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Abstract

Tsaghkunyats antielmorium or Crystalhne basement m Armenia is a unique
geoteetonie strueture eharaeterized by its multistage magmatism, metamorphism and
orogeny. Numerous investigations have been earried out on the granitoids present here
and dated from Preeambrian to the Upper Cretaceous (Jurassie), while the issues of
their petrogenesis, geodynamics and emplacement ages remained eontroversial. After a
revision of those issues we present new field observations, bulk roek geochemistry and
U-Pb zircon geochronology to assess the age and the teetonie settmg of various
granitoids eroppimg out m the Lesser Caueasus Preeambrian basement of Tsaghkunyats
as a part (eore?) of Gondwana-derived South Armenian mieroplate (SAM). New
zircon U-Pb erystalhzation ages range from Late Neoproterozoie to Early Cambrian
(~545-530Ma) for the granitie gneisses; from Middle to Late Permian (~270-250Ma)
for the plagiogranites (trondhjemites), and from Late Jurassie to Harly Cretaceous
(~155-140Ma) for the tonalite formation roeks. Geoechemieally, these various aged
granitoids are eale-alkaline, peraluminous and are eharaeterized by enrichment of
LILEs and Th, with pronouneed minimums of Nb-Ta and Ti, and high LREE/HREE
ratios indieating subduetion-related magmatie events. As for the geodynamie setting,
all these granitoids are geoehemieally eontinental arc-type and their presenee may
suggest southward subduetion episodes of Proto-, Paleo- and Neotethys under SAM
aetive margim of northern Gondwana during above-mentioned time intervals.

Keywords: Tethyan belt; Lesser Caucasus; Armenia; Tsaghkunyats crystal-
line basement; granitoid magmatism; geodynamics; geochemistry; geochrono-

logy
Introduction

The NW-SE trending Amasia-Sevan-Hakari suture zone (Galoyan and
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Melkonyan, 2011) in Lesser Caucasus represents a major Neotethyan suture
zone (e.g., Galoyan et al., 2009; Rolland et al., 2009; Sosson et al., 2010; Hassig
et al., 2013) separating the Eurasian and Gondwanan continental margins (¢.g.,
Knipper and Khain, 1980) in the central part of Alpine-Himalayan orogemc
belt. Located in the south of this suture zone Tsaghkunyats crystalline basement
(or Massif) or Tsaghkunyats anticlinorium is the oldest geological unite in
Armenia (fig.1), which is generally considered as a part (namely core) of South
Armeman microplate (henceforth SAM) derived from Gondwana.

Many researchers have addressed and clarified the issues of geology, tec-
tomcs, stratigraphy, petrology and ore mineralization of the area of Tsagh-
kunyats antichnorium especially since 1930s, until the end of 1980s with a
downward trend of interests. Particularly, their findings are summarized in
works of V.N. Kotlyar, K.N. Paffenholtz, V.P. Rengarten, A T. Aslanyan, G.P.
Baghdasaryan, R.A. Arakelyan, A H. Gabrielyan, S.A. Balasanyan, A.R. Haru-
tyunyan, H.E. Nazaryan, V.A. Aghamalyan, A.A. Belov and S.D. Sokolov,
B.M. Meliksetyan, R.Kh. Ghukasyan, Z H. Chibukhchyan, R H. Khorenyan,
Sh.V. Khachatryan and many others. After the latest fundamental a few mono-
graphs (i.c., Khorenyan, 1982; Chibukhchyan, 1985), single works focused on
the petrology and age issues of the granitoids that are present here (e.g.,
Aghamalyan et al., 1997; Hassig et al., 2015). Therefore, for the first time after
a relatively break of more than thirty years, an attempt is made to refer to the
older gramtic rocks constituting a significant part of the oldest Precambrian-
Paleozoic basement of Armema (fig.2).

The purpose of this study is to revise the general geological, petrologic,
geochemical and geochronological issues of a number of granitoid intrusions
exposed within the limits of the Tsaghkunyats anticlinorium. Particularly, it
refers as to the plagiogranites (trondhjemites) and gramite-gneisses being the
oldest (?) magmatic rocks in the antichnorium and generally in the boundaries
of Armenia, whose age is/was considered Precambrian-Upper Proterozoic (see
below for details), as well as to several intrusions of fonalitic formation (quartz
diorite-tonalite-granodiorites) of Lower Cretaceous (formerly dated as Neo-
comian and younger).

The importance of research is the detailing/solution of existing strati-
graphic, petrological, geochronological, and geodynamic problems in accor-
dance with the modern ideas and more realistic geodynamic models. What’s the
scientific novelty of this study? The intended complex researches, and U-Pb
dating in various aged granitoid rocks will allow the revealing of (1) the
pecuharities of their material composition; (2) the geochronology of various
aged intrusions; (3) the possible genetic hnk or absence between different
facies; (4) the geodynamic setting of the formation of these intrusions; as well
as (5) their connection with the adjacent Paleozoic-Mesozoic geological
complexes (e.g., Lesser Caucasus ophiolites; carbonate-slope deposits of
Gondwana). Obviously, it is impossible to give an exhaustive answer to all the
questions raised in one work.
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Hence, the study involves a wide range of issues that relate to the afore-
mentioned goals and to their implementation solutions. Particularly, m this
paper important attention will be given to the various aged granitoid formations
cropping out in the Kotayk, Aragatsotn and partially Lori provinces of the
Repubhc of Armema, which are part of the Tsaghkunyats antichnorium of
Hankavan-Zangezur tectonic zone (Gabrielyan, 1974). This anticlinorium
geographically includes the Tsaghkunyats mountain range and the central and
western regions of the Pambak range bordering on the north. It is also bordered
with Hankavan (or Marmarik) fault zone from Paleogene Sevan-Shirak
synclinorium to the north. Marmarik fault comcides with the axis of Marmarik
river valley and is represented by several intrusive massifs of the Alpme
tectonic stage, from which the younger mtrusions, starting from the Middle
Eocene ages, will not be reconsidered within the scope of this project. Below
we will present the setting, tasks, new data and descriptions with the analysis
and interpretation of the results.

Brief stratigraphy

Accordimg to studies of the above-mentioned authors, Tsaghkunyats (or
Miskhana-Arzakan, or Arzakan-Spitak) antichnorium (or horst-anticlinorium)
consists of the oldest Upper Proterozoic-Paleozoic (?) to the Quaternary aged
various formations, whose total thickness exceeds 5000m (Aslanyan, 1958;
Kotlyar, 1958; Paffenholtz, 1959; Gabriclyan ¢t al., 1968; and many others). H.
Nazaryan (1964) described the internal structure of the anticlinorium in detail.
The geological section has the following general look.

The earliest formations are represented by the metamorphic rocks of the
Precambrian-Lower Paleozoic crystalline basement, namely various schists,
amphibolites, schistosed and dismembered gabbro-peridotites, marbles, phylli-
tes, quartzites, gneisses, etc. In the geological sequence these are known as
suites of “Arzakan”, about 500m thick; of “Bjnuyal”, about 400m, and of
“Dzoraglukh”, up to 1000m (Arakelyan, 1957, 1959). Detailed mformation
about these rocks, after the monograph of V. Kotlyar (1958), is summarized m
V. Aghamalyan’s fundamental work (Aghamalyan, 1998). In the structure of
Tsaghkunyats Massif, two Precambrian terranes of Arzakan (of ensiahc nature)
and of Hankavan (of ensimatic nature) are separated by Aghamalyan (2004). In
recent years a partial assessment of the P-T-t conditions of metamorphism in
this massif of the crystalhne basement of Tsaghkunyats is also done (Lor-
sabyan, 2013; Hassig et al., 2015). Metamorphic rocks are cut off by a number
of granitoid bodies, based on the oldest Rb-Sr isochrone ages of which the
oldest Late Proterozoic age of this metamorphic complex had been confirmed.
However, this question will be discussed in the following sub-section.

Jurassic (?7) formations are represented by weakly metamorphosed or relati-
vely fresh volcanic, volcano-sedimentary formations that are mainly cropped
out in the western part of the anticlinorium (fig.2), and are known as: “Aghve-
ran suite” of Ordovician (?) (800m thick; Arakelyan, 1957), an “Ancient
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volcanic series” of Lower Paleozoic (600m thick; Kotlyar, 1958) or Lower Silu-
rian (Aslanyan, 1958), or “Aparan series” of Lower-Middle Devonian (Gab-
riclyan et al., 1968) or Lower-Middle Jurassic (more than 6 km thick; Agha-
malyan, 1987). The latter includes also terrigenous sedimentary rocks (e.g.,
Saralanj village region), which, according to V. Aghamalyan, are comparable
with the similar formations of Lower-Middle Jurassic of the Shamshadin
anticlinorium in Northern Armenia (Magm. and metam. form. ArmSSR, 1981).
Stratigraphic and petrographic issues of these formations have been thoroughly
studied by Belov and Sokolov (1973), who attributed the age of this series to the
Lower-Middle Mesozoic era without specifying. According to these authors,
Aparan series does not lie discordantly on older formations, on the contrary, the
metamorphic complex is trusted over it along a gentle tectonic surface. The
explanation of the petrological issues of a part of these volcanic rocks is also
summarized in Khorenyan's (1982) monograph. A. Grigoryan (2014) among the
olistoliths of the Melikgyugh (village) member of the Tukhmanuk suite of the
Aparan series discovered a rich microfaumstic complex of conodonts, fish
scales and their teeth. The age of hmestone ohstohths, according to the iden-
tified conodonts of the genus Palmatolepis and Siphonodella, is determined as
Late Famennian. Without going into new details, let's just emphasize that the
issues of the composition and the age of “Aparan series” remain problematic,
and will be addressed in a separate study.

Cretaceous formations. Though actually the Lower Cretaceous formations
(i.e. Aparan series) are shown in some geological maps, in fact they are missing
here. Upper Cretaceous formations begm with Upper Turonian-Lower Conia-
cian terrigenous sediments (sometimes up to 200m thick), which are trans-
gressive, and overlie the previous series with an angular unconformity. These
are overlain by Upper Coniacian-Lower Santoman again terrigenous formations
(about 100m thick), which are replaced in the section with Santonian marly
limestones of 200m thick (Kotlyar, 1958). In particular, on the right bank of the
Hrazdan river, near the village of Bjni, the metamorphic schists of the oldest
Arzakan suite are transgressively and with sharp discordance covered by the
pinkish-gray calcarcous sandstones, light gray terrigenous limestones and
siltstones of Upper Coniacian (Hakobyan, 1978). Upwards they are covered
with various limestones and siltstones of Santonian-Maastrichtian; their total
thickness is about 90m. According to this author, to the north of the study arca
(fig.2), on the left bank of Marmarik River (norther of Hankavan village) the
Aparan series and metamorphic rocks are unconformably covered by Lower
Coniacian calcareous siltstones (30m) and Upper Coniacian terrigenous-carbo-
nate thicker (160m) sediments.

Paleogene formations. Volcanogenic-sedimentary formations of Eocene
that are about 2000m thick, with the conglomerates of base, are spread in the
northeastern parts of the antichnorium, which make up the thick Sevan-Shirak
synclinorium of Paleogene (Sarkisyan, 1966), in which the volcanic formations
of the Middle Eocene dominate. Mecanwhile, Nummulitic limestones of lower
Eocene have been preserved in the nuclei of local synclines in the Hrazdan
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River valley. Miocene-Pliocene thick series (about 300m) of intermediate and
acid composition lavas and tuffs occupies the highest relief arcas in this
anticlmorium, covering almost all previous formations (Kotlyar, 1958). Meta-
morphic rocks of this anticlinorium along mainly the valley of Hrazdan River
(or Hrazdan fault) are confined from the east by the Quaternary lava flows
(Gabrielyan et al., 1968). Thus, although a number of stratigraphic questions
also need to be revised, they are out of the scope of this paper; some may be
partly solved in parallel and we will address these questions later.

Granitoid plutonic manifestations and their age issues

Granitoids play a sigmficant role in the Tsaghkunyats antichnorium where
they are represented with several large and numerous smaller intrusive bodies
(Geology of ArmSSR, v.3, 1966; Magm. and metam. form. ArmSSR, 1981).
According to the composition, these are grouped into gramte-gneisses (also
known as “migmatite-granites”), plagiogranites (or leucocratic granites or
trondhjemites; in honor of Kotlyar, we also prefer to use the term of pla-
giogranite) and tonalitic formation rocks (quartz diorite-tonahte-granodiorite).
The age subdivision of these intrusions with direct geological observations
presents considerable complications considering: (1) the absence of contmuous
stratigraphic section of the region, (2) the different grade of metamorphism of
present rocks, (3) the absence of exact age(s) of the metamorphism, and (4) the
tectomc complexity of the region. Still in 1958, V. Kotlyar by principle of ana-
logy with the other Lesser Caucasus massifs of Georgia attributed the pla-
giogranites to the Paleozoic age, and A. Aslanyan did the same for the Arzakan-
Bjni massif of the granite-gneisses. By the way, R. Arakelyan (1959) was one
of the first, who mentioned that the plagiogranites cut some gabbro massifs in
the Tsaghkunyats anticlinorium, whose age also remains uncertain here. In ano-
ther paper, we will focus on the problem of mafite-ultramafites as well.

Plagiogranites make up tens to hundreds of small bodies (the larger ones,
up to 5-6, rarely 10-12km?; Chibukhchyan, 1985), especially, in amphibolites
and amphibole schists of Hankavan-Aparan series (Baghdasaryan, Ghukasyan,
1961): Most of the bodies are outcropped at the interfluves of Marmarik and
Kasakh rivers. These granites are represented by lens-hke, dyke-like, often
stock-shaped, as well as stratal intrusions of very different sizes (from a few cm
to a several meters thick), and intrusive contact relationship with the host rocks
can be casily observed. Their intrusion has often accompanied with the grani-
tization and migmatitization processes of hosting metamorphic rocks (Magm.
and metam. form. ArmSSR, 1981). Most of plagiogramte bodies have a chaotic
spread, though the larger ones are characterized by a sub-latitudinal strike (Chi-
bukhchyan, 1985) that is consistent with the heredity of the region's main tec-
tonic structures. Macroscopically these are light gray (with a white surface),
fine-medium to coarse-grained rocks that do not exhibit any varicty of mineral
composition (see details below section of petrography). Based on ficld
observations, we also share the view of Aghamalyan et al. (1997) that the
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intrusion of trondhjemite magma occurred at the fmal stage of folding and
metamorphism of the hosting amphibolite stratum, when the latter was still
sufficiently heated (i.c. was in a plastic state) that causes the mostly conformal
occurrence of plagiogramte bodies and the absence of quenchimg contacts.

Granite-gneiss formation is known especially by the largest Arzakan-Bjm
massif (12km®), and other smaller bodies, which is exposed between the
villages of Arzakan and Bjm (Baghdasaryan, Ghukasyan, 1961; Paffenholtz,
1959, 1970) and is exclusively emplaced within the metamorphic series, where
the Coniacian-Santonian sediments cover the intrusion and hosting meta-
morphic rocks. Latter both are cut by several thin diabase dikes of unknown
age. It should be noted that, unlike the plagiogranites, the impact of meta-
morphism on these rocks is considerable, at least their gneissification with an
augen texture is a visible fact in the field. These rocks reveal strong foliation
and mineral hneation, and, in places, they are massive and preserve their
original magmatic fabric. Macroscopically these are light to darker gray (with a
pinkish-red surface), medium- to coarse-grained rocks. Unlike of the former
group of granites the alkali feldspar is a main mineral phase here.

Tonalitic formation intrusions are known in this antichnorium with the
names of Aghveran, Hankavan (including Artavaz (Takarlu) one), Guegharot
and Mirak, all of which are included in this study. The massifs of Aghveran
(25km®) and Hankavan (40km®) cut the various series of metamorphic schists.
In addition, the latter also cuts the aforementioned plagiogranites in some
places. The Guegharot massif (30km®), which is emplaced in the north-western
edge of the study area, is intruded in the slightly metamorphosed “porphyrites”
of the Spitak Pass (Baghdasaryan, Ghukasyan, 1961), and the lesser Mirak
intrusion is localized in the main “Aparan series” north of the city Aparan (Fig.
2). In terms of petrography, these intrusions are compositionally quite close to
cach other and are similar to those of the same composition (diorite-quartz
diorite-tonalite-granodiorite-veined leucogranite series) intrusions of the
Somkheto-Karabagh tectonic belt of NE Lesser Caucasus.

By comparing the “gneissic granites” with other Georgian older massifs,
Paffenholtz (1970) concluded that these are Cambrian-Precambrian (old-
Caledoman orogemc phase) in age. Kotlyar (1958) attributed plagiogranitic
intrusions age presumably to the Paleozoic (undivided), and Paffenholtz
connected their intrusion with the “Sudeten” tectomc phase (the end of the
Early and the beginmng of the Middle Carbomferous) of Hercynian folding.
Baghdasaryan and Ghukasyan (1961) attributed the origin and intrusion of
plagiogranites to major orogenic movements. By using the K-Ar method, these
authors obtained ages ranging from 130 to 164Ma for both rocks and minerals
(plagiogranites and muscovites in them). Later, the researchers obtained 283Ma
and younger ages (57Ma), so based on the varying degree of rocks alteration,
i.€. "argon rejuvenation” due to loss of radiogenic argon, the plagiogranites was
attributed an age of at least 261+14Ma (Magm. and metam. form. ArmSSR,
1981).
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Though, mainly with Rb-Sr isotopic dating the mtrasion ages of 610 +
36Ma for granite-gneiss (Baghdasaryan, Ghukasyan, 1983) and the oldest of
685 + 77Ma for trondhjemite (plagiogranite) massifs (Aghamalyan et al., 1997)
were given, the problem can’t be eonsidered resolved. Over time, the research
laboratories of advanced countries are striving for the acquisition and using of
reliable and accurate analytical equipment for any rock dating. Accordingly, to
double check these ages for consistency, we applied U-Pb dating on zircons,
smce in recent decades, this method is considered as more rehable for dating
metamorphic and magmatic umts, rather than Rb-Sr method.

In recent years, the isotopic ages of many magmatic formations on the
territory of Armema and partly of Karabagh are revised as part of Armeman-
Taiwanese scientific cooperation. Particularly, thanks to the support of
Taiwanese universities (namely Isotope laboratories of National Taiwan and
National Chung-Cheng universities) we acquired new U-Pb ages in zircons
from this area (table 1). U-Pb isotopic analyses were performed by the laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) method,
following the procedures m (Chiu et al., 2009). It is noteworthy that new U-Pb
dating does not confirm the mentioned ages of granite-gneisses at the Bjni
village arca. In three representative rock samples we received new ages of
around 545-530Ma which corresponds to the boundary of latest Neoproterozoic
(Late Ediacaran) and Early Cambrian periods in the International Chrono-
stratigraphic Chart (2020). At the same time, during one of the quickly done
field observations, a question arose in our mind about the considered “oldest” in
Armenia plagiogranites (trondhjemites), depending on their field appearance. In
contrast to the orthogneisses (granite-gneiss) of Bjni, no deformation pheno-
mena are present (there is almost not stress influence macroscopically) in pla-
giogranites, which doubted us to compare them with the Middle Jurassic
plagiogranites of the Somkheto-Karabagh zone (c.g., Haghpat massif).
Although our new U-Pb dating results of ~270-250Ma (average of two samples)

Table 1
Sampling site coordinates and U-Pb ages of the granitoids from
Central-Northern Armenia
Sample Name of rock Latitude (') | Longitude Ma (20) Name of
0 Massif
BJ-08 granite-gneiss 40.47123 44.64305 532.7£5.6 Bjni
ARMI11-2A | granite-gneiss 40.46822 44.64504 554+14 Bjni
ARMI2A granite-gneiss 40.47119 44.64299 545+14 Bjni
ARMO1A plagiogranite 40.68445 44.48699 25547 Hankavan
ARMOSA plagiogranite 40.57685 44.68398 268+10 Marmarik
ARMO3A tonalite 40.65280 44.47489 159+5 Hankavan
ARMO6A tonalite 40.61178 44.57734 156+4 Artavaz
BJ-16 tonalite 40.51728 44.56438 154.7+1.4 Aghveran
ARMI4A leucogranite 40.51203 44.56774 161+4 Aghveran
ARMIS8-1A | tonalite 40.73493 44.19888 14044 Guegharot
ARMI18-2A | leucogranite 40.73493 44.19888 14344 Guegharot
6377 tonalite 40.62298 44.34125 141.6+1.4 Mirak
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have shown that these plagiogranites were relatively older (i.e., Middle-Upper
Permian) than Jurassic presumed, however they became much younger than
considered Neoproterozoic (Precambrian) age determinations were (Rb-Sr, 685
+ 77Ma; Aghamalyan et al., 1997).

In the tonalitic formation, the K-Ar ages from Lower (137-120Ma) to
Upper Cretaceous (105-75Ma) were brought for the above-mentioned intrusions
(Baghdasaryan, Ghukasyan, 1985). Later, the Rb-Sr age revision of Guegharot
massif yielded an age interval between the latest Jurassic and Early Neocomian
(147 = 11Ma; Baghdasaryan, Ghukasyan, 1990). The only older and reliable
pubhshed age, in recent years, is that of granodiorite-leucogranites of the
Aghveran massif (155-150Ma; Hassig ¢t al., 2015) for the entire anticlinorium,
which corresponds to the Late Jurassic epoch. In addition, application of U-Pb
method to date tonalite-granodioritetgranite series rocks yielded new ages of
147-140Ma for Guegharot and Mirak intrusions, of 164-152Ma for Hankavan
massif and of 165-154Ma for Aghveran massif. Generalizmg the magmtude of
the error (26) we can take 156-140Ma, as a smgle age interval of Late Jurassic-
Early Cretaceous for tonalite formation that coincides well (though slightly
younger) with other intrusions (e.g., Shnogh-Koghb, Chochkan, Me¢hmana)
from Somkheto-Karabagh magmatic belt of Jurassic (Galoyan et al., 2013,
2018).

Petrography

Petrographic issues have been addressed by almost all previous researchers.
It is already obvious that gramtes described in this study fall mto three age
groups. The oldest granite-gneisses are characterized by hypidiomorphic-gra-
nular texture, where acidic plagioclase, quartz and alkali feldspar (generally
microcling), minor muscovite and biotite (these two latter are partly secondary)
arc main minerals, while sericite, epidote, chlorite and pelitic minerals are
secondary. Accessories are represented by apatite, zircon and opaque mine-
ral(s). The (modal) compositional plot of QAP diagram (of Streckeisen, not
shown) classifies the rocks as monzogranite and a few samples as granodiorite.

Plagiogranites are represented by fine- and medium-, rarely coarse-gramed,
occasionally porphyritic varieties, with the hypidiomorphic- to allotriomorphic-
granular textures. Mineral composition is very simple, represented by acid
plagioclase as a dominant mineral and quartz (together 90-95vol.%), sometimes
homblende, biotite and muscovite (two latter are partly secondary). The
secondary minerals are sericite, chlorite and epidote, while the accessories are
apatite, opaque minerals, zireon and rarely tourmaline (secondary (?), meta-
somatic).

Tonalitic formation intrusions are compositionally represented with the
diorites (started from several gabbro to gabbro-diorite darker enclaves, except
metamorphic host-rock ones), quartz diorites, tonalites, granodiorites that are
related facially, except the veined and dike-hke pinkish granite-aplites that are
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Table 2

Chemical compositions of the granitoids from Central-Northern Armenia

(the major elements in wt%, other elements m ppm, LOI is not defined).

*Mg# = 100¥*Mg/(Mg+Fe2+); ogns — orthogneiss, tdhj — trondhjemite, Q dior. — quartz
diorite, leucogr — leucogranite.

U-Pb age Precambrian Middle-Upper Permian
Sample | BJ-08 Bjn JARM11-2A] ARM12A | ARMO1A | ARMO2A [ARMO04-2A] ARMOSA JARMOS-2A] ARMI15A
Name ogns ogns ogns tdhj tdhj tdhj tdhj tdhj tdhj
N°(40) | 47123 | 46822 | 47119 | 68445 | 66844 | .63787 | .57685 | 57685 | .61302
Eo44.) | 64305 | 64504 | 64299 | 48699 | 47206 | .50037 | .68398 | .68398 | 41186
Si02 76,30 72,35 81,41 71,19 73,53 71,84 71,09 71,84 70,19
TiO2 0,19 0,65 0,05 0,15 0,13 0,10 0,20 0,10 0,11
Al203 14,03 12,91 10,48 16,17 15,81 16,76 18,90 17,17 17,22
Fe203 1,63 3,20 1,02 0,95 0,90 0,88 1,02 0,23 0,69
MnO 0,02 0,06 0,01 0,02 0,02 0,02 0,00 0,01 0,02
MgO 0,25 1,70 0,38 0,75 0,59 0,56 0,23 0,29 0,74
CaO 0,52 1,91 0,31 1,26 1,49 0,93 0,23 0,99 1,99
Na20 3,31 3,97 3,57 6,64 6,12 6,57 4,54 5,79 6,67
K20 4,38 1,25 3,47 1,92 0,96 1,83 2,71 1,84 0,77
P203 0,06 0,21 0,06 0,08 0,08 0,07 0,03 0,08 0,06
Total 100,7 98,2 100,7 99,1 99,6 99,6 98,9 98,3 98,5
Mg#) * 25 54 44 63 59 58 33 73 70
Rb 133,8 47,0 103,7 30,3 22,9 53,1 93,5 32,8 17,9
Sr 112 95 77 234 306 203 110 332 329
Y 29,3 29,0 14,4 3,2 3,5 2,5 3,5 2,8 1,8
Zr 142 232 55 71 71 46 67 53 48
Nb 8,7 10,9 3,1 1,0 1,1 0,7 1,00 0,9 1,10
Ba 760 256,0 375 364 229,0 333 195 273 140
Hf 4,47 5,8 2,16 2,07 2,0 1,47 2,01 1,68 1,49
Ta 1,197 0,923 0,772 0,077 0,082 0,055 0,074 0,063 0,099
Pb 7,3 16,3 4,2 5,74 13,3 11,5 11,6 2,95 43
Th 21,37 9,8 14,27 0,81 1,0 0,49 0,71 0,20 0,2
U 1,84 1,49 0,9 0,38 0,41 0,15 0,15 0,14 0,09
V 15,09 67,36 15,30 11,12 7,28 4,37 23,9 11,6 6,68
Cr 47 86 145 54 181 54 28 36 30
Co 2,3 9,1 1,6 3,0 2,9 2,0 1,3 2,7 2,9
Ni 23 35,0 74 29,3 88,5 21 18 20 18
Cu 5,0 26,13 6,75 3,48 6,79 3.4 3,2 7,2 2,5
Zn 15,9 43,3 8,5 13,9 13,6 10,5 17,1 10,1 21,9
La 30,7 32,2 14,4 2,8 3,5 1,5 1,3 1,0 0,8
Ce 67,5 64,0 34,7 6,4 7,3 2,9 2,2 2,3 1,5
Pr 6,59 7,42 3,35 0,84 0,92 0,397 0,37 0,31 0,21
Nd 22,5 27,7 11,7 3.4 3,7 1,5 1,5 1,3 0,9
Sm 4,38 5,75 2,58 0,86 0,83 0,39 0,39 0,37 0,28
Eu 0,718 1,287 0,311 0,293 0,275 0,196 0,148 0,271 0,174
Gd 3,94 5,41 2,2 0,81 0,77 0,45 0,47 0,45 0,32
Tb 0,679 0,826 0,375 0,107 0,106 0,071 0,085 0,073 0,047
Dy 4,35 4,99 2,38 0,60 0,60 0,41 0,54 0,47 0,27
Ho 0,982 1,023 0,521 0,109 0,118 0,081 0,111 0,095 0,057
Er 2,87 2,81 1,52 0,29 0,31 0,22 0,31 0,25 0,14
Tm 0,476 0,420 0,253 0,044 0,046 0,034 0,045 0,038 0,024
Yb 3,20 2,59 1,72 0,28 0,33 0,21 0,31 0,25 0,18
Lu 0,481 0,383 0,269 0,044 0,050 0,035 0,049 0,038 0,027
~REE 1493 156,8 76,3 16,9 18,8 8,4 7.9 7,3 4.9
Eu/Eu* 0,53 0,71 0,40 1,07 1,05 1,43 1,06 2,03 1,78
(La/Smn | 4,52 3,62 3,60 2,10 2,72 2,48 2,15 1,74 1,84
(La/Ybn| 6,88 8,92 6,01 7,17 7,61 5,12 3,01 2,87 3,19
Dy/Yb 1,36 1,93 1,38 2,14 1,82 1,95 1,74 1,88 1,50
Ba/Rb 5,68 5,45 3,62 12,00 10,01 6,27 2,09 8,34 7,83
Rb/Sr 1,19 0,49 1,35 0,13 0,07 0,26 0,85 0,10 0,05
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Upper Jurassic-Lower Cretaceous

ARMI1 ARMO | ARMOS | ARM BI-16 ARMI13 | ARM ARMI18 | ARM 6377
6A 3A A 06A Agv A 14A -1A 18-2A | Mrk
tdhj ionaht Q dior. ionaht tonalite | Q dior. 1euc0g tonalite 1eucog tonalite
61407 | 65280 | .62928 '86] 7 51728 51395 '35120 73493 '37349 62298
41560 | 47489 | .53695 '45773 56438 .56790 '45677 19888 '8]988 34125
70,88 65,94 63,68 64,63 63,93 61,45 76,97 63,00 77,44 63,94
0,13 0,59 0,68 0,59 0,67 0,82 0,19 0,68 0,08 0,68
17,31 16,34 16,57 16,59 17,17 16,62 13,18 17,41 12,64 18,12
0,84 3,80 4,22 4,07 4,32 35,37 1,09 4,24 0,34 4,78
0,04 0,07 0,06 0,07 0,07 0,09 0,02 0,07 0,00 0,09
0,61 2,14 2,79 2,82 2,99 3,59 0,62 2,40 0,12 2,27
3,29 2,60 4,71 4,26 4,69 5,52 1,04 4,63 0,81 4,70
5,27 4,56 4,65 4,28 4,05 4,51 4,69 4,54 2,93 3,92
0,95 2,05 1,07 2,17 1,66 1,14 2,24 1,65 5,27 1,75
0,07 0,22 0,26 0,23 0,24 0,25 0,06 0,19 0,04 0,20
99,4 98,3 98,7 99,7 99,8 99,4 100,1 98,8 99,7 100,4
61 55 59 60 60 59 55 55 43 5]
28,0 62,0 31,4 68,5 48,5 28,1 43,9 273 69,4 46,4
355 579 649 547 577 616 322 427 102 462
3,2 13,9 10,6 11,2 10,8 17,4 4,1 17,7 8,5 15,2
70 185 154 138 120 170 55 153 72 158
1,10 14,4 12 13,60 10,900 15,3 7,80 13,40 13,00 14,1
168 675 270 537 413,00 420 411,0 337 304 450,0
1,75 4,34 3,49 3,3 2,750 4 1,83 3,50 2,85 3,620
0,080 1,084 0,773 0,995 0,637 1,09 0,968 0,964 2,812 0,932
11,0 12,0 10,51 28,44 7,830 36,18 12,11 4,1 6,2 3,12
0,57 9,90 7,66 9,8 6,7600 8,53 21,76 4,45 17,58 3,680
0,14 2,62 1,82 1,66 1,200 1,41 2,44 0,84 5,24 0,99
3,0 70,92 77,99 74,49 73,8 99,02 20,23 79,34 5,3 77,31
16 118 63 66 133 110 51 63 30 57
1,7 11,0 12,0 12,0 13 16 3 10,8 0,9 12
9 67 37 44 75,2 59 25 38,6 17 35
4,10 15,10 16,4 9,79 17,9 18,1 35,6 88,48 5,40 4,5
13,2 52,8 62,7 49,9 53,2 56,3 15,3 32,8 46,9 46,5
2,2 33,4 26,6 29,7 24,1 29.5 333 16 23,3 22,7
4,7 62,3 45,9 52,0 43,70 54,6 46 31,5 36,9 40,30
0,597 6,99 5,03 5,56 4,931 6,10 3,74 3,71 3,36 4,466
2,4 24,8 18,11 19,3 17,83 21,9 9,9 14,2 9,6 16,22
0,56 4,36 3,26 3,44 3,110 4,14 1,20 3,05 1,44 3,08
0,230 1,278 0,973 1,032 0,963 1,19 0,49 0,971 0,394 1,06
0,52 3,68 2,79 2,93 2,470 3,69 1,09 3,11 1,33 2,84
0,077 0,451 0,351 0,366 0,351 0,512 0,116 0,467 0,189 0,438
0,47 2,48 1,91 2,01 1,930 2,99 0,6 2,97 1,24 2,56
0,101 0,470 0,375 0,39 0,377 0,612 0,129 0,62 0,288 0,532
0,3 1,28 0,99 1,04 0,980 1,66 0,39 1,73 0,94 1,47
0,049 0,183 0,143 0,150 0,139 0,251 0,061 0,264 0,173 0,225
0,36 1,23 0,89 0,99 0,900 1,64 0,45 1,75 1,37 1,47
0,059 0,184 0,137 0,151 0,141 0,248 0,074 0,272 0,240 0,229
12,6 143,1 107,5 119,1 101,9 129,0 97,5 80,6 80,8 97.6
1,30 0,98 0,99 0,99 1,06 0,93 1,30 0,96 0,87 1,10
2,54 4,95 5,27 5,57 5,00 4,60 17,91 3,39 10,45 4,76
4,38 19,48 21,44 21,52 19,21 12,90 53,08 6,56 12,20 11,08
1,31 2,02 2,15 2,03 2,14 1,82 1,31 1,70 0,91 1,74
6,00 10,89 8,60 7,85 8,51 14,96 9,36 12,35 4,38 9,70
0,08 0,11 0,05 0,13 0,08 0,05 0,14 0,06 0,68 0,10
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posterior series (second phase). The rocks are characterized mainly by
hypidiomorphic-granular, sometimes porphyraceous textures. Main minerals of
these rocks are represented by various proportion of medium to acid plagio-
clase, quartz, potassium feldspar (in granite-granodiorites) minerals, as felsic,
and pyroxene, mainly amphibole and biotite as well as mafic minerals. Accesso-
ries are opaque (mainly magnetite) minerals, apatite, zireon, rarely sphene and
rutlle. Secondary minerals are represented by sericite, pellte, carbonate, chlorite,
epidote and hmomte.

In the normative anorthite—albite—orthoclase (An—Ab-Or) ternary diagram
(O’Connor, 1965), these granitoids plot in granite, trondhjemite and tonalite
(with few granodiorites) fields, respectively (fig.3A).

Geochemistry

A total of 19 samples from three different groups of granitoid intrusions
from the studied antichnorium (fig.2) have been selected for major, trace and
rare earth element analysis that are determined at the Chemical laboratory of
Department of Geosciences of National Taiwan University (NTU). Particularly,
the major oxide determinations were done by X-ray spectrometry (XRF), and
rare earth and other trace-elements by the method of inductively-coupled
plasma Mass spectrometry (ICP-MS). Geochemical composition of the
gramtoids is shown in (table 2).

Major elements. All studied rocks are characterized by the normal-alkaline
chemistry (i.e. sub-alkaline series) and according to TAS diagram (total alkali
vs. silica, not shown) plot to mainly dacite and rhyolite fields with a few quartz
diorites that are in the andesite ficld. The studied granitoids are sub-alkaline
with well-developed calc-alkaline trend on the AFM diagram (fig.3B). The
granite-gneisses are more felsic in composition, their SiQ, content range
between 72-81wt.% and they have relatively low Al,O; contents of 10-14wt.%.
The plagiogranites reveal lower SiO, contents (70-74wt.%) and increase of the
Al O; contents between 16-19wt.%. In the tonalitic formation rocks SiO, con-
tents are 61-66wt.% and around 77wt.%, and Al,O; contents are 16-18wt.% and
around 13wt.%, respectively, in the first phase quartz diorite-tonahtes/grano-
diorites and pmkish leucogranites (granite-aphte) of second phase. Based on
geochemical classification for granitic rocks (Frost et al., 2001) these samples
are peraluminous with the aluminum saturation index (ASI= Al /(Ca - 1.67P +
Na + K)) of 1.0-1.9 (i.e. are corundum-normative), which means that they have
more Al than can be accommodated in feldspars and that they must have ano-
ther aluminous phase present (fig.3C). There are no clear differences between
the various aged series m the modified alkali-lime index (MALI = Na20 + K20
— Ca0Q) vs. Si diagram (fig.3D) that classified rocks into alkalic, alkali-calcic,
calc-alkahc, and calcic groups (Frost et al., 2001). In the K20 versus Si02
diagram (Le Maitre et al., 1989; not shown) all gramtoid samples plot in the
low- and medium-K fields. The Mg # (Mg-number) varies from 25 to 54, from
33 to 73 and from 43 to 60 for granite-gneiss, plagiogranite and tonalitic series,
respectively.
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Discussion

The research relevance is conditioned by the use of modern scientific-
theoretical methods and analytical possibilities to obtain the newest and reliable
geochemical data and U-Pb isotopic ages, which were mostly absent in previous
studies. These are necessary, especially, for elucidation of geological evolution,
lithology and tectono-stratigraphy of the Precambrian-Paleozoic metamorphic
soles croppmg out within the micro-contments in the Arabian and Eurasian
plates collision zone.

According to field observations and geological maps, except granitoid
massifs emplacement imto the SAM’s crust, there are no clear indications about
the (southward) subduction process among the available data during Late
Neoproterozoic or Late Paleozoic, while both plutonic and volcanic activity
confirms subduction regime under Tsaghkunyats continental massif during at
least Middle-Late Jurassic, lasting up to Early Cretaceous.

It is known that granitic melts can result as from partial fusion of continen-
tal crustal rocks in low pressure conditions, as well as from extensive fractional
crystallization of basaltic magma that derived from the partial melting of mantle
peridotites. The experimental studies have shown that melting of metasedimen-
tary rocks generates also peraluminous silica-rich melts (Patino Douce and
Harris, 1998). However, in this paper, we will limit the discussion of petrolo-
gical and especially granitic magma petrogenesis issues that need additional and
detailed research. Below two subsections the timing of granitoid magmatism
and the tectonic imphcation in a regional context are discussed.

Regional comparisons and magmatism age constraints.

Before the advent and adoption of Plate tectonics theory all geological
problems of the Lesser Caucasus were compared/parallelized, analyzed and
discussed with those of the Greater Caucasus. These were widely used m the
works of all or by the majority of previous researchers, up to the 1980s.
Meanwhile, comparisons with lateral, regional geological umts (in Anatolia and
Iran) and geo-events are more effective and informative at present. Zircon age
dating has shown that there are two different magmatic series in Dzirula Massif
of Georgia: (1) the older Lower Cambrian mostly of tonalitic composition, and
(2) the younger (~ 330Ma, corresponding to Variscan orogenic phase) gabbro-
diorite series, with mostly tonalite-granodiorite type of rocks (Mayringer et al.,
2011).

The U-Pb dating has revealed that the crystalline basement of the Sanandaj-
Sirjan, the Central Iran and the Alborz terranes (blocks or zones) in Iran
consists of the continental parts of Gondwanan origin, which are characterized
by a wide spread of subduction related granite-granodiorite intrusions of Late
Neoproterozoic—Early Cambrian (average 550Ma) period (Hassanzadeh et al.,
2008). Accordimg them, an active Peri-Gondwanan continental margin best
explains the distribution of these granitoids m Iran. Balaghi Einalou et al.
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(2014) and Moghadain ¢t al. (2016), who studied upper Neoproterozoic gramtes
and granite-gneisses in the Biarjmand region of Central Iran, came to a similar
conclusion on the ages (i.c. Late Ediacaran and Early Cambrian) and the
geodynamic settmg of Central Iran as a continental magmatic arc. Besides, new
zircon U-Pb ages of gramtoids from NW Sanandaj-Sirjan (Marand area) and
Central Iran (Saghand arca) showed Late Neoproterozoic (565-556Ma) and
Early-Middle Cambrian (518-510Ma) intervals, respectively (Chuu et al., 2017).
Let's briefly mention that according to Lechmann et al. (2018) these two
Precambrian terranes were separated from each other by a continental rifting
that is reflected in a dioritic-granitic magmatism m Khoy arca during Late
Jurassic (159-154Ma).

In Turkey, Central Anatolian Crystalline Complex (CACC, known also
Kirshehir Massif) is a large region of metamorphic rocks (gneisses, schists,
marbles, quartzites, etc.), cut by the Upper Cretaceous gramtes (isotope ages 95-
70Ma; Okay, 2008 and references therein). The Menderes Massif consists of a
Precambrian core of micaschists, gneiss and minor granulite and eclogite, which
are intruded by large metagranites of latest Precambrian ages (~550Ma)
(Candan et al., 2001). In the Precambrian basement of the Biths Massif (south-
west of Lake Van), as a part of the Taurides-Anatolides, again the metamorphic
rocks (gneiss, amphibohte, schist and eclogite) are intruded with leucocratic
granitoids (Okay, 2008), but we have no ages (?). U-Pb zircon dating of the
Mutki gramte from Bitlis Massif and a nearby granitic dyke yielded crystal-
lization ages of 545.5+£6.1Ma and 531.4+£3.6Ma, respectively (Ustadmer et al.,
2009). Besides, in the Karacahisar dome m the southern-central Taurides, the
mtrusion of dacitic dyke swarms yielded a U-Pb zircon age of 544+4Ma, coeval
with the magmatism in other Cadomian basement umts in the Taurides (e.g.,
Sandikli and Menderes massif; Abbo et al., 2015).

At the Strandja Massif in the southern Balkans (NW Turkey) the Variscan
crystalling basement, inade up of prcdominantly quartz-feldspathic gneisses, is
intruded by Late Carboniferous and Early Permian (257+6Ma) granitoids (Sunal
et al., 2006). Although Permian ages coincide well with our results, those
granites are distmguished for their high content of K-feldspars (35-45%), unlike
our plagiogranites. Besides, Permo-Carbomferous granitoids with Jurassic high
temperature metamorphism are described also m Central Pontides of Northern
Turkey with U-Pb zircon ages of 316-252Ma (Gticer et al., 2016). Accordimg to
these authors, this calc-alkaline arc-type gramtoid magmatism resulted from the
northward subduction of Paleotethys oceanic lithospherc under Laurasia.

Recently, Candan et al. (2016) showed the presence of Carboniferous (331-
315Ma, U-Pb method) metagranite plutons in the Afyon zone, at the northern
margin of the Anatolide-Tauride Block, which is made up of the latest
Neoproterozoic to Late Cretaceous units. Petrographically these are normal
(sub-alkaline) granites with the predominance of K-feldspar (~45%), and
geochemical characteristics argued their subduction origin in a continental arc
setting.
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The geochemical signatures of Guegharot, Mirak, Hankavan and Aghveran
tonalite intrusions from the present study are similar to those of tonalites from
mtrusions of Jurassic Somkheto-Karabagh belt (Galoyan et al., 2013, 2018),
whose subductive nature is no longer in doubt. Given the assumption that these
mtrusions are part of the Spitak-Kapan zone of Galoyan et al. (2013), the
rejuvenation of the age of intrusion(s) of tonahte formation is noticed towards
the south-cast, i.e. in Kapan area. Here the rocks of voluminous Tsav pluton
yielded Lower Cretaceous zircon U-Pb ages (~138-130Ma; Mederer et al., 2013
and Melkonyan et al., 2016), which is the result of subduction-related
magmatism as well.

Being composed of Precambrian various metamorphic rocks sequences
(mainly with the terrigenous protohths) and intruded by Late Ediacaran—Early
Cambrian granitic rocks, the Tsaghkunyats basement resembles other Cadomian
terranes in the region, includimg those in Iran and Turkey. Thus, it is evident
that studied oldest (from Precambrian to the Early Cretaceous) gramtoid intru-
sions are one of the most commonly occurring plutomc formations m our
region, and the problem of their petrologic and geodynamic synthesis (compa-
rison) and the geochronological generalization remains one of the most impor-
tant in the regional context.

Issues concerning to the regional geodynamic setting.

From the point of view of petrologic issues and, in particular, of geody-
namics the granitoid formations (similarly to basalts) have extremely important
significance. The geodynamic evolution of Eastern Pontides—Lesser Caucasus—
Iran orogemc belt remains a subject of debates mainly because of the rarity or
often absence of systematized geological, geochemical, and thoroughly
geochronological data on various geological formations, and especially, on the
abundant magmatic complexes. Additionally, the reconstruction of history of
the geodynamic evolution of any region, based on the analysis of its mag-
matism, is one of the most effective methods. Taking into consideration the
geochemical features of studied granitoid intrusions, it is obvious that the
majority of features assigned them to the subduction-related tectonic settings.

Though it is commonly assumed that Tsaghkunyats crystallme massif is a
part of the South-Armeman micro-contment (microplate or block), as a base-
ment of Caledonian consohdation, nevertheless, the view remains unjustified.
This has already been mentioned also m (Sosson et al., 2010). The problem is
caused, on one hand, by the buried boundary of the crystallme massif or core (?)
complex along with the Upper Paleozoic carbonate shelf formations from its
south, and, on the other hand, by the rarity or absence of reliable and modern
deep geophysical (e.g., seismic reflection, gravity and magnetie anomahes, and
seismic tomography) research data. Similarly, Kirshehir Massif (or CACC) in
Turkey is an extensive terrane, represented by metamorphic and plutonic rocks
of the Upper Cretaceous, and the question of whether it belongs to Anatolides-
Taurides is still controversial (e.g., Okay, 2008).
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In last two (or three) decades, there is no deficiency of schemes and models
regarding to the tectonic evolution of the Lesser Caucasus during Jurassic (e.g.,
Melkonyan et al., 2000; Galoyan et al., 2009, 2013, 2018; Rolland et al., 2009;
Sosson et al., 2010; Mederer et al., 2013; Hassig et al., 2015). However, the
same can’t be said about the geological situations and processes that existed
before Jurassic, tough these issues have also been addressed in several studies
(e.g., Aghamalyan, 2004; Gamkrelidze and Shengelia, 2007; Rolland, 2017).
Here, uncertainties are much more than clarities. Finally, it is difficult to
achieve a realistic solution to the problem based only on (1) the study of the
Tsaghkunyats anticlinorium (or crystalline basement) or (2) the granitoid
mtrusions emplaced therem. In this sense, regional comparisons and synthesis
are inevitable on the way of finding explanations that are more logical and
realistic.

From the above-mentioned (section 6.1) age data follows that there is no
doubt about the long extended (~45Ma) Andean-type subduction of the
Prototethys beneath the northern margin of Gondwana, which produced the
massive Cadomian arc-type magmatism during the Late Neoproterozoic to
Early Cambrian exposed in Turkey (Candan et al., 2001; Ustadmer et al., 2009),
southern Georgia (Zakariadze et al., 2007), Iran (Ramezani and Tucker, 2003;
Hassanzadeh et al., 2008; Balaghi Einalou et al., 2014; Moghadam et al., 2015,
2016; Chiu et al., 2017) and Armema (this study). Moreover, the Cadomian belt
stretches from Iberia through central and southeast Europe mto Turkey and Iran
and may continue into the Qingtang terrane of Tibet (Moghadam et al., 2016
and references therein). This subduction is suggested to have ceased around
450-400 Ma, due to continental or oceanic plateau collision (Ustadmer et al.,
2009), while this time interval comcides to the opemng (rifting) of Paleotethys
Ocean corresponding to Iranian part of Gondwana (reconstruction in Mog-
hadam et al ., 2015).

“Mystery” of the Paleotethys Ocean. Location of the suture line of
Paleotethys Ocean in the Caucasus has been debated for a long time. According
to Gamkrelidze and Shengelia (2007), this line sits between the Black Sea-
Central Transcaucasian and Baiburt-Sevanian (corresponds to Eastern Pontides-
Lesser Caucasus belt of others) terranes, i.e., along the northern periphery of the
Somkheto-Karabagh belt (a sub-ferrane according them). They supposed the
existence of serpentinite mélange in the eastern periphery of the Loki Massif
(southern Georgia) as an ophiolite suture, and considered the existence of the
Proto-Paleotethys basin to be continuous until the Late Jurassic. Based on their
original results and critical analysis of literature data, Galoyan et al. (2018)
suggested a south-dipping subduction model in the Paleotethyan ocean, which
have led to formation of the Somkheto-Karabagh island(?)-arc (i.e. ensimatic)
structure and to the opening of Lesser Caucasian Neotethyan rear basin
corresponding contemporary Amasia-Sevan-Hakari suture zone (Galoyan and
Melkonyan, 2011).

Aghamalyan (2004) presented a model covering the longest period from
mid-Proterozoic to Quaternary for this region. According to his reconstruction,
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Paleotethys inherited from Prototethys that functioned between Proto-Africa
and Laurentia continental masses. However, this model can’t work anymore for
the simple reason that the ages of granite-gneisses and, especially, plagiogra-
mtes were “exaggerated” (see section 3), while the geodynamic interpretations,
in the early stages of the Caucasian earth's crust formation, were based on these
timing.

Similarly, the possible location or existence of the Paleotethys suture in
Turkey has been the subjects of a long-lastmg debate (e.g., Sen, 2007; Dokuz et
al., 2017; Candan et al., 2016 and references therem). Moreover, the tectomc
settmg of the northern continental margm of Gondwana during the late
Paleozoic remams controversial (Candan et al., 2016 and references therein). It
is especially about the issues of active or passive nature of contmental margm
and the polarity of Paleotethys subduction. Based on origmal results of
widespread Early to mid-Carbomferous metagranites from the Afyon zone and
the analysis of a large amount of literature data (for a review see Candan et al.,
2016), these authors concluded that the presence of Carbomferous subduction-
accretion complexes and arc-type (meta)granites on the northern margm of the
Anatolide-Tauride Block suggest southward subduction of Paleotethys under
Gondwana. Besides, they concluded that these granites are not related to the
Variscan orogemc event that was characteristic to the southern margm of
Laurasia. Dissimilarly, in their preferred southward subduction model of Dokuz
et al. (2017), the Paleotethys Ocean was to the north of Sakarya zone (or
Pontides) constitutimg a part of the northern margm of Gondwana. According
them, starting from Permian the subduction resulted to the back-arc extension
and breaking up of the Sakarya zone from Gondwana in the Late Triassic and
closimg the Paleotethys ocean during the Late Jurassic. Similarly, to the opinion
of Gamkrelidze and Shengeha (2007) for Caucasus, these authors “located” the
Paleotethys suture along the northern border of Sakarya zone.

On the basis of a review of geological data from the hterature from NE
Anatolia, Caucasus and NW Iran, a reconstruction of the evolution of the
Eurasian margim from Proterozoic to the present was proposed by Rolland
(2017). According him, the Pontides-Transcaucasus belt, as an elongated
contmental tectonic block, rifted away from the NE margim of Gondwana
between 450-350Ma (e.g., Adamia et al., 2011), leading to further opemng of
Paleotethys as a consequence of the southward subduction of Rheic Ocean
lithosphere. Similarly, in their tectomc model Okay and Nikishim (2015)
suggested the southward subduction of Rheic Ocean under a ribbon-shaped
continental block (includmg Rhodope, Sakarya Zone and Caucasus) that led to
development of a continental arc and the Late Carboniferous collision of it with
the southern margin of Laurasia. On the contrary, Dokuz et al. (2011) proposed
Early Devonian rifting and Paleotethys opening as a result of northward
subduction of the Rheic Ocean below Laurasia. Putting the existing opinions
together, Candan et al. (2016) came to a view that the geological evidence
favors dual subduction both under Laurasia and Gondwana for the Paleotethys
during Late Palcozoic. Because we have already put forward the idea of a
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tectonic model of southward subduction (Galoyan et al., 2019), therefore
Paleotethyan southern subduction under Anatolide-Tauride Block of Early-Late
Carbomferous (331-315Ma; Candan et al. 2016) could have continued very
likely in the east under SAM during Middle-Late Permian (270-250Ma and
carlier, this study). Moreover, in the current context of scientific information,
we cannot exclude the view of Zakariadze et al. (2007) that Transcaucasian
Massif underwent a period of extensive crustal growth during 330-280Ma
through the emplacement of microcline granite plutons as part of a magmatic
arc system above a Paleotethyan northward subduction zone dipping beneath
the southern margin of Eurasia.

For the Caucasus, Khain (1975) assumed the first that closnre of Tethys
(Meso- or Neo-) during Jurassic-Early Cretaceous occurred as a result of dual
subduction: (1) to the north, under the Artvino(Soinkheto)-Karabagh zone and
(2) to the south, under the Kapan zone; about latter testify the volcanism of
Kapan zone and the granitoid intrasions of the Jurassic-Early Cretaceous age of
both Kapan zone and the Arzakan (i.e. Tsaghkunyats) massif. Analogous
opinion, on the basis of the results of their own studies adhere also Zaseyev and
Abramovich (1993) and Melkonyan et al. (2000). Without stopping on details or
different aspects of the paleo-geodynamic reconstruction of the Lesser Caucasus
during Mesozoic, to which are recently devoted many special studies (e.g.,
Galoyan et al., 2009, 2013, 2018; Rolland et al., 2009; Sosson et al., 2010;
Mederer et al., 2013; Hissig et al., 2013, 2015; and references therein), let us
note that only fewer (Galoyan et al., 2013; Melkonyan et al., 2016) proposed to
consider the Kapan block as an independent structure from the Somkheto-
Karabagh belt. Moreover, Galoyan et al. (2013) considered the second belt
(zone) of subduction origin to the south of Armeman ophiolite belt and, on the
basis of its geographical position, named it Spitak-Kapan zone of Jurassic-
Cretaceous. It should be noted that views of the southward subduction of
Northern Neothetys hthosphere beneath the SAM (Hissig et al., 2015) or the
Spitak-Kapan zone (Galoyan et al., 2018) are also well-reasoned in Middle-Late
Jurassic. In all mentioned other (also previously proposed) tectomc models, this
segment is represented as a passive margin of Tethys.

Thus, the new petrologic-geochemical studies and U-Pb isotope age dating
of the older gramtoids on the boundaries of the Tsaghkunyats antichnorium will
facihtate and clarify our understanding about the whole Anatolia—Lesser
Caucasus—Iran orogenic belt. In case of successful and complex works in the
near future, the geographical-tectonic position of the Tsaghkunyats crystalline
basement towards both the Late Paleozoic terrigenous carbonate shelf of the
SAM (from south) and the Lesser Caucasus ophiohtic basin (i.c., Paleo- or
Neotethys, from the north) can be clarified during the Jurassic and preceding
periods.
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Conclusion

This study is presenting general geological, new petrologic-geochemical
and zircon U-Pb geochronological data on the older gramtoids from
Tsaghkunyats antichnorium or crystalline basement comprismg present day
Central-Northern Armenia. It provides age precisions about the Precambrian
and Late Jurassic magmatic events and new constraints on the Late Paleozoic
(Permian) magmatic activity in SAM that has not previously been reported.
Thus, obtained new U-Pb zireon crystallization ages are rangmg from Late
Neoproterozoic (Late Ediacaran) to Early Cambrian (~545-530Ma) for the
granitic gneisses; from Middle to Late Permian (~270-250Ma) for the
plagiogranites; and from Late Jurassic to Early Cretaceous (~155-140Ma) for
the tonalite formation rocks. Deformation traces are present only in granite-
gneisses as a result of regional metamorphism.

We also present new constraints on a regional scale for the geodynamic
evolution of the northern margm of SAM as a part of Gondwana. Namely,
Andean-type subduction of the Prototethys beneath the northern margin of
Gondwana produced the massive Cadomian arc-type magmatism during the
Late Neoproterozoic to Early Cambrian exposed in Turkey, southern Georgia,
Iran and Armema, etc.

Geochemically, Middle-Upper Permian granitic rocks have features that are
partially different (poor content of REE) from those of Precambrian and
Mesozoic granitoids. All these various aged granitoids are calc-alkahne,
peraluminous and are characterized by enrichment of LILEs and Th, with
pronounced mmimums of Nb-Ta and Ti, and high LREE/HREE ratios which
are typical of subduction-related magmas. As for the geodynamic setting, all
studied granitoids are are-type and their presence may suggest southward
subduction events of Proto-Paleo-, and Neotethys oceans under SAM of
Gondwana during above-mentioned time intervals.
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NhG LvENMrASEN2N3UL-9UN, LEGULCP, (1RG MULGN2NSUL G4,
ARG 3NRUSP GLULPSNPTUSPL UUGUUSPRUC GN1L T ULUSP
Z23NPUPUUBPL UUShY, OUSMUUUUNRY NLIM UNIUUUR
OouNuNPL3US ULShPULPULICPNRU (YELSNILUYUL-
23NrURUUSHL ZUSUUSUL)

Qunyut L., 2ntiiq U.-L., Ukpniywib (r.1., Lhh 8.-Z., Upwywi L.U.,
Anljuuywi (kv Junpbiywi [}.2., Sphgopubt U.Q., Uwhwljwt U.U,,
Uduguir L.U.

Udthnthnid

Zuyuunnwind Ownyniyug wbwnhljhunphndp ud pinipbnuyh

hhupp pugwnhl (Entwdwjpwynp Junnyg b, npp punpnpynid £ hp pwg-
dwthnt) dwguunhquny, dbnwdnpbhqung b (kntwjuqunipyudp: Fug-
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dwphy htnwgnuunipiniubp Eb junwpdl] wjunbny wniju hutwgnyh
qpuihnnhnubph Jpw, npnbp hwuwljugpty Eht dhiyptupphg dhish
Ykphtt Yupg (hpwluind’ jnpw), vwluyh npuilg whnpngkkqhuh,
tpypuphtwdhluyh b nbknunpdwt hwuwlubkph hwpgbpp owpnibw-
ynud B duw) hwljwuwui: Unyu hwpgkph JEputwynudhg htnn ubp-
Juwyugqws Eu unp guonwghtt ghnwpynudubph, wywpubph hwdw-
luwnt Epypuphdthwjui wbwihgh b U-Pb  ghpyntwhtt tphjpudwudu-
twljwqpmipjui wdjuitkp’ quwhwinbint hwdwp wwppkp gpuithnnhn-
ubkph hwuwlp U wnkjunntwlwit hpwyhd&wyp, npnup dbplhuind Eu
Ownlniyug dhisphdpphwlt hhupnid pppl qninjuiwui Swuquwl
Zuwpwy-huyjulwt dhipnuwh (SAM) dwu (dhently ?): ‘unp U-Pb ghp-
Untuyhtt pnipEpqugdwi hwuwlubpp nmwnwiynd B ny wknypn-
nbkpngnyuithg dhtish Jun phudpphwt (~545-530Ma)  qpuithnnwqubju-
tkph hwdwp, dhohiihg dhtisl nip whpdhwi (~270-250Ma)  wughn-
gpuihnubtph (npnuybdhniutp) hwdwp b ny jmipughg dhist Jun
Jwh& (~155-140Ma) nnbwjhinughtt $npdwghuyh wywpubph hwdwp:
Epipwphthwljuwt wpnudny, wyu nwpwhwuwly gpuwtthnnhnubpp Ypuw-
wujuyhtt Bu, ywEkpwpnidhtiught (peraluminous) b punpnoynid Lu jun-
onpwhnt 1hpndh) wwppkph (LILE) nit Th hwpunwgdwp, Nb-Ta b Ti
hunwl] wpnwhwjnygwsd dhthunwlubkpny b LREE/HREE puipdp hwpw-
phipnipjniutbpny, npntp dwnttwionud B unipnniljghuygh htn wntisyng
duwguuunhl hpunuwpdmpniutbp: Nunidbwuhpdws gpuithnnhnubpp
tpypwphihwybtu hwinhuwtinud Eu gudwpuyhtt wnbnuyhtt wnhyh
(Gughwt nhu) wnwewgnidubp, npnug ukpjuynipiniup dwnbwtpnud £
Npnun-Nukn- b Ubknptunhu oyjhwiunuwihtt wwquuukph hwpuwy
nipnyus unipynilighuygh byhqnpubpp hnwuhuuyghtt @nundutiugh Zw-
puwy-huyjulut dhypnuwh wlnhy swjpwdwuh nnwly Jepnugywy dw-
dwbwuyhtt vhowuypbpnu:

HO3JTHEHEOHPOTEPO30HCKNI-PAUHEKEMBPUNCKHU,
HO3JHEIAJEO30MCKHI1 1 HO3AHEIOPCKHIA
T'PAHUTOUJIHBINI MATMATH3M CEBEPHOI AKTUBHOI
OKPAVHBI TOHJBAHBI HAXKYHSAIIKOT'O AHTUKJIUHOPUS
MAJIOT'O KABKA3A (IIEUTPAJIbHASI-CEBEPHASI APMEHMUSI)

TI'anosin KJL., Uynr C.-JI., Meaxousin P.JL., JIuu F0.X., Arasu JI.C.,
I'ykacan P.X., Xopensn P.A., I'puropsan A.I'., Caaxaun C.C., ABarsan H.A.

Pesrome

LlaxkyHSUKHE aHTHKIMHOPUH WM KPUCTALUTHICCKHE (QyHIAMEHT B Apme-
HUH ABJISIETCA YHHKAIbHBIM F€OTEKTOHHUYECKHM COOPYKEHHEM, XapaKTEPHU3YIO-
IUMCS MHOTOCTAIHHHBIM MarMaTH3MOM, METaMOp(U3MOM H  OPOTCHHEH.
MHOTOYHCICHHBIC HCCICAOBAHNS OBITH HPOBEACHBI HA OOHAKAIOIIUXCA 34ECh
IPaHHTOMAX, AATUPOBAHHBIX OT JOKEMOpHs 10 BepxHEro mena (B ACHCTBH-
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TENBHOCTH FOPCKOTO MEPHOAA), OANAKO BOMPOCH UX METPOTCHE3a, FCOANHAMH-
KM H BO3pacTa 3aJeranus OCTaBalnch cropHeMH. [locie mepecMoTpa 3THX
BOIPOCOB MPCACTABICHBI PE3YIbTaThl HOBBIX MOJCBBIX HAOMIOICHUMN, BATOBAS
reoxumus nmopox u U-Pb reoxpoHomorus HUpKOHOB, C LENBIO OLCHKH BO3pacTa
U TCKTOHHYCCKOH OOCTAHOBKH PAa3MUYUBIX I'PAHUTOUAOB, CHOPMHUPOBAHHBIX B
npokemOpuiickom pyumnamente Llaxkynsia kak gactu (sapo?) HOxxaoapMsuckoi
mukpormutel  (SAM) T'onpsanwsl. Hoeeie U-Pb Bospacta kpuctammmsanuu
LUPKOHA BAPBUPYIOT OT MO3AHETO HEOMPOTEPO30s A0 paHuero keMopus (~545—
530Ma) ams rpanuTorneicoB; OT cpeaHeH a0 mo3aHen mepmu (~270-250Ma)
JUTSL. WJIarHOTPANUTOB (TPOHABEMHUTOB), U OT MO3AHCH OPBI A0 PAHHErO Meja
(~155-140Ma) ana moponx ToHamuTOBOM (opMmaumu. ['eoxummuecku, 3TH
Pa3HOBO3PACTHBIE T'PAHUTOHUIBI ABILIOTCS W3BECTKOBO-INEIOYHBIMHE, IEPAIIO-
MUHHMCBBIMU M Xapakrepu3yiorca oOoramenneM LILE smementamu m Th, c
BoIpakeHHbIME ~ MuHHMyMaMu Nb-Ta wu  Ti, BBICOKHM COOTHOLICHHEM
LREE/HREE, ykazbiBaromuM Ha MarMaTH4yecKHe COOBITHS, CBSI3aHHBIC C
cyOaykuHeH. M3yueHHBIC TPaHHTOUIBI TCOXHUMHYCCKU SBIAIOTCS 00pa30oBaHuUs-
MH THIIA KOHTHHCHTAIBHBIX AYT, U HUX MPUCYTCTBHEC YKA3bIBACT HA 3IH30IBI
I0KHO-HanpaBicHHOH cyOaykunH Ilporo-, Ilaneo- u Heotetnc oxeanor mox
aKkTHBHYIO OkpanHy SAM cesepHoli ['0HABaHEI B TCUCHHE BBHIIICYHOMSHYTHIX
BPCMCHHBIX HHTCPBAJIOB.

43



