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† INTRODUCTION

A vast neovolcanic province has been formed dur�
ing last 8.5–8 Ma up to the Late Pleistocene–
Holocene at the territory of the Greater Caucasus and
its foothills, which bound the Eurasian–Arabian con�
tinental collision zone to the north (Chernyshev et al.,
2006). The intense volcanic activity manifested by
ejections of several large stratovolcanoes (Chegem,
Elbrus, Kazbek, and Kabardzhin) and numerous
monogenic volcanic vents (Lebedev and Vashakidze,
2014 etc.) in this region was accompanied by collision�
related uplifting and simultaneous large�scale relief
erosion, which resulted in the exposure of Late
Miocene–Early Pleistocene minor granitoid intru�
sions (Chernyshev et al., 2006; Lebedev et al., 2009,

† Deceased.

etc.). Up to a few km�thick sections of these, fre�
quently polyphase bodies are available for study in the
gorges of large rivers taking their origin on the north�
ern slope of the Main Caucasus Range. Such expo�
sures are very rarely observed in modern volcanically
active regions. For this reason, the young intrusions of
the Greater Caucasus represent unique geological
objects for petrological and isotope studies. The young
age of the granitoids and, correspondingly, small abso�
lute errors (usually tens to a few hundreds of thousand
years) of obtained datings make it possible to deter�
mine such important characteristics of intrusive mag�
matism as the emplacement duration of granitoid
massifs of different size, polyphase or monophase
injection of magma, cooling rates of whole plutonic
bodies and their individual blocks, and scales of a con�
tact thermal effect on the isotope systems of different
mineral phases of host rocks. 
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Abstract—This paper presents isotope�geochronological and petrological study of granitoids of the poten�
tially ore�bearing (Au–As–Sb–Sn–Mo) Early Pliocene Tsana Complex, which are confined to the Main
Caucasus fault zone (upthrow fault) in the central part of the Greater Caucasus Range. The Tsurungal and
Karobi groups of magmatic bodies are distinguished based on spatial criterion. The Tsurungal group includes
three small granite—granodiorite massifs (Tsurungal, Chorokhi, and Toteldash) and numerous acid and
intermediate dikes in the upper reaches of the Tskhenistsqali River (Kvemo Svaneti, Georgia). The Karobi
group comprises three subvolcanic rhyodacite bodies located in the upper reaches of the Chashuri River
(Zemo Racha, Georgia) and numerous N–S�trending trachyandesite dikes near the axial zone of the Main
Caucasus Range. The K�Ar and Rb�Sr isotope dating shows that the granitoid massifs and dike bodies of the
Tsana Complex were formed in two different�age pulses of the Pliocene magmatism: phase I at 4.80 ± 0.15
and phase II at 4.15 ± 0.10 Ma. All hypabyssal rocks of the Karobi group, unlike those of the Tsurungal Group,
were formed during the first pulse. Petrographic studies in combination with geochemical data indicate that
most of the granitoids of the Tsana Complex are hybrid rocks (I�type post�collisional granites) and were
derived through mixing of deep�seated mantle magmas with acid melts obtained by the upper crustal anate�
ctic melting in the Main Caucasus fault zone. The granitoids of the Tsurungal Group define basic to acid evo�
lution (diorite–granodiorite–granite–two�mica granite) possibly caused by both crystallization differentia�
tion and increasing role of crustal contamination in the petrogenesis of the parental magmas of these rocks.
This conclusion is also confirmed by the differences in the Sr isotope composition between granitoids of the
early (87Sr/86Sr = 0.7053) and late (87Sr/86Sr = 0.7071) phases of the Tsana Complex. Main trends in spa�
tiotemporal migration of magmatic activity in the central part of the Greater Caucasus in the Pliocene–Qua�
ternary time were established using obtained and earlier published isotope�geochronological data.
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The young intrusive bodies (so�called “neointru�
sions”, Belyankin, 1924) of the Greater Caucasus
occur in four spatially separated areals. The first areal
spans the Caucasian Mineral Waters region with the
Late Miocene mildly�alkaline granitoid magmatism
(around 8 Ma, Pohl et al., 1883; Lebedev et al.,
2006a). This pulse of the Late Cenozoic endogenous
activity is the earliest among young magmatic mani�
festation of the Greater Caucasus. The second areal is
located in the southern part of the Elbrus neovolcanic
area confined to the Peredovoy Range zone and
includes granite massifs (Eldzhurtu and others) with
an age from 2.8 to 1.8 Ma (Hess et al., 1993; Gazis
et al., 1995; Chernyshev et al., 2011). 

The third, largest areal of the young intrusive mag�
matism is restricted to the Main Caucasus fault zone
(upthrow fault) in the axial part of the Greater Cauca�
sus. Its western part is traced from the Kvemo Svaneti–
Zemo Racha (Georgia) and comprises several small
Pliocene intrusive and subvolcanic bodies (Tsurungal,
Karobi, and others) united by some authors in the
Tsana Complex (for instance, Dokuchaev et al., 2013).
Further eastward, the considered magmatic areal as a
narrow band extends along the Bokovoy Ridge
through North Ossetia and includes the Late Pliocene
(around 2 Ma�old) Bartuidon, Songutidon, and Tepli
granodiorite massifs (Tepli Complex) (Borsuk, 1979).
The Dzhimara polyphase granodiorite�quartz diorite
massif is exposed near Kazbek Volcano. This massif
was formed in four magmatic pulses in the Pliocene
(3.5–2.0 Ma) (Lebedev et al., 2009). The Kalkva
hypabyssal dacitic massif dated at Early Pleistocene
(ca. 1.4 Ma, Lebedev et al., 2016) is constrained to the
junction zone of the Bokovoy and Main Caucasus
ranges, near the Arkhoti pass in Khevsureti. It should
be noted that numerous necks and hypabyssal dikes of
intermediate�moderately acid rocks are distributed
over the western and central parts of the described
zone. It was shown (Lebedev et al., 2016) that some of
these, mainly dacite and hyalodacite bodies (moun�
tainous part of North Ossetia and Racha) were
emplaced simultaneously with the Kalkva Massif.
However, some of the above mentioned neointrusions
may have earlier, Pliocene age.

The fourth areal of young intrusive magmatism is
situated on the southern slope of the Greater Caucasus
in the Kvemo Racha, near the foothills of Lelaashkha
Mount (Central Georgian neovolcanic area). This
area contains the series of the Late Miocene dacite
dikes with an age of 7–6.5 Ma (Lebedev et al., 2013),
which were emplaced simultaneously with manifesta�
tion of basic volcanism located slightly southerly in the
same part of Georgia (Lebedev et al., 2006b). No dac�
itic bodies of similar age have yet been found in this
part of the Greater Caucasus.

Geology and geochronology of young intrusions in
different parts of the Greater Caucasus have been
studied to different extent. Detailed structural

description using surface and core samples with distin�
guishing intrusive phases, a great body of petrological�
geochemical data, and thermochronological model�
ing are available for the best studied Eldzhurtu Massif
in the vicinity of Tyrnyauz (Borsuk, 1979; Hess et al.,
1993; Sobolev and Kononov, 1993; etc.). Only few
geochemical data (Bogina, 1994) and K�Ar ages (Bor�
suk, 1979) were reported for the granitoid bodies of the
Tepli Complex in North Ossetia. The exception is the
Dzhimara Massif, whose evolution and genesis of
parental magmas were deciphered by (Lebedev et al.,
2009). New geochemical and geochronological data
were recently obtained on the Kalkva dacite massif
(Lebedev et al., 2016). At the same time, the neointru�
sions of the Tsana Complex, in particular, their age
and petrogenesis, remain poorly studied, in spite of
their inferred genetic link with previously exploited
Mo and As deposits. It should be noted, first geologi�
cal and petrographic data on the rocks of the complex
have been published by Soviet geologists as early as
mid�20th century (Ershov and Kopeliovich, 1937;
Ershov, 1938; 1940; Kiknadze, 1967; Kharashvili,
1940), but modern high�precision techniques practi�
cally have not yet been applied to these objects. 

The origin of the young granitoid massifs of the
Greater Caucasus remains hotly debatable. Different
petrogenetic models have been proposed to explain
the evolution of acid intrusive magmatism in this
region. In particular, Koronovskii and Demina (2007)
consider the Pliocene neointrusions as purely crustal
rocks derived by anatectic crustal melting in the colli�
sional zone during large�scale regional compression
coupled with heating of continental lithosphere. Bor�
suk (1979) and Pohl et al. (1993) ascribed the mildly�
alkaline granites of the Caucasian Mineral Waters to
A�type granites of mixed mantle–crustal origin. In
contrast, Dubinina et al. (2010) believe that these
massifs were derived from crustal felsic melts that
assimilated carbonate material under subsurface con�
ditions. Mixed mantle–crustal origin of granodiorites
of the Tepli Complex proposed by (Bogina, 1994) was
later confirmed by our studies (Lebedev et al., 2009).
It was generally accepted in our recent works dedi�
cated to the young magmatism of the Greater Cauca�
sus (Chernyshev et al., 2006; Lebedev et al., 2009;
2014, etc.) that most of the Neogene–Quaternary
igneous rocks of the region are hybrid in origin and
their parental magmas were derived by (1) mixing of
deep mantle melts with partial melts of crustal pro�
tolith, or (2) assimilation of crustal material by pri�
mary mafic magmas. The relative proportions of
crustal and mantle components in the genesis of defi�
nite intrusive bodies or volcanic edifices widely vary in
the different parts of the Greater Caucasus. It was also
shown that the contribution of different sources in the
petrogenesis of definite object (volcano/massif) could
significantly change during period of its evolution
(Lebedev et al., 2009; 2010).
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In this paper, we discuss new isotope�geochrono�
logical data on the rocks of the Tsana Complex located
in the central part of the Greater Caucasus at the adja�
cent territories of Georgia and Russia (North Ossetia).
Obtained results allowed us to determine for the first
time the affiliation of some young magmatic rocks to
the Tsana Complex, to make conclusions about age
and duration of the emplacement of plutonic and sub�
volcanic massifs, as well as the origin of the parental
magmas of the granitods. 

GEOLOGICAL POSITION 
OF THE INTRUSIVE BODIES 

OF THE TSANA COMPLEX

Small intrusive and subvolcanic bodies of the gran�
itoids of the Tsana Complex are localized in the axial
part of the Greater Caucasus, mainly in Georgia
(Kvemo Svaneti and Zemo Racha) (Fig. 1). The mas�
sifs and associated numerous dikes are confined to the
Main Caucasus fault zone, cutting across Paleozoic
granite�metamorphic complexes of the Skythian plate
to the north and Jurassic sedimentary sequences of the
subduction�accretionary complex of the Southern
slope of the Greater Caucasus to the south.

Recently, it is recognized two compact clusters with
Pliocene neointrusions of the Tsana Complex, Tsu�
rungal and Karobi, which are spaced at a distance of
~30 km in a sublatitudinal direction (Fig. 1). The Tsu�
rungal group of intrusions is situated in the high�
mountain part of the Kvemo Svaneti in the head waters
of the right tributaries of the Tskhenistsqali–Korul�
dashi, Usakhelo, Chorokhi and Toteldash rivers
(Fig. 2) on the southern slope of the Main Caucasus
Range (Tsurungal Mount area). Plutonic bodies occur
as small massifs of different composition and mor�
phology and dikes cutting across Liassic shales and
rarely Late Jurassic–Early Cretaceous carbonate
sequence. Shales in the contact aureoles of the intru�
sions from few tens to 600–700 m were hornfelsed and
overprinted by arsenopyrite mineralization (Tsana
deposit). The largest massifs of the group are Tsurun�
gal, Chorokhi, and Toteldash (Fig. 2). The Tsurungal
Massif, up to 2.5 km2 in area, was recovered south of
Tsurungal Mount in the Zeskho River basin, between
its right tributaries Koruldashi and Usakhelo (Karetta
ridge), in the very inaccessible area at an altitude of
2800–3500 m. Morphologically, the Tsurungal Massif
represents stock extended from SW to NW, with con�
tacts steeply dipping at 50°–80° (Kiknadze, 1967). It
is made up mainly of medium�grained biotite granite
porphyry and less common porphyritic granite, while
its marginal parts consist of granodiorite porphyry,
monzogranite, quartz diorite, and diorite porphyry.
No sharp contacts were found between different rock
varieties; the granite porphyry and porphyritic granite
are linked by transitional varieties. The massif is asso�
ciated with numerous dikes (up to 15 m thick) of dif�
ferent composition, which strike sublatitudinally

(280°–300°) and frequently sublongitudinally (60°–
70° or 340°–350°) (Fig. 2). The dike bodies framing
the Main Caucasus fault are characterized by larger
thickness and more mafic composition (microdiorite,
quartz diorite porphyry, diorite porphyry, and grano�
diorite porphyry). According to Kiknadze (1967), they
were emplaced slightly earlier than the main granite
porphyry stock: the apophyses of the latter frequently
cut across the diorite dikes, displacing them. In turn,
the Tsurungal Massif is cut by small submeridionally
oriented dikes of leucocratic granite and granite por�
phyry usually within 2–3 m thick, and by aplite and
pegmatite veins.

The Chorokhi Massif is situated in the heads of the
eponymous river, where it intrudes the Liassic shales.
It represents a small stock 150 × 300 m in exposed size
with steeply (70°–80°) dipping contacts (Fig. 2). The
massif is made up of two�mica granite, which pass into
granodiorite porphyry and monzogranite in the endo�
contact zones. The transitions between the rocks are
gradual, without intrusive relations. The Toteldash
granite porphyry stock is exposed in the upper reaches
of the eponymous river, on its left bank, and has even
lesser size (50 × 60 m) (Fig. 2). It cuts across a sublat�
itudinal granodiorite porphyry dike up to 10–15 m
thick, with magmatic breccia in the contact zone.

Three intrusive phases were distinguished by
Kiknadze (1967) from study of geological relation�
ships between different intrusive bodies of the Tsurungal
Group. The first phase includes small massifs and sub�
latitidunal diorite–granodiorite dikes up to 6–7 km
long. The second phase is represented by granite por�
phyry stocks, and the third phase, by the most silicic
small leucogranite dikes and aplite veins. The author
noted that the young magmatism of the region also
shows basic to acid evolution, with small gaps between
intrusive phases, as follows from relations of different
magmatic bodies with the same tectonic structures. 

The emplacement of the neointrusions of the Tsu�
rungal group is likely associated with the formation of
base metal and Sb�arsenopyrite mineralization. The
economic reserves of the ores are known at the Tsana
deposit and at some small objects around it. The Tsana
deposit mined in mid�20th century is described in
detail in (Ershov and Kopeliovich, 1937; Ershov, 1938,
1940). It is presently considered as promising object
for gold extraction from arsenopyrite ores and now is
being prepared for repeated exploration. 

The Karobi group of intrusions is localized in the
Zemo Racha, in the head waters of the Chashuri
River (Rioni River basin) near the Kirtisho glacier
(Figs. 1, 3, 4). According to (Kharashvili, 1940), the
Karobi ridge comprises two subvolcanic bodies and a
thick rhyodacite dike, as well as numerous NS�trend�
ing dike bodies of plagiophyric trachyandesite (“albi�
tophyre”, according to the cited author). The largest
rhyodacite massif around 0.2 km2 in area is situated on
the left bank of the Chashuri River, 1 km downstream
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of the Kirtisho glacier edge (Fig. 4). This neointrusion
has cross�cutting relations with host Paleozoic
mylonitized granite gneisses and thin (6–7 m) outer
contact aureole. The second smaller rhyodacite body
is situated 600–700 m south of the crest part of the
Karobi ridge and consists of the rocks of similar com�
position and petrographic appearance. The rhyodacite
dike of small extension cutting across early plagiophy�
ric trachyandesite neointrusions is known on the
southern slope of this ridge. In terms of the petro�
graphic appearance, the holocrystalline rocks of this
dike are close to granite porphyry. Its outer contact
bears molybdenite mineralization (Karobi deposit),
which was intensely exploited during the World War II.
The magmatic bodies of the Karobi group are also
associated with arsenopyrite and sulfide�base metal
mineralization (Kharashvili, 1940). 

Data by Kharashvili (1940) indicate that the neoin�
trusons of the Karobi group were formed in two mag�
matic phases: (1) emplacement of “albitophyre” dikes
and (2) formation of the later rhyodacite bodies, cut�
ting the dikes. In author’s opinion, these pulses of
endogenic activity were separated by a small age inter�
val, and igneous rocks of both phases presumably were
“derivatives of the same magmatic chamber”. 

It is pertinent to mention that the NS�trending pla�
giophyric trachyandesite dikes similar to those
described in the upper reaches of the Chashuri River
are also exposed on the northern slope of the Main
Caucasus Range on the territory of North Ossetia

(head waters of the Tanadon River, the left tributary of
the Urukh River), only few kilometers north of the
Karobi ridge (Fig. 3). These intrusive bodies cutting
across Paleozoic granitoids of the Skythian plate were
mentioned by Konstantinov et al. (2005) while
describing the Tanadon Au�arsenopyrite deposit. It is
noteworthy that later volcanic activity in this area also
occurred (end of the Pliocene–early Pleistocene) in
two pulses: around 2.5–2.0 and 1.4 Ma (Lebedev
et al., 2016). The first pulse was responsible for the for�
mation of a granodiorite massif near the Bartui glacier
(Tepli Complex), while the second pulse produced
several necks in the upper reaches of the Tanadon
River and near the Zopkhito glacier, as well as numer�
ous sublatitudinal thin dacite�hyalodacite dikes at the
mountainous part of North Ossetia and Zemo Racha
(Figs. 1, 3). Thus, the distribution areal of the
Pliocene magmatism of the Tsana Complex in its east�
ern part is overlapped with the areal of later
(Pliocene–Early Quaternary) Tepli Complex. 

The close geographic position of the plagiophyric
trachyandesite dikes in the upper reaches of the Tana�
don River with compositionally and petrographically
similar dikes of the Zemo Racha, and, as will be shown
below, with simultaneous young subvolcanic rhyodac�
ite massifs in this region allow us to unite all above
mentioned subvolcanic bodies in a single Karobi
neointrusion group. 

The Pliocene age of the intrusive bodies of the
Tsana Complex was established in the mid�20th cen�

Karobi
Massif

Fig. 4. Upper reaches of the Chashuri River, near the Kirtisho glacier. Exposures of the Karobi rhyodacite neointrusion are seen
on the right side of the photo. 
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tury by K–Ar dating of two biotite fractions from the
Tsurungal and Karobi granitoid massifs performed at
the Institute of Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry, Russian Academy of
Sciences (Borsuk, 1979). These, first obtained isoto�
pic�geochronological data confirmed the Neogene
age previously suggested for the Complex from geo�
logical observations (Kharashvili, 1940; Kiknadze,
1967; etc.). However, the measurement accuracy at
that time was insufficient to determine reliably the
total duration of this magmatic pulse, differences in
the age of the individual phases, and synchro�
nous/asynchronous formation of the Tsurungal and
Karobi groups. The solution of this problem became
the main aim of this study.

ANALYTICAL METHODS

Isotope dating of the Pliocene magmatic rocks of
the Greater Caucasus was carried out by K�Ar and
Rb�Sr methods. Monomineral fractions (biotite, Kfs)
and groundmass extracted from the studied granitoids
and subvolcanic rocks were used as analyzed material.
Results are presented in Tables 1 and 2.

The concentration of radiogenic Ar in each sample
was analyzed on a MI�1201 IG (SELMI) mass spec�
trometer by isotope dilution using 38Ar monoisotope
as spike, while the concentration of potassium content
was measured by flame spectrophotometry on an
FPA�01 photometer (Elam Center). The measure�
ment accuracy was controlled by systematic analyses

Table 1. Results of K�Ar dating of the Pliocene magmatic rocks of the Greater Caucasus

Sample Mineral Potassium, % ±σ
40Arrad, ng/g ±σ

40Arair, %
in sample

Age, Ma
 ±2σ

Tsurungal group

M�223,
granite porphyry

Biotite 7.50 ± 0.08 2.124 ± 0.015 68.1 4.08 ± 0.10

Groundmass 5.15 ± 0.06 1.331 ± 0.013 56.5 3.72 ± 0.11

LSh�1,
porphyritic granite

Biotite 7.61 ± 0.08 2.230 ± 0.012 63.4 4.22 ± 0.10

K�Fsp 9.85 ± 0.10 2.660 ± 0.011 30.6 3.89 ± 0.09

M�174, quartz
diorite porphyry

Rock 1.45 ± 0.02 0.52 ± 0.03 55.7 5.2 ± 0.4

Karobi Massif

R�196, rhyodacite Groundmass 2.63 ± 0.03 0.863 ± 0.011 55.2 4.72 ± 0.16

Biotite 4.92 ± 0.05 1.57 ± 0.04 46.6 4.60 ± 0.25

R�200, rhyodacite Biotite 6.69 ± 0.07 2.284 ± 0.016 30.2 4.91 ± 0.12

R�358, rhyodacite Groundmass 2.57 ± 0.03 0.922 ± 0.013 57.3 5.15 ± 0.20

Biotite 7.14 ± 0.08 2.37 ± 0.02 45.9 4.78 ± 0.14

Dikes in the upper reaches of the Tanadon River

Ur�21, trachyandesite Groundmass 2.02 ± 0.03 0.674 ± 0.006 54.7 4.80 ± 0.17

Ur�24, trachyandesite Groundmass 1.96 ± 0.02 0.630 ± 0.004 63.6 4.63 ± 0.11

Table 2. Results of Rb�Sr dating of the Pliocene magmatic rocks of the Greater Caucasus

Sample Mineral Rb, ppm Sr, ppm 87Rb/86Sr ±2σ 87Sr/86Sr ±2σ

Tsurungal Massif

M�223 Biotite 566 5.5 299.2 ± 8 0.725103 ± 16

Groundmass 178 247 2.087 ± 6 0.707259 ± 9

Plagioclase 21 480 0.1279 ± 5 0.706053 ± 10

Karobi Massif

R�358 Biotite 147 4.5 92.3 ± 4 0.711451 ± 25

Groundmass 80 186 1.270 ± 4 0.705329 ± 10

Plagioclase 4.0 1080 0.0108 ± 3 0.705025 ± 10
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of muscovite “Bern�4” and rhyolite “Asia” standards
and atmospheric argon. The characteristics of the
applied technique and principles of calculation of final
age uncertainties are given in (Chernyshev et al.,
2006). 

The Rb and Sr concentrations in different compo�
nents of the studied rocks for Rb�Sr dating were deter�
mined using an isotope dilution technique. Isotope
ratios were measured on a Micromass Sector 54 multi�
collector TIMS (Thermo Scientific). The measure�
ments were controlled by the systematic analysis of
SRM�987 International standard. The 87Sr/86Sr and
87Rb/86Sr isotope ratios in the studied samples were
measured with accuracy of 0.003 and 0.3–2.7%, cor�
respondingly.

Isotope ages were calculated using the Interna�
tional decay constants for potassium and rubidium
(Steiger and Jager, 1977).

The chemical composition (rock�forming oxides)
of the Pliocene magmatic rocks of the Greater Cauca�
sus was analyzed by XRF method at the Institute of
Geology of Ore Deposits, Petrography, Mineralogy,
and Geochemistry, Russian Academy of Sciences
(analyst A.I. Yakushev) using an Axios mAX
(PANalytical, the Netherlands) wavelength dispersive
vacuum sequential spectrometer.

RESULTS AND DISCUSSION

Results of Isotope�Geochronological Studies

The K�Ar and Rb�Sr dating was performed for dif�
ferent components of the granitoids of intrusive and
subvolcanic bodies of the Tsurungal and Karobi groups
(Tables 1 and 2).

For the Tsurungal group, the K–Ar ages were
obtained for quartz diorite porphyry dike [sample
M�174, phase I according to (Kiknadze, 1967)] in the
upper reaches of the Zeskho River, as well as for gran�
ite porphyry (sample M�223) and porphyritic granites
(sample LSh�1) from the Tsurungal Massif [phase II
according to (Kiknadze, 1967)]. Sample M�223 was
dated by Rb�Sr method on biotite–groundmass–pla�
gioclase triad (Table 2, Fig. 5). 

Obtained results, at first, confirm the Early
Pliocene age (5–4 Ma) of the plutonic bodies of the
Tsurungal group, and, second, indicate that the intru�
sive phases I and II were separated by a significant time
gap. The K�Ar age of the earlier quartz diorite por�
phyry dike corresponds to 5.2 ± 0.4 Ma. Two monom�
ineral biotite separates (purity >99%) from later gran�
ites yield similar (within analytical error) dates averag�
ing 4.15 ± 0.10 Ma. Mainly feldspar groundmass from
sample M�223 and Kfs from sample LSh�1 define
slightly younger K�Ar ages from 3.9 to 3.7 Ma. This
fact may be explained by either (1) the later closure of
the K�Ar isotope system in K�feldspar as compared to
biotite at sufficiently slow cooling of granitic bodies
(as known, the biotite K�Ar closure temperature is
much higher than that of the low�temperature Kfs
varieties), or (2) partial loss of radiogenic 40Ar by feld�
spar during its postmagmatic structural rearrange�
ment. The inferred rapid cooling of the massifs owing
to their small sizes gives grounds to consider the sec�
ond variant as more plausible. This is also confirmed
by decomposition and pelitization of feldspars
observed during petrographic study of the rocks. In
any case, K–Ar biotite datings are more preferable as
more reliable estimates of the formation age of the
granitoids. 
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The Rb�Sr plagioclase�biotite�groundmass dating
of granite porphyry of the Tsurungal Massif (sample
M�223) (Table 2) revealed that the rock components
with low Rb/Sr ratio are characterized by different ini�
tial Sr isotope composition, which makes it impossible
to plot the three�point isochrone (Fig. 5). The Rb�Sr
biotite�plagioclase age is 4.47 ± 0.01 Ma, while the
Rb�Sr biotite�groundmass age is 4.23 ± 0.01 Ma. It is
obvious, the last value within calculated uncertainties
coincides with the K�Ar biotite age of the granites of
the Tsurungal Massif, which suggests that the Rb�Sr
biotite–groundmass system reached equilibrium and
defines the age of real geological event. At the same
time, Rb�Sr biotite–plagioclase dating is much older,
while the initial Sr isotope composition of feldspar is
less radiogenic as compared to that of the groundmass:
(87Sr/86Sr)0 are 0.7061 and 0.7071, respectively. We
suggest that the Rb�Sr system of this mineral pair did
not reach equilibrium, which is primarily related to
the isotopic heterogeneity of zoned plagioclase phe�
nocrysts. The petrographic study of the Tsurungal
granitoid massif (Table 3) indicates that plagioclase in
these rocks forms two or three generations, which
demonstrate different types of zoning and were pre�
sumably formed at different stages of the evolution of
magmatic melt during significant change of its
geochemical, including isotope characteristics. For
instance, the cores of the early plagioclase phenocrysts
(with normal zoning) correspond to labradorite
(An 55�60), whereas their inner rims are oligoclase
(An 18�20). The central parts of such phenocrysts may
“conserve” plagioclase that initially crystallized from
equilibrium basic or intermediate melt in the deep�
seated magma chamber. Later changing of petrologi�
cal�geochemical characteristics of magma in the shal�
low chamber, the possible mechanisms and reasons of
which will be considered below, led to the formation of
more sodic rim with different Sr isotopic composition
around the calcic core. Thus, considered feldspar phe�
nocrysts from the granitoids of the Tsurungal Massif
may represent a complex heterogeneous mineral sys�
tem with isotopically and chemically zoned structure.
As a result, only later plagioclase from rims may be in
isotope equilibrium with groundmass (melt) and
biotite that crystallized at the final stages of magmatic
evolution, while plagioclase from the inner zones has
distinct lower Sr ratio. In this connection, Rb�Sr age
determination (4.47 ± 0.01 Ma) on biotite and mixture
of plagioclases of different generations, when feldspar
demonstrates clearly expressed Sr isotopic heteroge�
neity, is geologically meaningless and does not corre�
spond to any geological event. In contrast, the Rb�Sr
biotite–groundmass age (4.23 ± 0.01 Ma), coinciding
with the K�Ar biotite age on the Tsurungal granite por�
phyry massif, may be considered as the independent
confirmation of the reliability of the latter. It should be
noted that the similar evidences for isotope heteroge�
neity in the young Caucasian granitoids were obtained
during Rb�Sr biotite–groundmass–plagioclase dating

of rhyodacite from the Karobi Massif (Fig. 5) and, ear�
lier, for subvolcanic dacites from a Quaternary Kalkva
massif in Khevsureti (Lebedev et al., 2016). Thus the
age of phase II granitoids of the Tsurungal intrusions is
taken to be 4.15 ± 0.10 Ma. This value coincides, within
error, with estimating dating of 4.0 ± 0.2 Ma obtained
for granite porphyry of the Tsurungal Massif in the mid�
20th century at the Institute of Geology of Ore Depos�
its, Petrography, Mineralogy, and Geochemistry, Rus�
sian Academy of Sciences (Borsuk, 1979), and allows us
to refine the age of this plutonic body.

The analysis of obtained isotope–geochronologi�
cal data allowed us to establish that the rocks of the
Tsurungal group were formed during two different
pulses of magmatic activity: around 5 and 4 Ma. The
first stage produced dikes and small stocks of diorite
porphyry and granodiorite [magmatic phase I accord�
ing to Kiknadze (1967)], while phase II was responsi�
ble for the formation of small granitic stocks, as well as
cross�cutting dike leucogranite bodies and aplite veins
(phases II and III according (Kiknadze, 1967)). The
time gap between two mentioned pulses of intrusive
magmatism may account for over 500 ka.

Five K�Ar dates were obtained with biotite–
groundmass pair (Table 1, samples R�196, R�200,
R�358) from rhyodacite dike on the southern slope of
the Karobi Ridge. The altered biotite (opacitization
and hydration) from sample R�196 with low K content
in mica (<5 wt %) defines the minimum age, which
differs from other isotope datings and may be excluded
from consideration. Other four K�Ar ages fall in a nar�
row range from 4.72 to 5.15 Ma, coincide within mea�
surement error, and yield a weighted average value of
4.80 ± 0.15 Ma. The biotite�groundmass pair from
sample R�358 yields practically the same Rb�Sr age of
4.74 ± 0.01 Ma (Table 2, Fig. 5). At the same time, the
biotite�plagioclase pair defines somewhat older Rb�Sr
age of 4.90 ± 0.06 Ma, which, however, also coincides
within error with the K�Ar age. The overestimated
Rb�Sr age of this pair is possibly explained by the same
reasons as discussed above for isotope dating on the
granite porphyry of the Tsurungal Massif. 

The coincidence of the K�Ar and Rb�Sr dates on
the rhyodacite from the Karobi Massif allowed us to
accept the value of 4.80 ± 0.15 Ma as the reliable geo�
logical age of this subvolcanic body. It should be noted
that this age is somewhat older than the estimating
K�Ar dating of 4.3 ± 0.2 Ma published in (Borsuk,
1979). 

K�Ar dating on groundmass from two trachyandes�
ite dikes (samples Ur�21 and Ur�24, Table 1) samples
in the upper reaches of the Tanadon River, North
Ossetia, made it possible to determine the narrow
range of their formation within 4.8–4.6 Ma. This time
interval completely coincides with our dates on the
rhyodacite bodies from the Karobi ridge. Based on this
fact in combination with close geographical position
of the considered objects within the Greater Caucasus
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mountain system, the NS�trending dikes of plagio�
phyric trachyandesite (“albitophyre”) may be ascribed
to the Tsana rather than to the Tepli intrusive complex,
as earlier suggested by some researchers (Konstanti�
nov et al., 2005), and may be included in the Karobi
group of intrusions. Thus, our data confirm previous
conclusion by Kharashvili (1940) that the young sub�
volcanic rhyodacite bodies of Zemo Racha were
formed simultaneously with “albitophyre” dikes dis�
tributed in this area.

Analysis of obtained isotope�geochronological
data allowed us to draw the main chronological regu�
larities in the evolution of the intrusive magmatism of
the Tsana Complex. The subvolcanic and hypabyssal
bodies of the Tsurungal group were formed at the Zan�
clean stage presumably during two discrete pulses of
endogenic activity (around 5 and 4.15 ± 0.10 Ma),
while the Karobi neointrusions were formed during
one pulse (4.80 ± 0.15 Ma). Within error, the age of the
phase�I rocks of the Tsurungal group coincides with
the age of the massifs and dikes of the Karobi group. In
our opinion, they mark the same initial pulse of the
Early Pliocene activity, which manifested simulta�
neously within both clusters of the Tsana granitoids.
The greater amount and better accuracy of isotope
dates obtained on the rocks of the Karobi group as
compared to the single K�Ar estimate for early diorite
porphyry of the Tsurungal group give grounds to take
the age of 4.80 ± 0.15 Ma as the reliable age value for
this pulse. 

The second (later) magmatic pulse of the Early
Pliocene Tsana complex (4.15 ± 0.10 Ma), determined
by us for the Tsurungal group is related to the forma�
tion of small granitic bodies and veins. The bodies of
this age were not found in the distribution area of the
Karobi group. Thus, the earlier phase of the Early
Pliocene magmatism of the Tsana Complex occurred
simultaneously in different parts of its areal, while its
final phase occurred only in the western part of this
areal. 

Isotope�geochronological data show that the
young magmatism of the Tsana intrusive complex in
the Early Pliocene lasted from 500 to 900 kyr within
time interval from 4.80 ± 0.15 to 4.15 ± 0.10 Ma. This
endogenic activity occurred as two clearly discrete
pulses (phases) of magmatism separated by a time gap
significantly exceeding the duration of these pulses. 

Obtained results in combination with previously
published isotope�geochronological data (Hess et al.,
1993; Gazis et al., 1995; Lebedev et al., 2006b, 2009,
2010, 2013, 2016; Lebedev and Vashakidze, 2014;
Chernyshev et al., 2006, 2011) provide insight into
spatial migration of the magmatic activity at the
Greater Caucasus from Late Miocene to the end of
the Quaternary (Fig. 6). The first manifestations of the
volcanic activity in the considered period occurred
7.2–6.0 Ma within the Central Georgian neovolcanic
area on the southern slope of the Greater Caucasus

and included both basic and intermediate–moder�
ately�acid rocks (Lebedev et al., 2006b, 2013). Later,
the endogenic activity migrated northward, in the
zone of the Main Caucasus Range and was repre�
sented by the intermediate–felsic rocks of the Tsana
neointrusions emplaced in the territory of modern
Zemo Racha, Kvemo Svaneti, and mountainous part
of North Ossetia (5–4 Ma). Further, magmatism
migrated in two opposite directions: to the east and
northwest. At the end of Pliocene�beginning of Pleis�
tocene (from 3.5 to 1.4 Ma), the eastern areal repre�
sented a narrow band along the Main Caucasus and
Bokovoy ranges, which extended from the Urukh
River head in North Ossetia to the upper reaches of the
Assa and Khevsuretis Aragvi rivers in the northeastern
part of Georgia. At the end of the Pleistocene, the
magmatic activity from the easternmost sector of this
zone again migrated to the southern slope of the
Greater Caucasus, where intermediate and moder�
ately�acid volcanism formed the Kazbek and Keli
neovolcanic centers in the upper reaches of the Terek,
Aragvi, and Greater Liakhvi rivers during period from
400 ka to the Holocene (Lebedev and Vashakidze,
2014, etc.). 

The second “vector” of lateral migration of the
young activity at the end of the Neogene was directed
from the manifestation area of the Tsana Complex to
the northwest, in the upper reaches of the Chegem and
Baksan rivers (Fig. 6). The Late Pliocene was marked
by the formation of the large Chegem volcanic center
(3.7–2.7 Ma, Gazis et al., 1995; Chernyshev et al.,
2006) and to the west by younger (2.5–1.8 Ma) small
granitic intrusions (Eldzhurtu and others, Hess et al.,
1993; Chernyshev et al., 2011) within the Peredovoy
Range zone. In the Late Pleistocene, magmatic activ�
ity migrated westward, in the upper reaches of the
Kuban, Malka, and Baksan rivers, and produced the
Elbrus neovolcanic center (less than 1 Ma). Thus,
beginning from the Late Pliocene, the magmatic
activity at the Greater Caucasus migrated in two direc�
tions: in the east–southeast, where Kazbek neovolca�
nic area was created, and northwest–west to Elbrus
neovolcanic area. It is pertinent to mention that the
creation of two separate practically opposite migration
“vectors” of the Late Cenozoic endogenic activity
occurred in the development area of the Tsana com�
plex after cessation of magmatism in this area. In the
light of the revealed spatiotemporal trends, the areal of
Neogene magmatism of the Tsana Complex should be
ascribed not as the western part of the Kazbek neovol�
canic area (Chernyshev et al., 2006) but as the north�
ern part of spatially close Central Georgian neovolca�
nic area, where volcanic activity occurred slightly ear�
lier (7.2–6.0 Ma), and definitely represents a
precursor of the intrusive magmatism in the Zemo
Racha, Kvemo Svaneti, and mountainous part of
North Ossetia.
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Petrographic Characteristics of the Intrusive Rocks 
of the Tsana Complex

Our collection of polished thin sections character�
izing the main types of the granitoids was used to
describe the petrography of magmatic rocks of the
Tsana Complex. Previously published data by
(Kiknadze, 1967) were additionally used to character�
ize the petrographic features of the neointrusions of
the Tsurungal group. The plutonic rocks were classi�
fied using the QAPF diagram, while subvolcanic rocks
were classified using TAS diagram (Fig. 7, Le Bas
et al., 1986). The main petrographic characteristics of
the studied rocks are generalized in Table 3, where
magmatic rocks of the Tsana Complex are grouped

according to their spatial position, timing, and mor�
phology. 

The phase�I dikes and veins of the Tsurungal group
of neointrusions are made up of three main rocks
types: microdiorite, diroite porphyry, and granodiorite
porphyry (Table 3). Two former are subdivided into
quartz�bearing and quartz�free varieties. The
microdiorites are usually gray or brownish holocrystal�
line, equigranular fine�grained rocks consisting mainly
of euhedral, frequently zoned plagioclase (from sodic
labradorite to oligoclase) and brown biotite flakes.
Quartz occurs in variable amounts (from the complete
absence to 10 vol %) as xenomorphic grains filling inter�
stices between plagioclase crystals. Accessory minerals

Stepantsminda
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are mainly represented by apatite. The diorite porphyry
of dike is the dark brown porphyritic rock with phenoc�
rysts of zoned plagioclase of variable composition
(labradorite�oligoclase), biotite, and sometimes
quartz (up to 4 vol %). The fine�grained, hypidiomor�
phic groundmass consists of oligoclase laths (some�
times unidirected) and small crystals of biotite, quartz,
and very rare anorthoclase. This granodiorite por�
phyry differs from the diorite porphyry in the steady
appearance of anorthoclase as phenocrysts and in
groundmass; the amount of its phenocrysts is some�
times comparable with those of plagioclase phenoc�
rysts. Biotite and quartz are of subordinate signifi�
cance. The accessory minerals in the intermediate
rocks of early dikes are dominated by apatite (up to
3 vol %), with less abundant titanite, magnetite, zir�
con, and rare tourmaline. 

Small massifs of phase I of the Tsurungal group
consist of three rock types: granodiorite porphyry,
monzogranite, and diorite porphyry (Table 3). The
latter may be subdivided into quartz�bearing and
quartz�free varieties. The granodiorite porphyry is the
light porphyritic rock with phenocrysts of zoned pla�
gioclase (from labradorite to oligoclase), quartz, and
biotite. Hypidiomorphic medium�grained ground�
mass is made up of the same minerals with addition of
significant amount of anorthoclase (up to 20 vol %).
Accessory minerals are apatite (up to 3%), zircon (up
to 1%), rare magnetite, tourmaline, titanite, and cas�
siterite. Monzogranite is equigranular (medium�
grained) rock consisting of subequal proportions of
zoned plagioclase (andesine–oligoclase), anortho�
clase, and quartz. The rock also contains significant

amounts of biotite (up to 10 vol %) and accessory apa�
tite (up to 1 vol %). The diorite porphyry is clearly por�
phyritic rock with fine grained groundmass. Phenoc�
rysts are dominated by zoned plagioclase (from labra�
dorite to oligoclase) at subordinate amount of biotite
and quartz (0–12 vol %). Groundmass may contain up
to 5 vol % Kfs. 

The rocks of phase�II stocks of the Tsurungal group
are represents by three varieties: granite porphyry, por�
phyritic granites, and two�mica granites (Table 3). Two
former are linked by gradual transitions and differ
mainly in the matrix grain size. The phenocrysts are
dominated by alkali feldspar (Ano–Mc), which often
forms antiperthitic ingrowths in plagioclase. Plagioclase
and biotite occur in subordinate amounts. The pseudo�
morphs of secondary minerals on amphibole are very
rarely observed in the rocks. Major accessory miner�
als are apatite and zircon. Two�mica granite is usually
light equigranular medium�grained rock found only
in the Chorokhi Massif. In terms of mineral compo�
sition, it differs from other types of granites in the
presence of muscovite in equal amounts with biotite
(6 vol % each). 

The late dikes and veins of the Tsurungal group
(phase III) are represented by granite porphyry, quartz
porphyry, leucogranite, and aplite (Table 3). The gran�
ite and quartz porphyries are usually light rocks, with
phenocrysts (up to 70 vol %) dominated by quartz and
alkali feldspar (Ano–Mc). The rocks also contain sub�
ordinate sodic plagioclase and no more than 5–8%
biotite. The quartz porphyry and aplite sometimes
contain muscovite. Accessory minerals are apatite,
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zircon, tourmaline, titanite, rutile, magnetite, cas�
siterite, rarely andalusite and garnet.

The rhyodacite of the Karobi Group is gray por�
phyritic rock with phenocrysts frequently forming
glomeroporphyric intergrowths (Table 3). The phe�
nocrysts are dominated by zoned plagioclase on aver�
age corresponding to andesine. Quartz and biotite
phenocrysts are observed in subordinate amounts.
Microallotriomorphic groundmass is made up of the
same minerals. Accessory minerals are apatite, zircon,
and magnetite. The dike trachyandesite of the Karobi
group is porphyritic rock with 20 vol % of phenocrysts
dominated by zoned plagioclase (andesine–oligo�
clase), with rare quartz and amphibole. Biotite, cli�
nopyroxene, and secondary pseudomorphs on olivine
are very rare minerals. Panidiomorphic groundmass
consists of plagioclase and amphibole. Accessory min�
erals are titanite, apatite, and magnetite. 

Chemical Composition of the Intrusive Rocks 
of the Tsana Complex

The chemical compositions (major rock�forming
oxides) of the studied magmatic rocks of the Greater
Caucasus are listed in Table 4 (including author’s data
and data from works of Kiknadze, 1961; Togonidze
and Dudauri, 2008). It is seen in the table that the
intrusive and subvolcanic rocks of the Tsana complex
generally show wide variations of many components. 

Most mafic rocks compose the dikes in the upper
reaches of the Tanadon River and correspond to tra�
chyandesite in the SiO2–(Na2O + K2O) classification
diagram for volcanic rocks (Le Bas et al., 1986)
(Fig. 7). They contain 57.2–57.0 wt % SiO2, 6.7–
6.1 wt % Na2O + K2O at 2.3–2.2 wt % K2O

(K2O/Na2O – 0.6–0.5), are ascribed to the K�Na
mildly�alkaline series, and have high magnesium
number (mg# 0.66–0.65). Based on the petrographic
appearance, rocks from hypabyssal bodies of the Kar�
obi ridge (Table 3) should be typified using classifica�
tion for volcanic rocks. According to TAS classification
(Le Bas et al., 1986), they are ascribed to rhyodacite. It
should be noted that these rocks are heterogeneous in
terms of content of many major oxides: they are charac�
terized by wide variations of alkalis (Na2O + K2O⎯7.9–
4.1 wt %), MgO (1.3–0.6 wt %) and some other com�
ponents against a relatively narrow range of SiO2

(73.4–69.2 wt %). Rhyodacite is ascribed to the calc�
alkaline series (K2O/Na2O 0.4–0.3) and has mg# from
0.50 to 0.21.

The granitoids of different phases of the Tsurungal
group demonstrate significant differences in the
chemical composition (Table 4, Fig. 7). In the SiO2 –
(Na2O + K2O) diagram for plutonic rocks (Middlem�
ost, 1985), the data points of phase I rocks fall mainly
in the granodiorite—quartz diorite field and only two
samples correspond to quartz monzonite (69.6–
65.2 wt % SiO2, 8.3–4.5 wt % Na2O + K2O at 3.2–
1.5 wt % K2O, K2O/Na2O⎯0.8–0.3). They are
ascribed to the calc�alkaline or much rare K�Na
(or Na) mildly�alkaline (quartz monzonite) series and
characterized by the wide variations of mg# from 0.76 to
0.32. In terms of the last parameter, the phase�I grani�
toids of the Tsurungal group are clearly subdivided into
two subgroups: low�magnesium (mg# 0.47–0.32) and
high�magnesium (mg# 0.74–0.68) rocks. Note that the
range of mg# in the rocks of the second group is identi�
cal to that of typical granitoids of the adakite series. 

The phases II and III rocks of the Tsurungal group
in general are slightly more acid as compared to their
earlier analogues. In the TAS diagram (Middlemost,
1985), their data points define a compact cluster at the
boundary of the granite and granodiorite–quartz dior�
ite fields (Fig. 7). The granitoids contain 71.9–
69.1 wt % SiO2, 8.0–6.0 wt % Na2O + K2O at 4.0–
2.6 wt % K2O (K2O/Na2O⎯0.6–0.5), are ascribed to
the calc�alkaline series, and have low magnesium
number (mg# 0.43–0.09). In terms of silica and alkali
relations, the late granitoids of the Tsurungal group are
close to the rhyodacite of the Karobi Group and form
overlapping fields in the TAS diagram (Fig. 7).

On the SiO2–K2O diagram (Peccerillo and Taylor,
1976), data points of the studied magmatic rocks of the
Tsana Complex fall in the fields of mildly�potassium,
more rarely, high�potassium rocks (Fig. 8); in the
A/CNK–A/NK diagram, they define a vague trend
from metaluminous to peraluminous granitoids
(Fig. 9). According to the classification proposed in
(Maniar and Piccoli, 1989), the petrographic charac�
teristics, and position of data points in the A/CNK–
A/NK (Fig. 9), FeOt–MgO, and (FeOt + MgO)–CaO
diagrams (Fig. 10), these rocks may be ascribed to the
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Fig. 9. Diagram A/CNK–A/NK (Maniar and Piccoli, 1989)
for the studied magmatic rocks of the Tsana Complex.

postorogenic (late and post�collision) granitoids
(POG) forming during later phases or immediately
after cessation of continental collision. 

Origin of the Granitoids of the Tsana Complex

Based on the petrographic studies of the granitoids
of the Tsurungal group, Kiknadze (1967) concluded
that the young rocks of the region are of hybrid origin
and their magmas were formed by mixing of acid
(crustal) and basic melts. This conclusion was sup�
ported by the following arguments: (1) textural and

structural heterogeneity of the rocks, variable mineral
composition, including alternation of the leuco� and
melanocratic zones in the same parts of dikes and
massifs; (2) presence of numerous variably reworked
gabbroid xenoliths and microinclusions with sharp,
sometimes, gradual, fused, or resorbed outlines and
acid interstitial glass; (3) development of biotite rims
around corroded grains of quartz and plagioclase with
normal zoning, as well as “quartz eyes”; (4) inverse
and oscillation zoning of many plagioclase phenoc�
rysts; (5) frequent development of antiperthites;
(6) simultaneous presence of calcic and sodic plagio�
clases; (7) coexistence of great amounts of quartz and
Kfs with calcic plagioclase; (8) abundance of accessory
minerals, especially apatite and more rare tourmaline;
(9) simultaneous enrichment of granitoids in compat�
ible (Ni, Co, Cr) and incompatible (Be, Zr, Ga, Sn,
As, Bi) elements. Obviously, many of these facts could
be considered only as indirect evidence for hybridism,
but obtained new petrographic and isotope�geochem�
ical data at least are not contradict to conclusion made
by I.I. Kiknadze.

Our results show that at least three disequilibrium
phenocrystic associations may be distinguished in the
phases I and II porphyritic granitoids of the Tsurungal
group. The first association includes normally zoned pla�
gioclase phenocrysts with labradorite core (An 55�70)
and oligoclase rim (An 25�30), which are sometimes
rimmed by Kfs or biotite. This assemblage possibly
includes rare amphibole preserved only as secondary
pseudomorphs. The second association includes pla�
gioclase phenocrysts with inverse and recurrent zon�
ing, with albite�sodic oligoclase cores (An 10�20) and
oligoclase (An 20�28) rims, and corroded quartz of the
earlier generation, sometimes, with mica fringe. The
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third (“hybrid”) association includes small unzoned
oligoclase phenocrysts (An 21�25), as well as biotite,
anorthoclase, and later quartz of groundmass. It is
highly possible that the first association could be
formed during crystallization of deep�seated basic�
intermediate melt, while the second association crys�
tallized in acid upper crustal melts; and the third asso�
ciation was formed after mixing of basic and acid mag�
mas and formation of disequilibrium hybrid melt.
Note that the disequilibrium phenocrystic associa�
tions were also found by us in the rhyodacite of the
Karobi ridge (calcic plagioclase + relict amphibole,
quartz + sodic plagioclase + biotite), as well as in the
trachyandesite dikes of the mountainous part of North
Ossetia (calcic plagioclase + olivine + clinopyroxene,
quartz + sodic plagioclase + biotite, amphibole +
intermediate plagioclase). 

The suggested hybrid origin of the intrusive rocks of
the Tsana Complex inferred from above mentioned
petrographic features also agrees with some chemical
peculiarities of these rocks. In particular, the studied
rocks are confined to the POG field (Fig. 10) or plot in
the field of I�type granites in the Na2O–K2O diagram
(Chappell and White, 1974) (Fig. 11), which are usu�
ally regarded as granitoids of mixed mantle�crustal
origin. This implies that their magmas could be prod�
uct of either (1) crustal assimilation of primary mantle
melts or (2) mixing of deep�seated melts with upper
crustal partial melts (both versions are usually com�
bined with crystallization differentiation). 

Moreover, the hybrid origin of the granitoid mag�
mas of the Tsana complex could be proved seriously by
obtained isotope�geochemical data, in particular,
obvious Sr�isotope disequilibrium between a mixture
of zoned plagioclases ascribed to different mineral
associations, on the one hand, and groundmass and
biotite, on the other hand (Fig. 5). In addition, initial
87Sr/86Sr ratio in the studied Early Pliocene granitoids
of different magmatic phases shows wide variations
from 0.7053 to 0.7071 (Table 2, Fig. 5). This range
sharply differs from the present�day 87Sr/86Sr ratios of
the upper crustal Paleozoic granite�metamorphic
rocks of the Greater Caucasus (>0.715) and the lower
crust of the region (around 0.703), as well as from Sr
isotope composition of basic magmas produced by
asthenospheric mantle source (0.704) that was respon�
sible for magma generation in this region in the Neo�
gene–Quaternary (Lebedev et al., 2010). The Sr iso�
tope composition of magmatic rocks of the Tsana
complex is intermediate between mantle rocks and
upper crustal complexes. In this relation, the most
plausible assumption is that the parental magmas of
the Tsana intrusions were derived by mixing of mantle
melts with crustal melts generated by partial melting of
overthickened crust that was faulted and strongly
heated under upper crustal compression of the Epi�
hercynian Skythian plate in the Main Caucasus Fault
zone. It should be noted, the geophysical studies

(Shempelev et al., 2005) suggest the presence of local
melting chambers at the upper crustal levels up to the
present time and the absence of sharp geophysical
crust–mantle boundary in many areas in the framing
of this largest regional tectonic zone. 

It should be noted in conclusion that the intrusive
and subvolcanic bodies of the Tsana Complex are
paragenetically and may be genetically associated with
complex sulfide mineralization, which forms eco�
nomic, previously explored As and Mo deposits, as
well as numerous Sn, Sb and Cu�base metal occur�
rences. At present, prospecting is in progress at the
largest of these ore objects, the Tsana arsenopyrite
deposit, which is regarded as promising for extraction
of gold from arsenopyrite (average Au content in ores
2 ppm, Kekelia et al., 2008) from veins, wastes, and
tails. Additional isotope�geochemical studies are
required to establish the genetic relationships between
the sulfide mineralization and Tsana neointrusions. It
is important that such ore occurrences with (Au)�arse�
nopyrite�quartz veins were found both in the Georgian
and Russian parts of the considered sector of the
Greater Caucasus (for instance, the Tanadon deposit
in the mountainous part of North Ossetia, Konstanti�
nov et al., 2005), where sulfide mineralization may be
also related to the evolution of the Early Pliocene
magmatism. 

CONCLUSIONS

(1) Young intrusive and subvolcanic bodies of the
Tsana Complex were formed in the axial part of the
Greater Caucasus in the neighboring regions of Geor�
gia (Kvemo Svaneti and Zemo Racha) and Russia
(mountainous part of North Ossetia) in the Early
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Pliocene. They are localized within the spatially sepa�
rated Tsurungal and Karobi areas. The Tsurungal
group includes three stocks and dike swarm in the
upper reaches of the Tskhenistsqali River. They are
made up of the rocks of different composition: from
diorite and granodiorite to granite porphyry and
leucogranite. The Karobi group includes subvolcanic
rhyodacite bodies in the upper reaches of the Chashuri
River and submeridionally oriented trachyandesite
dikes developed in this part of the Main Caucasus
Range. All the rocks of the Tsana Complex are con�
fined to the sublatitudinal Main Caucasus Fault span�
ning an area of 40 (NW–SE) × 10 (SW–NW) km
in size. 

(2) The results of isotope�geochronological (K�Ar,
Rb�Sr) studies indicate that the igneous rocks of the
Tsana Complex were formed in the Early Pliocene
during two discrete pulses of magmatic activity: 4.80 ±
0.15 and 4.15 ± 0.10 Ma. The intrusive bodies of the
Tsurungal Group were formed during the indicated
time periods, at basic to acid evolution of magmatic
melts, while the Karobi group was formed during the
earlier pulse of magmatic activity. 

(3) The volcanic activity at the Greater Caucasus
from the terminal Pliocene to the Late Pleistocene
showed a systematic spatial migration with two main
displacement “vectors” of volcanic centers and related
areas of intrusive magmatism (Fig. 6). 

(4) Petrographic and geochemical, including iso�
tope�geochemical, data support the hybrid nature of
the young granitoid melts, with different contribution
of mantle and crustal sources at different phases of the
magmatic evolution of the Tsurungal and Karobi
intrusive groups. Parental magmas that produced the
young intrusive bodies were presumably derived by
combination of fractional crystallization and mixing
of deep�seated mantle magmas with upper crustal par�
tial melts from the Epihercynian Skythian plate. The
crustal contribution was minimal in the formation of
the Karobi group, and played significant role in the
genesis of the late�phase granitoids of the Tsurungal
group. The Main Caucasus upthrow fault and subsid�
iary faults acted as conduits for magmas of the
Pliocene granitoids of the Tsana Complex.
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