths, which are mostly included in
clinopyroxene grains that have variable sizes and sub-
hedral prismatic shapes. The opposite relations were
observed in sample O-29 (ilmenite gabbro-dolerite), in
which an inclusion of high-Mg augite (Table 2) was
found in a labradorite grain (Table 3). Pseudomorphs
after biotite usually develop around Fe and Ti oxide
minerals and clinopyroxene. Pale green chlorite and
tremolite–actinolite fill the interstitial space between
plagioclase and pyroxene grains. In the rocks with

Table 1.  Fission-track age of zircon and apatite from sills of the Omgon Range

Sample Mineral ρs Ns ρi Ni ρd n χ2 Age –1σ +1σ U ± 2σ

O-27 Zircon 6.85 1766 5.03 1296 2.65 30 99.4 62.5 –3.3 +3.5 231.0 ± 17.8

O-27 Apatite 0.45 222 1.12 551 29.3 15 100.0 60.9 –6.7 +7.6 15.2 ± 1.4

O-43 Zircon 10.5 1116 8.42 891 2.92 17 100.0 63.0 –3.8 +4.0 350.9 ± 32.7

Note: ρs is the density (cm–2 × 10–6) of 238U spontaneous fission tracks; Ns is the counted number of spontaneous fission tracks; ρi is the
density (cm–2 × 10–6) of 238U-induced fission tracks; ρd is the density (cm–2 × 105) of fission tracks in the fluence monitor (low-U
mica); n is the counted number of grains; χ2 is the Chi-squared probability (%). The age values are integrated. The Zeta factor of
zircon was calculated using eight age standards (Fish Canyon Tuff and Buluk Tuff) and equals 348.2 ± 11.02 (±1σ) (Hurford, 1998).
The Zeta factor of apatite is based on seven determinations (Fish Canyon Tuff and Buluk Tuff) and equals 104.32 ± 3.35 (±1σ)(Hur-
ford, 1998). The samples were irradiated at the Oregon State University Nuclear Reactor with a nominal fleunce of approximately
2 × 1015 neutron/cm2 for zircon and 8 × 1015 neutron/cm2 for apatite. U-doped glass standards (CN-5 for zircon and CN-1 for apa-
tite) were placed at either the end of the sample stack (to monitor fluence during irradiation). The fluence gradient was calculated
using the glasses, and the extrapolated values were utilized to calculate the age. All samples were counted at a magnification of
1562.5x under an Olympus BH-P microscope with a dry objective, an automated stage, and a digitizing tablet. U is the U content in
ppm (±2σ). Age values are given in Ma.
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Table 2.  Representative analyses (wt %) of pyroxenes in hypabyssal rocks from the Omgon Range

Component

O-291* O-29(1)

MgAug2* Aug FeAug Br Hy MgAug FeAug Sal

13* 2 3 2 1 2 3

14* 2 3 4 5

incl. in Pl core margin rim core core core margin rim

SiO2 52.85 52.87 51.64 51.02 53.63 52.77 52.26 50.05 52.23

TiO2 0.53 0.54 0.61 0.29 0.64 0.48 0.49 0.27 0.35

Al2O3 1.99 2.35 1.29 0.41 0.97 0.72 2.36 0.32 0.64

FeO 5.82 5.00 11.97 18.44 17.05 21.40 5.53 19.56 8.73

MnO – 0.22 0.21 0.28 0.33 0.46 – 0.36 0.31

MgO 16.61 16.75 13.95 8.74 25.35 21.86 17.30 9.94 14.46

CaO 21.42 20.91 19.59 20.09 1.68 1.87 20.62 18.50 22.55

Na2O – – – 0.63 – – – 0.60 –

K2O – – – – – – – – 0.12

Cr2O3 0.48 0.89 – – – – 0.75 – –

NiO – – 0.21 – – – – – –

Mg# 83.57 85.66 67.52 46.03 72.61 64.55 84.78 47.54 74.70

6(O)

Si4+ 1.940 1.936 1.936 1.977 1.952 1.970 1.910 1.938 1.945

Al3+(IV) 0.060 0.064 0.064 0.023 0.048 0.030 0.090 0.062 0.055

Al3+(VI) 0.026 0.037 – – – 0.001 0.012 – –

Ti4+ 0.015 0.015 0.017 0.009 0.018 0.014 0.013 0.008 0.010

Fe2+ 0.179 0.153 0.303 0.536 0.487 0.671 0.112 0.490 0.183

Fe3+ 0.000 0.000 0.072 0.061 0.032 0.057 0.144 0.089

Mn2+ – 0.007 0.007 0.009 0.010 0.015 – 0.012 0.010

Mg2+ 0.909 0.914 0.780 0.505 1.376 1.216 0.942 0.574 0.803

Ca2+ 0.842 0.820 0.787 0.834 0.066 0.075 0.807 0.767 0.900

Na+ – – – 0.047 – – – 0.045 –

K+ – – – – – – – – 0.005

Cr3+ 0.014 0.026 – – – – 0.022 – –

Ni+ – – 0.006 – – – – – –

Altot 0.086 0.101 0.057 0.018 0.042 0.032 0.102 0.014 0.028

Fetot 0.179 0.153 0.375 0.597 0.519 0.668 0.169 0.633 0.272

En 47.1 48.4 40.2 25.3 70.2 62.1 49.1 28.3 40.7

Wo 43.6 43.5 40.5 41.9 3.3 3.8 42.1 37.8 45.6

Fs 9.3 8.1 19.3 30.0 26.5 34.1 8.8 31.2 13.8

Ac – – – 2.4 – – – 2.2 –

T, °C – 1100 – – – – 1100 – 450

P, kbar – 3.5 – – – – 3.8 – 0.5
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Table 2.  (Contd.)

Component

O-29(2) O-38 O-40

Aug Aug Aug Aug Hy Aug FeAug

1 2 3 1 2 1 2 3

6 7 8 9 10

core margin core core margin core core margin rim

SiO2 52.66 50.90 50.98 51.43 51.55 51.18 51.41 51.38 51.30

TiO2 0.58 0.44 – 0.93 0.48 – 0.76 0.52 –

Al2O3 1.66 1.04 0.95 2.01 1.30 0.30 1.52 1.03 0.31

FeO 8.38 16.63 15.79 11.21 13.19 27.93 11.96 14.72 18.96

MnO – 0.23 0.41 0.48 0.43 0.87 0.48 0.49 0.50

MgO 16.18 11.93 10.06 13.51 12.74 16.23 13.50 12.28 8.99

CaO 19.92 18.43 20.73 20.05 19.94 3.10 19.53 18.99 19.17

Na2O – – 0.58 – – – – – 0.61

K2O – – – – – – – 0.09 –

Cr2O3 – – – – 0.13 – – – –

NiO – – – – – – 0.38 – –

Mg# 77.50 56.11 53.17 68.25 63.27 50.88 66.81 59.80 45.80

6(O)

Si4+ 1.946 1.947 1.956 1.932 1.950 1.974 1.934 1.955 1.989

Al3+(IV) 0.054 0.053 0.044 0.068 0.050 0.026 0.066 0.045 0.011

Al3+(VI) 0.019 – – 0.020 0.007 – 0.001 0.002 0.003

Ti4+ 0.016 0.013 – 0.026 0.014 – 0.022 0.015 0.000

Fe2+ 0.245 0.487 0.434 0.334 0.388 0.851 0.332 0.436 0.562

Fe3+ 0.014 0.045 0.073 0.018 0.030 0.050 0.044 0.033 0.053

Mn2+ – 0.007 0.013 0.015 0.014 0.028 0.015 0.016 0.016

Mg2+ 0.892 0.680 0.575 0.756 0.718 0.933 0.757 0.697 0.519

Ca2+ 0.789 0.755 0.852 0.807 0.808 0.128 0.787 0.774 0.796

Na+ – – 0.043 – – – – – 0.045

K+ – – – – – – – 0.004 –

Cr3+ – – – – 0.004 – – – –

Ni+ – – – – – – 0.011 – –

Altot 0.072 0.047 0.043 0.089 0.058 0.014 0.067 0.046 0.014

Fetot 0.259 0.532 0.507 0.352 0.417 0.901 0.376 0.469 0.615

En 34.6 46.4 28.9 39.5 40.4 47.6 39.5 39.4 26.1

Wo 38.4 40.9 42.8 42.1 41.5 6.5 41.2 41.0 40.0

Fs 27.0 12.7 25.5 18.4 18.1 45.9 19.3 19.6 30.9

Ac – – 2.2 – – – – – 2.3

T, °C 1080 – – – – – 1000 1000 –

P, kbar 5.9 – – – – – 3.2 2.2 –

Note: 1* Sample numbers here and in Tables 3–8; 2* mineral here and in Table 4: Cpx—clinopyroxene, MgAug—high-Mg augite, Aug—augite,
FeAug—ferroaugite, Sal—salite, FeSal—ferrosalite, Hy—hypersthene, Br—bronzite; 3* associations here and in Tables 3, 4:
(1) clinopyroxenes that crystallized in deep magma chambers from mafic magmas under pressures of 7–2 (±2) kbar; (2) pyroxenes
that crystallized in sills from mafic magmas; (3) clinopyroxenes that crystallized from mafic magmas contaminated by acid melts;
4* grain numbers here and in Tables 3–5; dashes mean concentrations below the detection limits. The cation proportions were cal-
culated following (Morimoto, 1989). The crystallization temperatures of pyroxenes were evaluated by geothermometers (Wells,
1977; Wood and Banno, 1973; Lindsley, 1983); the pressures were calculated accurate to ± 2 kbar by the geobarometer (Nimis,
1995). The occurrence or absence of equilibrium between coexisting ortho- and clinopyroxene were tested following the method
(Nakamura and Kushiro, 1970; Hunter, 1998).
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glomeroporphyritic and porphyritic textures, plagio-
clase occurs as aggregates of broad, optically unzoned
tabular grains and as clearly zoned elongated crystals,
with interstices filled with plagioclase laths of calcic
and intermediate composition, clinopyroxene, and pale
green chlorite.

The groundmass of the gabbro-dolerites consists of
quartz, orthoclase, albite, and micrographic aggregates
of these minerals, whose outlines are controlled by the
morphology of the dolerite patches. In large interstices,
the texture of the groundmass is clearly hypidiomor-
phic-granular (microgranitic). The accessory minerals
in the groundmass of the gabbro-dolerites are zircon,
apatite, and much more rare ilmenite.

The quartz microdiorite consists of large euhedral
phenocrysts of zonal saussuritized (or, in places, chlor-
itized) plagioclase and glomerophyric aggregates of

plagioclase with clinopyroxene or, more rarely, plagio-
clase, clinopyroxene, and pseudomorphs of serpentine +
magnetite or serpentine + chlorite + disseminated mag-
netite after orthopyroxene and chlorite + magnetite
pseudomorphs after biotite. The phenocrysts and their
aggregates are submerged in a groundmass of granitic
and micrographic texture. The rocks contain from 50–
70 to 30–40% phenocrysts and glomerophyric aggre-
gates (counted by area in thin sections). The texture of
the glomerophyric aggregates resembles that of the pla-
gioclase-phyric dolerites, in which plagioclase occurs
as large euhedral zonal crystals and clinopyroxene
forms anhedral prismatic grains in between. The glom-
erophyric aggregates contain single ilmenite grains.

The groundmass consists of aggregates of anhedral
quartz and orthoclase grains and micrographic aggre-
gates of quartz + albite ± orthoclase that penetrate feld-

Table 3.  Representative analyses (wt %) of plagioclase in hypabyssal rocks from the Omgon Range

Compo-
nent

O-291* O-29(1)

13* 2 1 2 3

1 2 3 4 5 6 7 8 9 10

core core core margin core core core core core core core margin

SiO2 51.99 50.85 51.99 53.84 50.20 54.10 48.80 52.17 49.68 53.96 55.61 66.81

Al2O3 30.00 30.49 29.41 28.53 30.99 27.72 31.59 29.60 31.20 28.39 27.26 20.06

FeO 0.40 0.28 0.55 0.59 0.31 0.56 0.54 0.44 0.52 0.37 0.63 0.64

CaO 13.60 14.19 13.32 12.06 14.98 12.18 15.78 13.14 14.97 11.65 10.28 1.87

Na2O 3.72 3.50 4.05 4.58 2.99 4.88 2.74 4.08 3.00 4.91 5.75 9.32

K2O 0.10 0.21 0.18 0.16 0.15 0.22 0.14 0.14 0.18 0.22 0.33 1.14

An 66.5 68.3 63.9 58.7 72.9 57.2 75.5 63.5 72.7 56.0 48.8 9.3

Ab 32.9 30.5 35.1 40.4 26.3 41.5 23.7 35.7 26.3 42.7 49.4 84.0

Or 0.6 1.2 1.0 0.9 0.9 1.2 0.8 0.8 1.0 1.2 1.8 6.7

Compo-
nent

O-40 O-27

1 2

11 12 13 14 15

core core i.z. core core core i.z. i.z. margin core

SiO2 53.69 55.34 55.32 58.86 62.01 60.20 63.46 61.29 66.53 58.35

Al2O3 28.72 27.75 27.37 25.63 23.77 24.52 21.68 23.99 21.10 25.98

FeO 0.52 0.73 0.80 0.37 0.43 0.23 0.79 0.09 0.17 0.14

CaO 11.74 10.64 10.46 7.96 5.54 6.78 5.00 6.16 2.06 8.20

Na2O 4.85 5.14 5.56 6.34 7.52 7.06 6.07 7.44 9.90 6.71

K2O 0.19 0.16 0.19 0.57 0.50 0.72 1.61 0.80 0.12 0.40

An 56.6 52.9 50.4 39.5 28.1 33.2 27.9 30.0 10.2 39.4

Ab 42.3 46.2 48.5 57.1 68.9 62.6 61.3 65.4 89.1 58.3

Or 1.1 1.0 1.1 3.4 3.0 4.2 10.7 4.6 0.7 2.3

Note: Abbreviations: i.z.—intermediate zone. Grains 1, 2, 6, 7, 11 are poikilitic inclusions in clinopyroxenes of Generation I; (3–5) and
(8–13) are tabular crystals; (14) megacryst; (15) lath in groundmass.
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Table 4.  Composition (wt %) of ilmenite and titanomagnetite in hypabyssal rocks from the Omgon Range

Component

O-291* O-29(1) O-29(2) O-29(4) O-38

Ilm2* Ilm Ilm Ilm Ilm Ilm Ilm Ilm TiMt Ilm Ilm

13* 2 3 4 5 6 7 8 9 10 11

TiO2 51.95 50.65 51.31 51.04 49.94 50.06 51.10 49.75 13.45 49.58 49.57
Al2O3 – – – – – – – – 1.71 – –
FeO 46.19 48.36 45.08 47.81 48.66 48.47 46.21 49.00 82.86 49.05 49.45
MnO 1.34 – 2.95 0.34 0.48 0.67 1.47 0.29 0.33 0.38 0.37
MgO – 0.28 – – – 0.34 – 0.58 – 0.40 0.24

Total 99.48 99.30 99.34 99.19 99.07 99.54 98.78 99.62 98.34 99.41 99.63

FeO 37.74 37.56 35.50 37.88 36.79 36.42 36.99 36.31 36.91 36.21 36.29
Fe2O3 9.39 12.00 10.64 11.03 13.19 13.40 10.25 14.10 51.06 14.27 14.62

Ilmenite 95.40 95.00 89.60 96.10 92.80 91.90 94.10 94.10 – 91.70 92.20
Pyrophanite 2.90 0.30 6.40 0.70 1.00 1.40 3.20 0.60 – 0.80 0.80
Geikielite 0.50 1.10 0.60 0.50 0.00 1.30 0.00 2.20 – 1.50 0.90
Hematite 1.20 3.60 3.40 2.70 6.10 5.30 2.70 5.90 – 6.00 6.10

T, °C5* – – – – – – – – 765

– – – – – – – – –15.342

T, °C6* – – – – – – – – 745

– – – – – – – – –15.901

Component

O-40 O-33

TiMt Ilm TiMt Ilm TiMt Ilm TiMt Ilm TiMt Ilm Ilm

12 13 14 15 16 17 18

TiO2 12.96 50.08 13.79 50.08 17.28 50.41 13.17 49.90 13.79 50.53 50.74
Al2O3 0.45 – 0.64 – 0.61 – 0.65 – 0.49 – –
FeO 85.58 47.93 84.02 47.15 80.90 48.38 85.04 48.79 84.19 47.97 47.79
MnO 0.23 0.59 0.36 0.60 0.50 0.65 0.30 0.57 0.53 0.74 0.85
MgO - 0.56 – 0.48 - 0.37 0.06 0.29 0.18 0.37 0.33

Total 99.21 99.16 98.80 98.31 99.28 99.81 99.20 99.55 99.17 99.61 99.70

FeO 36.92 36.39 37.53 36.55 40.58 36.72 36.99 36.39 37.58 36.78 36.89
Fe2O3 54.07 12.83 51.67 11.78 44.80 12.96 53.39 13.78 51.79 12.43 12.11

Ilmenite – 89.10 – 86.80 – 92.40 – 91.70 – 92.50 92.90
Pyrophanite – 1.30 – 1.40 – 1.40 – 1.20 – 1.60 1.80
Geikielite – 2.20 – 1.90 – 1.40 – 1.10 – 1.40 1.30
Hematite – 7.50 – 9.90 – 4.80 – 6.00 – 4.50 4.10

T, °C5* – – 834 794 757 733 –

– – –13.18 –15.121 –15.525 –16.531 –

T, °C6* – – 824 734 737 694 –

– – –13.406 –16.729 –16.041 –17.722 –

Note: TiMt—titanomagnetite, Ilm—ilmenite. Temperature and oxygen fugacity were evaluated following 5*—(Powell and Powell, 1977)
and 6*—(Anderson and Lindsley, 1985).

f O2

5*log

f O2

6*log

f O2

5*log

f O2

6*log
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spar grains. The groundmass contains single mica
flakes. The accessory minerals are zircon, acicular and
prismatic apatite, and ilmenite.

The biotite granite is a porphyritic rock, whose
large (up to 2.5 cm across) phenocrysts are zonal pla-
gioclase grains of andesine–oligoclase composition
with albite outermost parts (Table 3). The plagioclase is
partly saussuritized, chloritized, and carbonatized.
Other phenocrysts are anhedral quartz and, more rarely
eastonite (Table 5), which is partly replaced by chlorite
and magnetite. The groundmass has a microgranitic
texture. The accessory minerals are ilmenite, zircon,
and apatite.

The granite-aplite contains foreign microphenoc-
rysts and microinclusions of altered plagioclase and
pyroxene (?), submerged in a groundmass of microgra-
nitic and micrographic texture. Foreign phenocrysts are
surrounded by rims consisting of micrographic aggre-
gates of quartz + albite ± orthoclase. Granophyric
patches sometimes occur away from the foreign phe-
nocrysts. The groundmass consists of euhedral and sub-
hedral laths of sericitized plagioclase, anhedral quartz,
which often occurs as aggregates of grains, sphene
pseudomorphs (perhaps, after biotite), small flakes of
colorless mica, and carbonate. The accessory minerals
are ilmenite, zircon, and apatite.

MINERALOGY

Clinopyroxene was analyzed in the ilmenite [sam-
ples O-29 and O-29(1)] and titanomagnetite (samples
O-38 and O-40) gabbro-dolerites and quartz microdior-
ites [sample O-29(2)]. Representative analyses of cli-
nopyroxene are listed in Table 2. The analysis of the
compositional variations in the clinopyroxene and its
morphological features led us to classify this mineral
into three generations: (I) high-Mg augite, (II) augite,
and (III) clinopyroxene with elevated Ca concentra-
tions, high-Ca augite, ferroaugite, and ferrosallite.

High-Mg augite (generation I) was found exclu-
sively in ilmenite gabbro-dolerite and quartz microdior-
ite, in which this mineral is contained as small resorbed
grains in labradorite or composes the cores of large
anhedral-prismatic grains with poikilitic inclusions of
bytownite and labradorite (Table 3).

High-Mg augite that was analyzed in our rock sam-
ples has a practically unchanging composition (Fig. 3a):
Wo43.65–41.41En49.13–47.09Fs10.92–7.87, Mg# = 86.1–81.4
(sample O-29) and Wo42.93–42.07En49.11–46.93Fs10.38–8.81,
Mg# = 84.78–81.89 [sample O-29(1)]. The mineral is
low-Al (1.71–2.36 wt % Al2O3), moderate-Ti
(0.68−0.45 wt % TiO2), low-Na (<0.5 wt % Na2O)
pyroxene with somewhat elevated Cr contents (0.89–
0.74 wt % Cr2O3). The quartz microdiorite [sample
O-29(2)] contains slightly more evolved varieties:
Wo40.93−39.78En46.36−38.54Fs21.68–12.71, Mg# = 78.48–74.44.
The minerals are weakly zonal (normal zoning), with

a slight decrease in the Mg# and Al content from cores
to peripheries and a more significant decrease in the
Cr2O3 and an increase TiO2 concentrations.

Augite (generation II) dominates among the cli-
nopyroxenes and was found in all of the analyzed sam-
ples. The mineral occurs as rims overgrowing cores of

Table 5.  Composition (wt %) of biotite from a granite por-
phyry sill in the Omgon Range

Component

O-271*

14* 2

incl. in Pl megacryst

SiO2 36.215 36.438

TiO2 5.365 4.720

Al2O3 17.326 16.666

FeO 19.491 19.467

MgO 11.381 13.038

Na2O 0.525 0.437

K2O 9.261 8.681

Si2+ 2.64 2.65

Al3+(IV) 1.36 1.35

Al3+(VI) 0.13 0.08

Fe3+ 0.44 0.60

Ti4+ 0.29 0.26

Mg2+ 1.24 1.41

Fe2+ 0.75 0.59

Na+ 0.07 0.06

K+ 0.86 0.81

Mg# 0.51 0.54

Table 6.  Integral composition (wt %) of granophyre patches
in hypabyssal rocks of the Omgon Range

Compo-
nent

O-291* O-29(2) O-29(4) O-40 O-33

N = 1 N = 2 N = 2 N = 3 N = 3

SiO2 79.91 75.18 76.31 78.56 78.69

TiO2 – 0.16 – 0.06 0.19

Al2O3 11.36 12.76 11.45 11.16 10.28

FeO 0.23 1.06 1.18 0.68 0.69

MnO – 0.10 0.01 0.00 0.02

MgO – 0.39 0.17 0.14 0.12

CaO 0.92 1.05 1.97 0.63 0.72

Na2O 4.44 4.89 3.50 3.09 1.07

K2O 2.43 3.84 4.31 5.08 7.29

Cr2O3 0.41 0.38 0.62 0.51 0.93

Note: N is the number of measurements.
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Fig. 3. Ternary (Ca,Mg,Fe2+)Si2O6 classification diagram for pyroxenes from Lower Paleocene hypabyssal rocks of the Omgon
Range and the evaluated crystallization temperatures of these pyroxenes.
(a) Pyroxenes of the ilmenite gabbro-dolerites and quartz microdiorites; (b) pyroxenes of the titanomagnetite gabbro-dolerites;
(c) estimated crystallization temperatures of high-pressure clinopyroxene (generation I); (d) estimated crystallization temperatures
of low-pressure clinopyroxene (generations II and III). Isotherms of pyroxenes are compiled from (Lingsley, 1983).
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high-Mg augite in the central parts of grains or com-
poses individual anhedral grains with poikilitic inclu-
sions of bytownite and labradorite.

Augites from the ilmenite gabbro-dolerites have
practically identical compositions, which vary within
broad ranges. The mineral has the composition
Wo40.53–39.01En44.32–36.21Fs24.18–15.48 in sample O-29 and
Wo40.53–39.34En44.03–37.32Fs23.34–15.44 in sample O-29(1).
Augite from the titanomagnetite gabbro-dolerites
shows narrower compositional variations:
Wo42.13-40.10En40.36–36.22Fs23.68–18.15 in sample O-38 and
Wo42.01–38.79En39.72–35.45Fs25.76–18.63 in sample O-40
(Fig. 3a).

In a Mg#Cpx vs. TiO2 and Mg#Cpx vs. Al2O3 diagrams
(Fig. 4), augites from the ilmenite and titanomagnetite
rocks define distinct trends. Augite from both groups of
the gabbro-dolerites displays similar tendencies in the
compositional evolution. The mineral has a clearly pro-
nounced normal zoning, with Mg# decreasing from
cores to margins and the CaO, Al2O3, and TiO2 contents

simultaneously decreasing at an increase in the FeO
concentrations.

High-Ca clinopyroxene: salite, ferrosalite, high-Ca
augite, and high-Ca ferroaugite (generation III) was
found in the ilmenite and titanomagnetite gabbro-dol-
erites, in which it occurs as the outermost parts of
grains of high-Mg augite and augite in contact with
groundmass minerals.

High-Ca clinopyroxene is the most diverse in com-
position, perhaps, because of variations in the compo-
sition of the seed grains (Figs. 3a, 3b, 4). The common
chemical feature of these minerals is their significant
enrichment in the Ca end member (Figs. 3a, 3b, 4) com-
pared to the high-Mg augite and augite, a fact suppos-
edly reflecting a drastic increase in the alkalinity of the
melt.

Orthopyroxene was analyzed only in two gabbro-
dolerite samples, because this mineral is highly suscep-
tible to replacement by serpentine ± chlorite + magne-
tite. Representative analyses of orthopyroxene are pre-
sented in Table 2. The mineral corresponds to bronzite
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Fig. 4. Correlation between the Mg mole fraction of clinopyroxene (Mg#Cpx) and concentrations (wt %) of elements in this mineral.
The diagrams demonstrate the compositional evolution of clinopyroxene during its crystallization in mafic magmas uncontaminated
by rhyolite melts (M1, M2) and mafic magma contaminated with rhyolitic melts (M1*, M2*). M1 and M1* are the magmas whose
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Wo3.71–3.35En70.18–68.79Fs27.57–26.29 in sample O-29
(ilmenite gabbro-dolerite) and to hypersthene
Wo6.53–3.82En62.08–47.56Fs45.91–34.09 in samples O-29
(ilmenite gabbro-dolerite) and O-38 (titanomagnetite
gabbro-dolerite).

The mineral is weakly zoned, but its composition
significantly varies even within a single sample: Mg# =
72.69–64.55 and 50.88. As the Mg# of the mineral
decreases, its SiO2, TiO2, and Al2O3 concentrations
also decrease and the CaO and FeO contents, con-
versely, increase. The variations in the chemistry of the
orthopyroxene are compatible with its crystallization
from a mafic melt, together with plagioclase, ilmenite,
and/or titanomagnetite, and augite.

The feldspars of the rocks are plagioclase and
orthoclase. Plagioclase was analyzed in the ilmenite
[samples O-29 and O-29(1)] and titanomagnetite (sam-
ples O-38 and O-40) gabbro-dolerites and biotite gran-
ites (sample O-27). Representative analyses of the pla-
gioclase are given in Table 3. The chemical variations
in this mineral in the gabbro-dolerites and its textural
position in the rocks allowed us to distinguish three
generations of this mineral in the dolerite patches:
(I) bytownite–labradorite in association with high-Mg
augite, (II) bytownite-labradorite in association with
augite, and (III) andesine-oligoclase in association with
high-Ca clinopyroxene. The groundmass of the gabbro-
dolerites and biotite granites typically contains albite
and orthoclase.

Plagioclase of bytownite–labradorite composition
(generation I) was found only in the ilmenite gabbro-
dolerites [samples O-29 and O-29(1)], in which this
mineral occurs as poikilitic inclusions in high-Mg aug-
ite and euhedral grains containing resorbed grains of
high-Mg augite. The anorthite concentration in this pla-
gioclase ranges from 75.5 to 63.5.

Plagioclase of bytownite–labradorite composition
(generation II) is contained in both the ilmenite and the
titanomagnetite rocks, in which it either composes
poikilitic laths in the augite cores of large clinopyrox-
ene grains or forms individual euhedral crystals. The
plagioclase of the ilmenite gabbro-dolerites [samples
O-29 and O-29(1)] is richer in anorthite (An72.9–56.0)
than this mineral in the titanomagnetite varieties (sam-

ple O-40, An56.6–49.1) with lower SiO2 contents. Plagio-
clase of bytownite–labradorite composition of genera-
tion II is weakly zoned in both varieties of the gabbro-
dolerites. Its zoning is normal, with an insignificant
decrease in the anorthite concentration from the cores
to peripheries of the crystals.

Plagioclase of andesine–oligoclase composition
(generation III) is contained in dolerite patches in the
ilmenite and titanomagnetite gabbro-dolerites, in
which this mineral occurs either in the outer rims of
euhedral bytownite–labradorite plagioclase of genera-
tion II or forms small individual grains. The ilmenite
gabbro-dolerites contain andesine and oligoclase that are
more calcic than in the titanomagnetite rocks. The com-
position of the plagioclase is An49.1–37.6 and An39.6–28.1,
respectively, in the ilmenite [samples O-29 and
O-29(1)] and titanomagnetite (sample O-40) gabbro-
dolerites.

Andesine–oligoclase megacrysts in the biotite gran-
ites have the composition An39.4–27.9, which is similar to
that of plagioclase of andesine-oligoclase composition
(An39.5–28.1) in the titanomagnetite gabbro-dolerites.

The K–Na feldspars are albite and orthoclase, which
were found in all rock types. The minerals are con-
tained in the gabbro-dolerites in the groundmass. In the
biotite granites, albite develops as the outermost rims
around andesine–oligoclase megacrysts and orthoclase
composes phenocrysts. Plagioclase of albite composi-
tion is a magmatic mineral in all of the rocks, from gab-
bro-dolerite to granite-aplite, and its compositions are
close in all of the samples analyzed: An9.3 in the
ilmenite gabbro-dolerites, An7.9 in the titanomagnetite
gabbro-dolerites, and An10.2–11.2 in the biotite granites.

Micas are contained in all of the rocks but are com-
monly extensively replaced by chlorite, so that we man-
aged to analyze biotite (Table 5) only in a single sample
of the biotite granite (sample O-27). The micas ana-
lyzed in this rock correspond to eastonite, which is
characterized by high contents of Ti (4.72–5.37 wt %
TiO2), is moderately ferrous [Fe/(Fe + Mg) = 0.49–
0.46], and contains much Al (16.67–17.33 wt % Al2O3).
In tectonomagmatic diagrams, the data points of biotite

Fig. 5. Variation diagrams demonstrating the affiliation of the hypabyssal rocks with three discrete rock associations. The diagrams
also shows the results of simulations of the processes that produced these series.
The ilmenite and titanomagnetite gabbro-dolerites differ in the concentrations of TiO2, Fe2O3, MgO, P2O5, Zr, and Hf at similar
SiO2 contents. The quartz microdiorites plot on the continuation of the trends of the titanomagnetite gabbro-dolerites, a fact sug-
gesting that the rocks are genetically interrelated. The biotite granite and granite-aplites differ from both gabbro-dolerite varieties
and the quartz microdiorites by Al2O3, Sr, Rb, Zr, and Hf concentrations and the Rb/Sr ratios (Fig. 5b). Rocks: (1) ilmenite (mod-
erate-Fe–Ti) gabbro-dolerites; (2) titanomagnetite (high-Fe–Ti) gabbro-dolerites; (3) quartz microdiorites; (4) biotite granite;
(5) granite-aplites; (6) integral compositions of the granophyres and micrographic aggregates of quartz ± orthoclase + albite.
Light gray and black lines correspond to the surmised and calculated trends. FC—fractional crystallization, AFC—combined frac-
tional crystallization, B1—composition of moderate-Fe–Ti basaltic melt, B2—composition of high-Fe–Ti basaltic melt, F1—com-
position of rhyolitic melt not contaminated by the terrigenous rocks of the Omgon Group, F2—composition of rhyolitic melt con-
taminated by the terrigenous rocks of the Omgon Group, M1—mixing line of B1 and F1, M2—mixing line of B2 and F2, H1—hybrid
melt produced by the mixing of the moderate-Fe–Ti basaltic magma and the rhyolitic melt. FC-1 and FC-2 are the calculated lines
demonstrating the compositional evolutions of melts B1 and B2, respectively, during their fractional crystallization.
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from the biotite granite lie within the field of micas
from rocks of the calc–alkaline series.

The ore minerals are ilmenite and aggregates of
titanomagnetite with ilmenite, which seems to be the
product of the oxidation-induced exsolution of titano-
magnetite. The compositions of the ore minerals are
reported in Table 4. Ilmenite is typical of mafic–inter-
mediate rocks poor in ore minerals; aggregates of tita-
nomagnetite with ilmenite were found in rocks of
mafic–intermediate composition rich in ore minerals
and in the granite-aplite.

The granophyric aggregates consist of micro-
graphic quartz + albite ± orthoclase and were found in
all of the rocks. The integral compositions of the grano-
phyric patches in the groundmass of the ilmenite (sam-
ple O-29) and titanomagnetite (sample O-40) gabbro-
dolerites, quartz microdiorites [samples O-29(2) and
O-33], and granite-aplites are listed in Table 6.

The integral compositions of the granophyric
patches, which reflect the composition of the melts dur-
ing the nearly eutectic crystallization of quartz, albite,
and orthoclase, are similar to the compositions of the
granite-aplites and plot on the continuation of the trend
of the biotite granite and granite-aplite (Fig. 5). The
exception is the behavior of TiO2, Fe2O3, and MgO,
whose contents are lower in the granophyres than in the
rocks, a fact that can be explained by the concentration
of these components in ilmenite, which is present in the
granite-aplite but absent from the granophyre.

WHOLE-ROCK CHEMISTRY
Data on the contents of major elements, geochemis-

try, and isotopic composition of the hypabyssal rocks
and siltstones of the Omgon Group are presented in
Tables 7–9. Analysis of available data led us to distin-
guish three associations of the hypabyssal rocks, which
define discrete trends and fields in variation diagrams
(Fig. 5): (i) ilmenite gabbro-dolerites, (ii) titanomagne-
tite gabbro-dolerites and quartz microdiorites, and
(iii) biotite granites and granite-aplites.

The ilmenite gabbro-dolerites petrochemically
correspond to moderate-Fe–Ti, high-Al basalts and
basaltic andesites of normal alkalinity (Fig. 6a). The
broad scatter of the ä2é concentrations (Fig. 6b), from
values typical of the rocks of the low-K tholeiitic series
to those characteristic of the high-K calc–alkaline
series, and the ambiguity of the reasons for these varia-
tions did not allow us to classify these rocks with any
series and forced us to use other classification criteria.1

1 The ä2é concentrations in the ilmenite gabbro-dolerites systemati-
cally increase as the LOI values increase to 3.50 wt % and then rap-
idly decrease at LOI > 3.50 wt %. Considering the high mobility of
K2O and the fact that the rocks contain chlorite pseudomorphs after a
dark mica (supposedly, biotite), it is highly probable that this compo-
nent was removed from the rocks with high LOI values (>3.50 wt %)
during low-temperature metamorphic transformations. In rocks with
low LOI (<3.50 wt %), the reasons for the unsystematic variations in
the ä2é contents in correlation with SiO2 can be both low-tempera-
ture metamorphism and the presence of variable orthoclase amounts.

In a FeO*/MgO–SiO2 diagram (Fig. 6c), the data points
of the ilmenite gabbro-dolerites plot along the bound-
ary line between the tholeiitic and calc–alkaline series
and highlight the dualistic nature of the rocks. Their
Ta–Hf–Th relations (Fig. 8a) are close to those in
basalts of the calc–alkaline series, whereas the high
Ti/V ratios (up to 27.8–62.0) and the position of the
data points of the ilmenite gabbro-dolerites in Ta/Yb–
Th/Yb (Fig. 7) and Nb–Y–La (Fig. 8b) diagrams make
these rocks quite similar to within-plate volcanics from
the areas of continental and backarc rifting.

The multielement patterns of the rocks indicate that
the ilmenite gabbro-dolerites are close to the basalts of
volcanic arcs. These rocks are characterized by weakly
fractionated chondrite-normalized (Sun and McDon-
ough, 1989) REE patterns [(La/Yb)N = 1.53–2.67] with
weak positive Eu anomalies [Eu/Eu* = Eu/(SmxGd)^0.5 =
1.24–1.06], which suggest the accumulation of small
plagioclase amounts in these rocks. The least evolved
sample O-56 of the ilmenite gabbro-dolerite displays a
high value of its initial (87Sr/86Sr)i ratio, equal to
0.70532. The data on the Sr isotopic composition are
consistent with the geochemical results, which indicate
that the ilmenite gabbro-dolerites are enriched in LILE
relative to HFSE and are significantly depleted in Nb
(Nb/Nb* = 0.44–0.68) and Ta (Ta/Ta* = 0.48–0.61)
(Fig. 9a). These data suggest that the parental melts
could be contaminated by crustal material.

The titanomagnetite gabbro-dolerites and quartz
microdiorites plot along the same trends and within
common fields and, hence, are considered together. The
titanomagnetite gabbro-dolerites correspond to Fe- and
Ti-rich basalts and basaltic andesites, and the quartz
microdiorites correspond to andesites, andesite-dacites,
and dacites. Although the groundmass of the titano-
magnetite gabbro-dolerites and quartz microdiorites
contains orthoclase, the ä2é contents of these rocks
and their sums of alkalis are analogous to those in rocks
of normal alkalinity (Fig. 6a) belonging to the moder-
ately-K calc–alkaline series (Fig. 6b). The only excep-
tion is sample O-50: its ä2é content is much lower,
perhaps, because of the leaching of this element during
biotite replacement by chlorite.

In a FeO*/MgO–SiO2 diagram (Fig. 6c), the data
points of the titanomagnetite gabbro-dolerites and
quartz microdiorites plot within the field of the tholei-
itic series and correspond to a trend typical of the rocks
of this series. The Ti/V ratios (31.5–41.5) of the titano-
magnetite gabbro-dolerites are analogous to those of
basalts from continental rifting areas and rift-
ing/spreading zones in backarc basins and mid-oceanic
ridges. These rocks exhibit moderate LREE fraction-
ation relative to HREE [(La/Yb)N = 2.00–2.07], which
is similar to that in E-MORB. At the same time, the Ta–
Hf–Th (Fig. 8a) and Nb–Y–La (Fig. 8b) diagrams def-
initely demonstrate geochemical similarities of the tita-
nomagnetite gabbro-dolerites and quartz microdiorites
to volcanics of the calc–alkaline series. These rocks are
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Table 7.  Concentrations of major (wt %) and trace (ppm) elements in hypabyssal rocks of the Omgon Range

Com-
ponent

O-561* O-28(6) O-29(1) O-38 O-31(1) O-50 O-32 O-33 O-29(2) O-29(3) O-27 O-29(4) O-31 O-34

ilmenite
gabbro-dolerite

titanomagnetite
gabbro-dolerite quartz microdiorite biotite 

granite granite-aplite

SiO2 50.30 54.22 54.66 51.13 54.55 53.16 60.97 60.88 58.74 65.36 67.56 75.85 73.78 73.33
TiO2 1.19 1.17 0.97 2.39 2.01 2.14 1.34 1.43 1.48 1.17 0.35 0.30 0.28 0.26
Al2O3 17.24 17.45 18.16 16.90 15.75 15.46 15.33 15.33 15.65 13.18 16.21 11.55 13.87 13.63
Fe2O3 8.21 7.57 6.38 12.04 12.20 9.42 9.03 9.23 7.81 6.34 3.06 2.77 3.06 3.07
MnO 0.16 0.16 0.15 0.19 0.20 0.24 0.16 0.17 0.16 0.14 0.12 0.12 0.12 0.11
MgO 6.59 5.29 5.21 4.05 3.47 2.61 1.66 1.72 3.74 1.74 1.69 0.55 0.19 0.22
CaO 8.71 5.24 7.59 5.87 3.97 7.11 3.22 2.75 4.41 5.37 2.63 2.45 0.97 0.77
Na2O 2.52 3.78 2.89 3.44 3.28 3.14 3.64 3.91 3.92 3.08 2.86 2.29 3.64 3.50
K2O 1.72 1.53 0.75 0.94 1.01 0.31 1.68 1.56 1.27 0.79 2.71 2.72 2.29 3.24
P2O5 0.14 0.14 0.14 0.28 0.20 0.25 0.27 0.26 0.18 0.14 0.10 0.08 0.06 0.05
LOI 3.20 3.45 3.10 2.83 3.34 6.30 2.75 2.78 2.63 2.69 2.75 1.32 1.76 1.81

Total 99.97 100.01 99.98 100.06 99.96 100.14 100.04 100.02 99.98 100.00 100.02 99.99 100.01 100.00

Mg# 61.39 58.06 61.80 39.99 36.04 35.44 26.70 26.96 48.68 35.22 52.25 28.23 10.95 12.43
Sc 27 23 23 26 28 30 30 30 25 16 6 6 22 22
V 232 186 140 223 321 238 208 204 229 151 26 25 21 19
Cr 226 163 71 7 9 31 23 21 17 12 13 9 12 33
Mn 980 809 782 1361 1646 2369 970 1139 782 657 333 263 305 352
Co 37 29 26 28 28 28 13 12 24 15 6 4 2 2
Ni 75 90 63 11 7 24 13 11 29 14 14 10 9 16
Cu 55 33 63 34 30 76 29 26 77 113 20 32 16 17
Zn 49 90 52 92 133 86 80 93 76 61 33 27 69 67
Rb 41.3 61.2 14.0 23.5 36.0 4.5 49.4 48.4 31.7 15.8 80.1 57.7 75.5 106.1
Sr 504 481 330 271 331 344 121 148 182 60 167 46 101 132
Y 19.5 27.3 26.2 36.2 43.2 42.3 48.3 44.8 35.4 46.0 18.5 55.0 63.4 57.6
Zr 76.7 136.3 135.0 154.7 190.9 211.4 248.3 235.3 177.9 308.1 79.1 510.4 260.8 254.7
Nb 2.90 4.57 9.14 0.42 5.98 2.43 10.88 9.48 5.98 7.82 10.26 7.82 9.64 9.50
Cs 0.37 7.13 0.90 2.08 3.47 0.37 1.57 2.21 3.28 0.18 6.32 0.34 1.36 2.71
Ba 627 274 335 187 389 416 344 297 297 141 436 315 539 582
La 3.87 7.91 7.87 9.19 11.09 13.01 19.91 19.06 10.65 15.99 12.88 17.94 25.96 26.35
Ce 11.88 19.42 20.11 23.09 29.51 32.39 49.36 45.99 25.27 38.79 27.55 46.44 61.75 63.99
Pr 1.97 2.87 2.93 3.40 4.26 4.44 6.36 5.79 4.13 5.31 3.18 6.17 8.10 7.76
Nd 7.37 13.07 11.69 17.79 18.43 21.31 25.93 25.06 17.25 21.76 13.85 21.77 31.79 31.54
Sm 2.37 3.14 3.04 4.79 5.33 6.00 6.94 6.39 3.96 5.47 3.25 5.88 7.32 8.25
Eu 1.10 1.17 1.23 2.03 1.69 1.87 1.78 1.65 1.54 1.46 0.53 0.68 0.94 0.83
Gd 3.18 3.62 3.57 5.35 6.33 6.29 7.77 6.88 4.73 6.32 2.99 7.14 8.22 8.79
Tb 0.48 0.59 0.59 0.92 1.10 1.11 1.31 1.18 0.71 1.07 0.53 1.25 1.40 1.57
Dy 2.88 4.13 3.71 5.99 6.54 6.75 7.47 7.12 5.64 6.64 3.29 7.87 9.47 9.21
Ho 0.68 0.88 0.79 1.29 1.48 1.53 1.74 1.65 1.11 1.52 0.72 1.92 2.10 2.22
Er 1.93 2.24 2.25 3.30 4.22 4.22 5.06 4.63 2.66 4.28 1.86 5.92 6.01 6.62
Tm 0.27 0.37 0.36 0.48 0.61 0.57 0.70 0.64 0.50 0.67 0.27 0.88 0.96 0.90
Yb 1.76 2.08 2.05 3.07 3.84 3.88 4.56 4.31 2.56 4.08 1.77 5.67 5.76 6.07
Lu 0.27 0.32 0.32 0.43 0.59 0.57 0.72 0.63 0.39 0.65 0.25 0.96 0.89 0.92
Hf 1.95 3.30 3.40 3.67 4.59 4.87 6.12 5.93 4.94 7.95 2.61 12.83 7.78 7.20
Ta 0.15 0.29 0.30 0.01 0.23 0.06 0.62 0.55 0.41 0.55 0.64 0.49 0.68 0.69
Pb 2.00 2.61 4.98 2.69 8.74 3.70 6.28 6.79 5.53 7.06 12.18 5.64 15.99 15.17
Th 0.62 1.40 1.78 1.12 2.21 2.07 5.14 4.79 2.34 4.72 6.42 9.02 8.40 8.71
U 0.24 0.49 0.64 0.40 0.84 0.68 1.62 1.46 0.93 1.62 2.21 3.15 2.76 2.64
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also typically enriched in LILE relative to HFSE and
have negative anomalies at Nb (Nb/Nb* = 0.17–0.44)
and Ta (Ta/Ta* = 0.08–0.29) (Figs. 9b, 9c), which sug-
gest that the rocks could crystallize either from a melt

derived from a source that had been recycled in a supra-
subduction environment or from a melt contaminated
with continental crustal rocks. In La/Yb–Th/Yb
(Fig. 10a) and Nb/U–Nb (Fig. 10b) diagrams, the data
points of the titanomagnetite gabbro-dolerites plot
along the trends defined by the combined fractional
crystallization of a melt derived from a depleted mantle
source and the assimilation of continental crustal mate-
rial by this melt.

The biotite granites and granite-aplites are meta-
and peraluminous rocks of the calc–alkaline series
(Fig. 6b). Their peraluminous varieties compose indi-
vidual stratiform bodies, and the metaluminous rocks
occur as relatively thin injections and dikes among
ilmenite gabbro-dolerites.

The peraluminous biotite granite and granite-aplite
have high aluminum saturation index [ASI =
Al2O3/(CaO + Na2O + K2O)mol = 1.28–1.36] and high
contents of normative corundum (3.01–5.88%), which
are typical of S-granitoids, but exhibit some geochemi-
cal features similar to those of M- and I-granites (Chap-
pel and White, 1974). The rocks are roughly equally
enriched in K and Na (K2O/Na2O = 0.63–0.95) and
have moderate K/Rb (256–289), Rb/Sr (0.48–0.81),
and Rb/Ba (0.14–0.18) ratios. The biotite granite (sam-
ple O-27) is the least silicic of the granitoids and has the
lowest initial (87Sr/86Sr)i ratio of 0.70387.

The peraluminous biotite granite and granite-aplites
display moderately fractionated REE patterns with neg-
ative Eu anomalies (Eu/Eu* = 0.52–0.30). The
(La/Yb)N ratio normalized to chondrite according to
(Sun and McDonough, 1984) gradually decreases from
5.04 to 3.13–3.01 as the silicity of the rocks increases
from 69.44 to 74.69–75.09 wt %. The concentrations of
LREE and HREE in the granite-aplites are, respec-
tively, ~2 and ~3.5 times higher than those in the least
silicic biotite granite. The enrichment of the peralumi-
nous granitoids in LILE relative to HFSE and the neg-
ative anomalies of the rocks at Nb (Nb/Nb* = 0.41–
0.23), Ta (Ta/Ta* = 0.35–0.29), and Ti (0.35–0.09)
(Fig. 9d) seem to have been inherited from the source
of the melts. The concentration levels of Rb, Y, Nb, Yb,
and Ta of the biotite granite correspond to those in gran-
itoids in volcanic arcs, and those in the granite-aplites
correspond to within-plate granitoids (Pearce, 1984).

Metaluminous granitoids [sample O-29(4)] have
low ASI values (1.03) and are low in normative corun-
dum (0.51%) but have several parameters close to those
of the peraluminous granite-aplites described above.
These rocks have identical patterns and concentrations
of most lithophile elements (except only Zr and Hf),
including REE [(La/Yb)N = 2.19, Eu/Eu* = 0.32], and
have pronounced negative anomalies at Nb (Nb/Nb* =
0.22), Ta (Ta/Ta* = 0.37), and Ti (Ti/Ti* = 0.12)
(Fig. 9d). The initial (87Sr/86Sr)i ratio of the metalumi-
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nous granite-aplites varies from 0.70603 to 0.70680,
which makes these rocks similar to postorogenic I gran-
itoids and postcollisional (riftogenic) A granitoids.

PETROGENESIS OF HYPABYSSAL ROCKS
IN THE OMGON RANGE

Genetic Relations between Hypabyssal Rocks
of Different Associations

The associations of hypabyssal rocks distinguished
in the Omgon Range were produced by the crystalliza-
tion of melts of various compositions. The ilmenite and
titanomagnetite gabbro-dolerites, which belong to the
moderate- and high-Fe–Ti series, show different levels
of their enrichment in lithophile elements at similar
ranges of SiO2 concentrations (Fig. 5), different rations
of incompatible elements, such as Ta/Yb–Th/Yb
(Fig. 8) and Th/Ta–La/Yb (Fig. 10a), and different ini-
tial Sr isotopic ratios (Table 9), which remain constant
during the fractional crystallization of melts. The
biotite granite, the least evolved rock among all of the
granitoids (Table 7a), plots separately in binary dia-
grams and exhibits no direct relations with the mafic
rocks (Fig. 5).

The rocks of the three series have different initial Sr
ratios (87Sr/86Sr)i (Table 9), whose variations cannot be
explained by either the fractional crystallization of a
single melt or the combined fractional crystallization of
a melt and its assimilation with the host mudstone and
sandstone of the Omgon Group. The (87Sr/86Sr)i ratio of
the ilmenite gabbro-dolerites decreases from 0.70532
to 0.70387 as the SiO2 concentration increases from
51.97 to 56.41 wt %. The mudstone and sandstone of
the Omgon Group have much higher (87Sr/86Sr)i ratios
(0.70664–0.70683). The quartz microdiorites contain
60.33 wt % SiO2 and have (87Sr/86Sr)i = 0.70457, and the
analogous values of the biotite granite are 69.44 wt %
and 0.70390.

Evolution of the Basaltic Melts
In spite of the different enrichment levels of most

major and lithophile elements in the ilmenite gabbro-
dolerites, on the one hand, and in the titanomagnetite
gabbro-dolerites, and quartz microdiorites, on the
other, the rocks of these associations exhibit similar
tendencies in their compositional variations, as can be
seen in the variation diagrams (Fig. 5), and have similar
mineral assemblages. These facts suggest that the
ilmenite and titanomagnetite gabbro-dolerites and
quartz microdiorites were produced by similar pro-
cesses within the crust and can be considered together.

Multilevel Crystallization of Basite Melts

The ilmenite and titanomagnetite gabbro-dolerites
and quartz microdiorites show evidence of crystalliza-
tion at different depths. The pressure of the near-liqui-

dus crystallization of clinopyroxene (Table 2) was eval-
uated by the geobarometer (Nimis, 1995). The high-Mg
augite (generation I) in the cores of zonal clinopyrox-
ene crystals in the ilmenite gabbro-dolerites (Mg#Cpx =
86.1–83.3 and 84.8–81.9) crystallized at pressures of
(3–4) ± 2 kbar, and the augite (generation I) in the cores
of zonal clinopyroxene crystals in the titanomagnetite
gabbro-dolerites and quartz microdiorites was formed
at (6–7) ± 2 kbar (Mg#Cpx = 77.5–74.4) and (2–3) ± 2 kbar
(Mg#Cpx = 67.9–65.9), respectively. The micro-
poikilophitic and microphitic textures, typical of doler-
ite patches in the mafic rocks, and the fission-track
dates, which indicate that the terrigenous rocks were
exhumed from depths of no less than 4 km in the Mae-
strichtian (~70 Ma) (Bogdanov et al., 2003; Soloviev
et al., 2005), suggest that the gabbro-dolerites and
quartz microdiorites crystallized near the surface in
sills.

Considered together with petrographic and geologic
observations, the pressure evaluations made for the
near-liquidus crystallization of clinopyroxene indicate
that the mafic magmas crystallized in a series of deep-
sitting magmatic reservoirs and, later, in sills near the
surface.
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Fig. 7. Th/Yb–Ta/Yb diagram (Gorton and Schandl, 2000)
demonstrating different ratios of highly incompatible ele-
ments in the hypabyssal rocks of the Omgon Range, the
uncertain nature of the ilmenite gabbro-dolerites, and the
similarity of the titanomagnetite gabbro-dolerites, quartz
microdiorites, biotite granite, and granite-aplites to mag-
matic products at continental margins.
MORB—mid-oceanic ridge basalts, WPB—within-plate
basalts, WPVZ—within-plate volcanic zones, ACM—
active continental margins. See Fig. 5 for the explanations
of other abbreviations.
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plate alkaline basalts, D—volcanic-arc basalts, including D1—island-arc tholeiites, D2—calc–alkaline basalts.
(b) Nb–Y–La discriminant diagram (Cabanis and Lecolle, 1989). Fields: 1—volcanic-arc basalts, including 1A—calc–alkaline
basalts, 1B—calc–alkaline basalts and island-arc tholeiites, 1C—island-arc tholeiites, 2A—continental basalts, 2B—basalts of
back-arc basins, 3A—alkaline basalts of continental rifts, 3B—enriched E-MORB, 3C—weakly enriched E-MORB, 3D—N-
MORB.
(c) Y–Nb–Zr discriminant diagram (DePaolo and Wasserburg, 1989). Fields: A1—within-plate alkaline basalts, A2—within-plate
alkaline basalts and within-plate tholeiites, B—E-MORB, C—within-plate tholeiites and oceanic-arc basalts, D—N-MORB and
oceanic-arc basalts. Other abbreviations are as in Fig. 5.

Evolution of Basite Melts in Deep-Sitting Chambers

Taking into account the textural and structural char-
acteristics of the rocks and the evaluated pressures of
the near-liquidus crystallization of their clinopyroxene
(Table 2), it is reasonable to believe that the minerals of
the deep associations of the ilmenite gabbro-dolerites
and quartz microdiorites were, respectively, high-Mg
augite and augite (generation I) that compose the cores
of large zonal clinopyroxene crystals, plagioclase of
bytownite-labradorite composition (generation I) that
occurs as poikilitic inclusions in the high-Mg augite
and augite, and phenocrysts of these minerals. The
compositional variations of the clinopyroxene of gener-
ation I within a single sample (Fig. 4) can be explained
by the fractional crystallization of the melt with the
removal of calcic plagioclase and, perhaps, also ore
minerals concentrating Cr2O3 [samples O-29, O-29(1),
and O-29(2)] and TiO2 (samples O-38 and O-40),
which were not identified under a microprobe.

Evolution of Basite Melts in Sills

Contamination of basaltic magma and its crystalli-
zation products with acid melts. The temperatures and
oxygen fugacity estimated by the ilmenite–titanomag-
netite oxibarometer (Anderson and Lindsley, 1985) for
the titanomagnetite gabbro-dolerites and quartz
microdiorites indicate that their ore minerals crystal-
lized under conditions close to the QFM buffer, at tem-
peratures from ~820 ± 10°ë to ~700 ± 10°ë (Table 4).
The constancy of the redox potential in the course of
the temperature decrease was controlled by magma
crystallization in a system open with respect to oxygen
(Ghiorso and Carmichael, 1985). With regard for the Sr
isotopic composition, this could be possible if the crys-
tallizing basaltic magma was contaminated with a
newly arriving magma portion or an acid melt. The pos-
sibility of basaltic magma buffering due to the assimi-
lation of terrigenous rocks of the Omgon Group can be
excluded due to the reasons discussed above.

Modeling. To test the hypothesis of the contamina-
tion of the mafic magmas with acid melts, we simulated
the behavior of major and trace elements and Sr iso-
topes. The modeling for the ilmenite gabbro-dolerites
was conducted for sample O-29(1), which has the most
evolved composition (Table 7). The starting composi-
tion of the moderate-Fe–Ti basaltic magma was
selected to be equal to that of the composition of sam-
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ple O-56, which is characterized by negligibly low con-
tribution of acid material, the lowest SiO2 concentra-
tion among all of our samples, the lowest REE concen-
trations (Table 7), and the highest (87Sr/86Sr)i ratios
(Table 9). The composition of the rhyolitic melt was
assumed to correspond to that of sample O-27 of biotite
granite, which is characterized by the lowest SiO2 con-
centration among all of the granitoids (Table 7) and the
lowest (87Sr/86Sr)i ratio (Table 9).

The behavior of major components and REE in the
series of the ilmenite gabbro-dolerites can be best fit-

ted by the model presuming a succession of (1) the
mixing of the rhyolitic melt and a magma of moderate
Fe–Ti basaltic composition and (2) the fractionation
of the newly formed hybrid magma (Figs. 5, 11a). The
major-component simulations with the use of the
least-squares technique suggest the possible mixing of
the basaltic magma and the rhyolitic melt in the pro-
portion of 74.9 : 25.1.2 However, the mixing of these
components in the aforementioned proportion leads to
much lower REE concentrations than those in the gab-
bro-dolerite of sample O-29(1) (Fig. 11a). The REE
simulations of the fractional crystallization of the
hybrid melt of the basaltic magma and rhyolitic melt
yield values in good agreement with the natural rock at
27% fractionation of clinopyroxene, plagioclase, and
ilmenite in the proportion 50 : 45 : 5 (Fig. 11a).3 The
behavior of Sr isotopes can be best described within
the scope of the model of the combined fractional crys-
tallization of a magma of moderate-Fe–Ti basaltic
composition and the assimilation of a rhyolitic melt
during the fractionation of 73% plagioclase and 23%
orthoclase, with the degree of fractionation F ≤ 0.68
and the ratio of the assimilation rate to the crystalliza-
tion rate r = 0.7.

The most realistic explanation of our simulation
results seems to be the formation of the ilmenite gab-
bro-dolerites in the following stages: (i) the mixing of a
moderate-Fe–Ti basite magma with a rhyolitic melt;
(ii) the crystallization of the hybrid magma during the
fractionation of clinopyroxene + plagioclase +
ilmenite; and (iii) the crystallization of quartz + plagio-
clase + orthoclase from the acid melt. The results of
these simulations make it possible to explain the suc-
cession of mineral assemblages crystallizing in the sills
near the surface. Before the interaction of the basaltic
magma and rhyolitic melt, the crystallizing assemblage
had consisted of augite of generation II + hypersthene-
bronzite + bytownite-labradorite of generation II +
ilmenite + sphene. The emplacement of rhyolitic melt
into the partly crystalline rocks induced a drastic

2 The mixing of compositions O-56 and O-27 in this proportion
yields r2 = 0.89.

3 The REE and Sr-isotopic simulation of the fractional crystalliza-
tion was conducted by the algorithm (DePaolo, 1981). The par-
tition coefficients of elements between minerals and melt
(KDmineral/melt) were compiled from (Rollinson, 1994). The mod-
eling was carried out with the following values for the partition
coefficients: KDclinopyroxene/melt: 0.07 for La, 0.12 for Ce, 0.20 for
Pr, 0.27 for Nd, 0.47 for Sm, 0.49 for Eu, 0.58 for Gd, 0.61 for
Tb, 0.63 for Dy, 0.63 for Ho, 0.62 for Er, 0.60 for Tm, 0.58 for
Yb, and 0.53 for Lu; KDplagioclase/melt: 0.169 for La, 0.101 for Ce,
0.084 for Pr, 0.068 for Nd, 0.053 for Sm, 0.733 for Eu, 0.047 for
Gd, 0.043 for Tb, 0.039 for Dy, 0.040 for Ho, 0.042 for Er, 0.043
for Tm, 0.045 for Yb, and 0.039 for Lu; KDilmenite/melt: 0.072 for
La, 0.11 for Ce, 0.13 for Pr, 0.14 for Nd, 0.15 for Sm, 0.1 for Eu,
0.1 for Gd, 0.14 for Tb, 0.135 for Dy, 0.13 for Ho, 0.15 for Er,
0.16 for Tm, 0.17 for Yb, and 0.18 for Lu; KDplagioclase/melt for Sr
is 6; KDorthoclase/melt for Sr is 9.4; values printed in italics are
estimates.

Fig. 10. Diagrams (a) La/Yb–Th/Ta (Condie, 1994) and (b)
Nb–Nb/U (Hofmann, 1986) demonstrating the contribu-
tions of various sources to the genesis of the Omgon Range
hypabyssal rocks.
Sources: DM—depleted mantle, PM—primitive mantle,
PSCL—post-Archean subcontinental lithosphere, FOZO—
universal mantle plume component, focus zone, EM1 and
EM2—enriched mantle sources, HIMU—source enriched
in radiogenic Pb because of a high µ value, UC—upper con-
tinental crust. Asterisks indicate the compositions of mud-
stones and sandstones of the Omgon Group. Processes:
AFC—combined assimilation and fractional crystallization,
M—mixing. MORB—mid-oceanic ridge basalts, OIB—
oceanic-island basalts. Other symbols are the same as in
Fig. 5.
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change in the mineral assemblages and the onset of
crystallization of high-Ca clinopyroxene of generation
III + andesine–oligoclase of generation III + biotite +
ilmenite + sphene and, later, quartz + albite ± ortho-
clase.

The behavior of major components and REE in the
titanomagnetite gabbro-dolerites and quartz diorites
[except samples O-29(2) and O-29(3)] can be described
by a simple model of the mixing of a basaltic magma of
high-Fe–Ti composition, which corresponds to that of
sample O-38 of titanomagnetite gabbro-dolerite, and an
acid melt, corresponding to sample O-31 of granite-
aplite (Figs. 11b, 11c). The simulations with the com-
positions of samples O-50 and O-32 gave ideally con-
sistent major-components and REE results. The insig-
nificant deviation of the simulated REE from that of
sample O-31(1) can be explained by somewhat differ-
ent proportions of the mixing mafic and acid melts or
the modification of the hybrid magma composition dur-
ing its fractional crystallization.

The behavior of major components and REE in
quartz microdiorite samples O-29(2) and O-29(3) is not
consistent with any of the mixing models discussed
above. It is reasonable to hypothesize that these quartz
microdiorites, which compose a single thick sill with
the ilmenite gabbro-dolerites, were produced by the
fractional crystallization of a hybrid magma, whose
composition corresponded to, for example, that of sam-
ple O-29(1) and which was generated by the mixing of
a moderate Fe–Ti basaltic magma (sample O-56) and
an uncontaminated rhyolitic melt (sample O-27). The
behavior of major components suggests the principal
possibility of this process (Fig. 5). The REE concentra-
tions in the rock are lower than those in the gabbro-dol-
erites, which cab be explained by 10% fractionation of
40% clinopyroxene, 50% magnetite, and 10% titano-
magnetite. This is, however, in conflict with nature
observations. The inconsistency of our simulation
results with natural observations can be explained by
the fractionation of some hybrid compositions that
were not identified in the course of our research.

Conditions and direction of mafic magma crystalli-
zation in the sills before their contamination with acid
melts. Principal information on the conditions and
direction of mafic magma crystallization in sills before
the contamination of the magma with acid melts can be
derived from the analysis of the mineral assemblage
consisting of augite II + hypersthene-bronzite +
bytownite-labradorite II (An72.9–57.2 and An56.6–49.1) +
ilmenite (or ilmenite/titanomagnetite) + sphene. The
chemistry of the clinopyroxene indicates that the lead-
ing process during this stage was the fractional crystal-
lization of moderate- and high-Fe–Ti basic melts. This
follows from the clearly pronounced normal zoning of
augite of generation II, which suggests that the mineral
crystallized simultaneously with calcic plagioclase,
ilmenite, and titanomagnetite.

The temperature of the near-liquidus crystallization
of the highest temperature augite and bronzite of this
assemblage, which were, or almost were, in equilib-
rium in the ilmenite gabbro-dolerites, was estimated at
~1040–1050°ë by the geothermometer (Wells, 1977)
and at ~1000–1010°ë by the geothermometer (Wood
and Banno, 1973) (Table 2).4 The crystallization tem-
perature of the least magnesian augite and hypersthene
that appeared in the same assemblage and started to
crystallize in the course of magma crystallization was
evaluated at ~900°ë (Wells, 1997) and ~880°ë (Wood
and Banno, 1973). These temperature estimates are in
good agreement with the temperatures yielded by the
geothermometer (Lindsley, 1983) and testify to a grad-
ual decrease in the clinopyroxene crystallization tem-
perature from ~950 to ~850°ë (Fig. 3d).

The temperature estimates for pyroxene crystalliza-
tion in the titanomagnetite gabbro-dolerites and quartz
diorites are less reliable because of the absence of equi-
librium (or quasiequilibrium) ortho- and clinopyroxene
pairs. However, the use of the two-pyroxene geother-
mometer (Lindsley, 1983) is justified because the rocks
contain widespread pseudomorphs of serpentine ±
chlorite + magnetite after orthopyroxene. The
pyroxenes crystallized at temperatures of 900–800°ë
(Fig. 3d).

Crystallization conditions and products of the basic
magmas contaminated with acid melts. This evolution-
ary stage of the gabbro-dolerites and quartz diorites pro-
duced the assemblage of high-Ca clinopyroxene (gener-
ation III) + andesine-oligoclase (generation III) + biotite
+ ilmenite (or titanomagnetite) + sphene. The crystalliza-
tion temperature of the high-Ca clinopyroxene (salite,
ferrosalite, and high-Ca augite) in the outer rims of the
crystals was evaluated using the geothermometer (Lind-
sley, 1983) and varied from 700 to 600°ë (sample O-29)
and from 600 to <500°ë [sample O-29(1) and O-38]
(Fig. 3d).

4 The equilibrated or unequilibrated character of orho- and clinopy-
roxene was tested by the method proposed in (Nakamura and
Kushiro, 1970; Hunter, 1998). For the equilibrium crystallization
of ortho- and clinopyroxene, the Fe–Mg distribution coefficient
between these minerals is calculated by the formula KDFe–Mg =

( /(1 – ))*((1 – )/ ), where XMg =

Mg/(Mg + Fe), mol, which should vary within the range of 0.75–
1.08. Our calculations indicate that the high-Mg augite (genera-
tion I) that composes the cores of large grains has no equilibrium
orthopyroxene counterpart. In the ilmenite gabbro-dolerites (sam-
ple O-29), bronzite (XMg = 0.71–0.73) could be in equilibrium (or
almost in equilibrium) only with augite of elevated XMg (0.74).

The KDFe-Mg is in this pair equal to 0.87–0.93. Hypersthene
(XMg = 0.65) from the same sample could be in equilibrium (or in
quasiequilibrium) with high-Ca ferroaugite and augite (XMg =
0.64–0.63) that compose the outermost rims of the crystals. Their
KDFe-Mg varies within the range of 1.01–1.07. In the titanomag-
netite gabbro-dolerites (sample O-38), we found no clinopyrox-
ene in equilibrium (or in quasiequilibrium) with hypersthene
(XMg = 0.51), possibly because of the small number of the ana-
lyzed grains.

XMg
Opx

XMg
Opx

XMg
Cpx

XMg
Cpx
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Evolution of the Acid Melt

Contamination of the Rhyolitic Melt with the Host 
Terrigenous Rocks of the Omgon Group

The initial (87Sr/86Sr)i ratio of the Biotite granite is
equal to 0.70390 and increases to 0.70680 in the gran-
ite-aplites. This suggests that the granitoids were pro-
duced by the fractional crystallization of a rhyolitic

melt and the simultaneous assimilation of crustal rocks.
The most probable assimilants were mudstone and
sandstone of the Omgon Group, whose xenoliths were
found in the granite-aplites and whose (87Sr/86Sr)i ratios
range from 0.70664 to 0.70683 (Table 9). To test this
hypothesis, we simulated the behavior of REE and Sr
isotopes (Fig. 11d). We assumed that the concentrations
of REE and Sr isotopes in the parental melt correspond
to those in the least evolved biotite granite of sample
O-27, which has the lowest SiO2 concentration among
all of the granites and the lowest initial Sr isotopic ratio.
The final derivative was assumed to be the granite-
aplite of sample O-29(4) from a dike cutting across
gabbro-dolerite. The rocks has the highest SiO2 concen-
tration and (87Sr/86Sr)i ratio. The results of our REE and
Sr isotopic simulations are presented in Fig. 11d and
are highly consistent with one another. The best agree-
ment between the natural and simulated data takes
place when 69% plagioclase, 10% orthoclase, 10%
biotite, and 11% ilmenite fractionate from the acid melt
at a degree of fractionation F = 0.7 and the ratio of the
assimilation rate to the crystallization rate r = 0.8 (REE
simulations) or 0.7 (simulations for Sr isotopes).

Melt Sources

Ilmenite and Titanomagnetite Gabbro-Dolerites

The genesis of the moderate- and high Fe–Ti basal-
tic melts is traditionally explained by different degrees
of melting of a single source, different degrees of con-
tamination of the parental melt with subcontinental
lithospheric rocks (Condie, 2001 and references
therein), and the heterogeneity of the mantle source.
Our data indicate that the differences between the com-
positions of the ilmenite and titanomagnetite gabbro-
dolerites, which are the crystallization products of,
respectively, moderate- and high-Fe–Ti melts, cannot
be explained by fractional crystallization, differences
in the crystallization conditions, or the contamination
of the same Basic melt with the host rocks of the
Omgon Group or acid melts. The ilmenite and titano-
magnetite gabbro-dolerites are the crystallization prod-
ucts of moderate- and high-Fe–Ti basaltic melts, which
had been derived at different degrees of melting and at
different depths, as follows from the differences
between the Fe8 parameter (8.22 for the ilmenite gab-
bro-dolerites and 15.61 for the titanomagnetite gabbro-
dolerites) and the (Ca/Al)8 ratio (0.58 and 2.30, respec-
tively). These data indicate that the melts were derived
from different mantle sources.

Both the high- and the moderate-Fe–Ti melts were
derived from the depleted mantle: spinel peridotites
that had been affected by melting and metasomatism
before the Early Paleocene, in a region with subduction
processes. The melting of spinel peridotites follows
from the moderately fractionated character of the REE
patterns, and the effect of subduction processes is evi-
dent from the enrichment of the gabbro-dolerites of
both types in LILE relative to HFSE and from the fact

Table 8.  Concentrations (ppm) of trace elements in terrige-
nous rocks hosting sills in the Omgon Range

Component
OM-261* OM-36 O-28(4)

mudstone sandstone

Sc 20.81 19.07 12.50

Ti 5689.44 5574.43 6050.71

V 257.13 193.90 96.42

Cr 116.37 70.62 22.32

Mn 374.02 433.32 376.13

Co 24.36 13.82 13.26

Ni 59.86 35.26 22.73

Cu 35.53 33.87 17.29

Zn 134.10 115.00 58.21

Rb 66.11 103.41 68.53

Sr 287.45 135.64 107.93

Y 31.70 35.56 24.33

Zr 175.02 208.30 171.16

Nb 11.18 14.75 18.70

Cs 3.39 6.55 2.01

Ba 578.18 354.87 703.72

La 20.76 28.40 22.50

Ce 55.06 66.32 43.60

Pr 7.84 8.61 6.04

Nd 22.70 28.45 25.07

Sm 5.09 6.29 4.37

Eu 1.71 1.53 1.40

Gd 5.70 6.68 4.19

Tb 0.76 0.97 0.61

Dy 4.96 5.54 4.38

Ho 0.94 1.27 0.86

Er 2.79 3.83 2.15

Tm 0.51 0.55 0.39

Yb 2.54 3.62 2.15

Lu 0.44 0.59 0.33

Hf 5.61 5.29 4.67

Ta 0.58 0.83 0.71

Pb 13.55 19.10 10.77

Th 7.20 10.00 6.22

U 2.35 2.65 1.50
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that the rocks are depleted in Nb and Ta (Figs. 9a, 9b).
Before their melting, the depleted-mantle sources have
been variably depleted in such elements as Nb, Ta, Ti,
and Zr. The metasomatic fluids were derived from the
subducted plate, as follows from, for example, the high
Ba/La and (87Sr/86Sr)i ratios at moderate Sr/Y values.
The higher values of the Th/Nb, Ba/Nb, and U/Nb
ratios of the titanomagnetite gabbro-dolerites suggest
that the source of the high-Fe–Ti basaltic melt was
more strongly recycled by fluids from the subducted
plate than the source of the moderate Fe–Ti melt. The
spatial combination of the crystallization products of
these melts seems to reflect the vertical heterogeneity
of the mantle.

Granitoids

The REE concentrations and patterns of the peralu-
minous biotite granite and granite-aplite are compara-
ble with those of granitoids generated by the partial
melting of both metabasalts and metamorphosed terrig-
enous rocks within the crust. However, taking into
account the geochemistry of the rocks and the low ini-
tial Sr isotopic ratio of the biotite granite that is not con-
taminated by the host rocks of the Omgon Group, it is
reasonable to suggest that the source of the rhyolitic
melt most probably consisted of metabasaltic rocks of
suprasubduction provenance.

Model for the Genesis of Hypabyssal Rocks
in the Omgon Range

A principal model for the genesis of the Lower Pale-
ocene hypabyssal rocks of the Omgon Range and their
coeval analogues in western Kamchatka (Fig. 9a) is
presented in Fig. 12.

The parental moderate- and high-Fe–Ti basaltic
melts were derived at different degrees of the adiabatic
melting of material at different depths within the litho-
spheric mantle, which had been affected by melting and
metasomatized by fluids from the subducted plate
before the Early Paleocene. When ascending to the sur-
face, the parental melts were contaminated with conti-
nental lithospheric rocks (most probably, within the
crust), filled magmatic reservoirs at different depths,
and continued to evolve in these reservoirs by means of
fractional crystallization. The emplacement of basaltic
melt into crustal chambers was associated with the ana-
tectic melting of the wall rocks, most probably, metaba-
salts of suprasubduction provenance. Anatectic melting
resulted in a rhyolitic melt.

Ascending to the surface, the basaltic magmas trans-
formed in deep magma chambers and the rhyolitic melt
formed sills in the Omgon Range. In these bodies, the
basaltic magmas were modified by the processes of
fractionation and mixing (see above) and gave rise to
ilmenite and titanomagnetite gabbro-dolerites and to
quartz microdiorites. At the same depth, the rhyolitic
melt fractionated, assimilated the host rocks of the

Omgon Group, and produced biotite granite and gran-
ite-aplites.

During the final stage, the basaltic magmas, their
derivatives, hybrid magmas (generated by the mixing of
the basaltic magmas and acid melts), and the acid melts
were erupted at the surface, as follows from the pres-
ence of basalts, andesites, dacite, and rhyolites, and
corresponding tuffs in the Utkholok Peninsula.

GEODYNAMIC INTERPRETATIONS

The ilmenite and titanomagnetite gabbro-dolerites
and related quartz microdiorites, biotite granites, and
granite-aplites in the Omgon Range provide evidence
of an extensional environment. This follows from:

(1) the simultaneous emplacement of moderate- and
high-Fe–Ti mantle basaltic melts, as is typical of
within-plate environments (Condie, 2001 and refer-
ences therein);

(2) the similarities of several parameters of the
ilmenite and titanomagnetite gabbro-dolerites with
those of within-plate volcanics from areas of continen-
tal and backarc rifting (Figs. 7a, 9a, 9b);

(3) the identity of several parameters of the grani-
toids with those of postcollisional (riftogenic) A-gran-
ites.

Our materials and results indicate that, in contrast to
what was thought previously (Shantser and Fedorov,
1997), the Early Paleocene hypabyssal rocks of the
Omgon Range do not belong to the Western Koryakia–
Kamchatka (Kinkil’) volcanic belt. These rocks were
formed earlier than this volcanic belt, perhaps, in rela-
tion to extension in the Eurasian continental margin.
This process also occurred elsewhere in the region in
Maestrichtian time (see, for example, Filatova, 1988;
Fedorov and Filatova, 1999). The Lower Paleocene
rocks of western Kamchatka and their compositional
analogues of Paleocene age in this area lie in the con-
tinuation of the strike of a Late Senonian–Paleocene
dike belt (Palandzhyan, 2002) and the field of the Mae-
strichtian–Upper Eocene basaltic complex (Filatova,
1988, 2000; Fedorov and Filatova, 1999), which mark
Late Senonian–Middle Eocene extension in the Pen-
zhina–Anadyr–Koryak area (Filatova, 1988, 2000;
Fedorov and Filatova, 1999; Palandzhyan, 2002)
(Fig. 1). In the Penzhina–Anadyr–Koryak area, Late
Senonian–Paleocene plutonic complexes comprise
small intrusions and dikes of alkaline and subalkaline
microgranites, microsyenites, trachydacites, dacites,
rhyolites, basaltic andesites, essexites, monzonites,
syenites, and quartz diorite porphyries, which compose
a belt extending for approximately 800 km
(Palandzhyan, 2002). The volcanic complexes of Mae-
strichtian–Eocene age consist of basaltoids ranging
from tholeiitic and moderate-Ti subalkaline to high-Ti
olivine alkaline, sometimes in association with dacites
and rhyolites (Fedorov and Filatova, 1999; Filatova,
2000). Comparing the compositions of the Early Pale-
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ocene hypabyssal rocks from the Omgon Range and the
Late Senonian–Eocene rocks from the Penzhina–
Anadyr–Koryak area, we found out that some of the
rocks are analogous. For example, the ilmenite gabbro-
dolerites of the Omgon Range compositionally resem-
ble the moderate-Fe–Ti tholeiitic basalts of Danian–
Paleocene age in the Kakanaut area, and the titanomag-
netite gabbro-dolerites are close to the Maestrichtian–
Middle Eocene high-Fe–Ti basalts in the Rarytkin area
(Fedorov and Filatova, 1999) (Figs. 1, 9a, 9b).

The causes of extension in western Kamchatka in
the Early Paleocene are still not fully understood. None
of the models proposed so far to account for the geody-
namic evolution of the area takes into account exten-
sion in the Penzhina–Anadyr–Koryak area and western
Kamchatka in the Maestrichtian–Middle Eocene, and
none of these models can explain it. With regard for
geological observations, the extension of the western
Kamchatka segment of the Eurasian continental margin
in Early Paleocene time can, theoretically, be related to
(i) the termination of subduction beneath the Okhotsk–
Chukchi volcanic belt in Campanian time and the sub-
sequent “breakup” of the slab with the development of
a mantle window; or (ii) the “roll-back” of the sub-

ducted slab with a drastic change in the geodynamic
regime (Hourigan, 2003).

The reasons of the extension process will be hope-
fully elucidated by further research. Currently available
data on the composition of the Lower Paleocene mag-
matic rocks in western Kamchatka are better consistent
with the latter scenario. Major- and trace-element indi-
cators identified in the hypabyssal rocks of the Omgon
Range suggest that the moderate- and high-Fe–Ti
basaltic melts were generated by the decompression
melting of the lithospheric mantle, which had been
enriched in components mobile in the fluid phase and
did not exhibit evidence of its interaction with the
asthenospheric mantle. It is most logical to hypothesize
that the sources of the moderate- and high-Fe–Ti basal-
tic melts were metasomatized by fluids derived from
the descending slab during the subduction of oceanic
Izanagi (Kula) plates beneath the Eurasian continental
margin in Albian–Early Campanian time (Filatova,
1988), before the onset of decompression melting in the
Early Paleocene.

The western Kamchatka and Penzhina–Anadyr–
Koryak areas are not the only examples of fields of
“calc–alkaline” basalt–andesite and basalt–andesite–

Fig. 11. Simulation results on the processes that controlled the genesis of the Omgon Range hypabyssal rocks.
(a) The behavior of major and trace elements in the ilmenite (moderate-Fe–Ti) gabbro-dolerites [sample O-29(1)] can be described
by a model including (1) mixing of the crystallization products of the moderate-Fe–Ti basaltic magma, whose composition corre-
sponds to that of the ilmenite gabbro-dolerite (sample O-56), and a rhyolitic melt, whose composition corresponds to that of the
biotite granite (sample O-27), in the proportion 74.9 : 25.1 with the origin of a hybrid magma; (2) 27% fractionation of plagioclase,
clinopyroxene, and ilmenite in the proportions 50 : 45 : 5 from the resultant magma; and (3) the subsequent fractionation of sodic
plagioclase and orthoclase in the proportion 73 : 27.
(b) The behavior of major and trace elements in the titanomagnetite gabbro-dolerites [samples O-31(1) and O-50] can be described
by a simple model of the mixing of the crystallization products of the high-Fe–Ti basaltic magma (sample O-38) and the rhyolitic
melt (sample O-31) variably contaminated with terrigenous rocks of the Omgon Group.
(c) The behavior of major and trace elements in the quartz microdiorites (sample O-32) can be described by the mixing of the crys-
tallization products of the high-Fe–Ti basaltic magma (sample O-38) and rhyolitic melt (sample O-31).
(d) The behavior of major and trace elements in the granite-aplites [sample O-29(4)] can be described by the combined fractional
crystallization of rhyolitic melt whose composition corresponds to that of biotite granite (sample O-27) and the assimilation of the
host mudstones of the Omgon Group (sample OM-36).
AFC—combined assimilation and fractional crystallization, FC—fractional crystallization; F—degree of fractionation; M—mix-
ing; r—ratio of the crystallization rate to the assimilation rate.
Pl—plagioclase, Cpx—clinopyroxene, Ort—orthoclase, Bt—biotite, Ilm—ilmenite.

Table 9.  Whole-rock Rb–Sr isotopic data on hypabyssal magmatic and terrigenous rocks hosting them in the Omgon Range

Sample Rb, ppm Sr, ppm 87Rb/86Sr ±2σ 87Sr/86Sr ±2σ (87Sr/86Sr)0 ±2σ Age (Ma)

O-56 42.1 458.5 0.2658 0.0027 0.70556 0.00007 0.70532 0.00007 63.0

O-29(1) 14.7 337.4 0.1264 0.0013 0.70398 0.00007 0.70387 0.00007 63.0

O-29(2) 35.4 194.7 0.5257 0.0053 0.70504 0.00007 0.70457 0.00007 63.0

O-27 93.7 198.0 1.3688 0.0137 0.70512 0.00007 0.70390 0.00007 62.5

O-28(4) 68.1 135.4 1.4555 0.0146 0.70733 0.00007 0.70603 0.00007 63.0

O-29(4) 59.4 43.7 3.9303 0.0393 0.71032 0.00007 0.70680 0.00008 63.0

OM-26 66.1 212.1 0.9016 0.0090 0.70792 0.00007 0.70664 0.00007 99.8

OM-36 108.2 131.0 2.3894 0.0239 0.70973 0.00007 0.70683 0.00008 85.3

Note: The dates of the terrigenous rocks were compiled from (Bogdanov et al., 2003).
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dacite magmatism related to the extension of the conti-
nental lithosphere. Its classic examples include (i) the
Basin and Range Province in the western North Amer-
ican coast (Robyn, 1979; Goles, 1986; Falkner et al.,
1995; Hawkesworth et al., 1995; Hooper et al., 1995,
2002; Johnson and Grunder, 2000; Morris et al., 2000;
Camp et al., 2003), (ii) the coastal areas of central
Queensland, West Australia (Ewart et al., 1992), and
(iii) the D’Entrecasteaux Islands, eastern Papua New
Guinea (Smith, 1976; Smith and Milsom, 1984).

The uniqueness of the western Kamchatka segment
of the Eurasian continental margin is underlain by the
fact that this area, which suffered Early Paleocene
extension, had a thick and probably hot continental
lithosphere. The distance between preserved fragments
of Paleocene volcanic centers in western Kamchatka
reaches 350–400 km.5 If the hypothesis that the volca-
nic centers developed above a magmatic diapir proves
correct, then, taking into account the simplified sce-
nario for the development of diapirs (Turcotte and
Schubert, 1982), the thickness of the local lithosphere
can be evaluated at 130–150 km. The significant thick-
ness of the local lithosphere is also consistent with the
30-km thickness of the crust, the differentiated charac-
ter of local magmatism, the occurrence of intermediate
crustal chambers at different depths (21–18, 12–9, and
9–6 km), the generation of acid melts by means of ana-
tectic melting, and the intensity of the assimilation of
crustal rocks by the basaltic melts and the mixing of the
crystallization products of the basaltic magmas and
rhyolitic melts. This area can be ascribed to areas with
hot continental lithosphere because it displays no evi-
dence of brittle deformations (for instance, no dike
fields) and the sporadic appearance of picrite–basaltic
series (Khanchuk, 1985).

CONCLUSIONS

1. The hypabyssal rocks emplaced in the Upper
Albian–Lower Campanian terrigenous deposits of the
Eurasian collisional continental margin in the Omgon
Range in western Kamchatka compose three coeval
(62.5–63 Ma) rock associations: (i) ilmenite gabbro-
dolerites, (ii) titanomagnetite gabbro-dolerites and

5 In the modern geologic structure of Kamchatka, exposures of
Paleocene magmatic rocks are scarce and widely separated
(Fig. 1). The Lower Paleocene rocks of Utkholok Peninsula and
the hypabyssal rocks of the Omgon Range are scattered over an
area of nearly 100 km across. The rock exposures occurring at a
minimum distance from one another (a little bit more than 20 km)
consist of the basalts and basaltic andesites of Utkholok Penin-
sula, which are compositionally close to the ilmenite gabbro-dol-
erites of the Omgon Range (Fig. 9a). This led us to suggest that
the Lower Paleocene rocks of these two areas were formed within
a single or several volcanic centers, above a single magmatic dia-
pir. Moreover, volcanics of intermediate and acid composition
(Cherepanov Series) dated at 59–65 Ma and their subvolcanic
analogues dated at 55 Ma (Slyadnev et al., 1997) were found in
the foothills of the western surroundings of the Sredinny Range of
Kamchatka, where they form an area extending for approximately
70 km at a maximum width of about 20 km.

quartz microdiorites, and (iii) porphyritic biotite gran-
ites and granite-aplites.

2. The ilmenite and titanomagnetite gabbro-doler-
ites were produced by the multilevel crystallization of
moderate- and high-Fe–Ti basaltic melts that were con-
taminated with crustal material. The leading mecha-
nism that controlled the compositional evolution of the
magmas in the deep reservoirs was fractional crystalli-
zation. At shallow depths (3–4 km), the fractionation of
the basaltic melts was complicated by their interaction
with crustal rhyolitic melts.

3. The moderate- and high-Fe–Ti melts were
derived from depleted mantle material: spinel peridot-
ites, which were variably metasomatized and depleted
by fluids derived from the slab that had been subducted
before the onset of melting. The moderate- and high-
Fe–Ti melts were generated at variable degrees of melt-
ing and at various depths, which seems to be indicative
of the vertical compositional heterogeneity of the man-
tle.

4. The biotite granites and granite-aplites were pro-
duced by two combined processes: the fractional crys-
tallization of a crustal rhyolitic melt and the assimila-
tion of terrigenous rocks of the Omgon Group. The
source of the rhyolitic melts seems to have consisted of
suprasubduction rocks.

5. The genesis of the rock associations is related to
extension in the margin of the Eurasian continent in
Maestrichtian–Middle Eocene time (see, for example,
Fedorov and Filatova, 1999). Early Paleocene exten-
sion in western Kamchatka and, as a consequence, the
origin of the Lower Paleocene hypabyssal rocks of the
Omgon Range and their volcanic analogues in
Utkholok Peninsula and in the western slopes of the
Sredinnyi Range of Kamchatka preceded the develop-
ment of the Western Koryakia–Kamchatka volcanic
belt.
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