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Abstract

The age and geotectonic history of trondhjemite (plagiogranite) magmatism of
Mesozoic is especially important for unraveling the geological/geodynamic evolution
of the east-southeastern segment of the Lesser Caucasus (LC). Issues for a more defi-
nite and comprehensive interpretation of tectonic implications of the LC ophiolites
with adjacent Somkheto—Karabagh and Spitak—Kapan Jurassic—Cretaceous zones have
been discussed anew. Evidently, these zones, particularly the geological units in them,
are strongly associated with each other both spatially and temporally. U-Pb zircon da-
ting of plagiogranites from Sevan ophiolite (central part of Amasia—Sevan—Hakari:
ASH suture zone) and from mentioned zones in LC provides more reliable geochrono-
logical constraints on the evolution of Neotethys (?). Obviously, all zircon ages are in
the interval of late Early to late Middle Jurassic epoch (~180-165 Ma). Considering
these data, the age of the host effusions located actually both south and north of the
main ASH ophiolite zone, should possibly be minimum Pliensbachian—Toarcian or
older, rather than Bajocian and Bathonian. Based on whole rock geochemistry, the
amphibole gabbro, pillow basalt and plagiogranites are co-genetic, suggesting a com-
mon melt source in their origin. All plagiogranite samples display variable LILE-
enrichment and marked negative HFSE (Nb, Ta and Ti) anomalies typical of subduc-
tion-related magmas. Based on the field relationships and petrologic-geochemical fea-
tures, all five plagiogranite bodies discussed are similar and may be interpreted to have
been generated by low-pressure crystal fractionation of a basaltic magma derived from
partial melting of the mantle in a subduction (or supra-subduction) zone tectonic set-
ting. Created on the Paleotethys the ASH basin (as northern branch of Neotethys) was
probably consumed by either northward or preferred southward double subductions
mainly during Early-Middle Jurassic to Late Cretaceous, not excluding the possibility
of the existence of a single subduction zone here.

Keywords: Zircon U-Pb dating, trondhjemite, plagiogranite, Sevan ophio-
lite, geodynamics, Neotethys, Armenia, Mountainous Karabagh, Lesser Cauca-
sus.

1. Introduction
Granitic rocks of different ages are widespread in the Lesser Caucasus (LC)
in which various plagiogranites are significantly represented. In particular, pla-



giogranite intrusions of Lower—Middle Jurassic are well known, which are part
of different tectono-magmatic zones. These are especially common in the Som-
kheto—Karabagh tectonic belt (outcrops in NE Armenia and western Azerbai-
jan), in the Spitak—Kapan volcanic zone (e.g., in Karabagh territory) and in their
intermediate Amasia—Sevan—Hakari ophiolite zone (e.g., in Sevan area).

The Mesozoic ophiolites of LC constitute a part of the Tethyan (Neo-
tethyan) ophiolite belt (e.g., Knipper, 1975; Knipper and Khain, 1980; Adamia
et al., 1981; Zakariadze et al., 1983; Galoyan, 2008; Rolland et al., 2009; Sos-
son et al., 2010), which provide constraints on the geodynamic evolution of the
former oceanic domain(s) starting its (their) opening untill the closure and final-
ly obduction of the oceanic lithosphere remnants onto the continental crust as an
“ophiolite complex”. Sevan ophiolite exposed in northeastern part of Sevan
Lake is one of the largest and best-preserved relicts of the ancient oceanic crust
of Neotethys in Armenia; therefore, this complex contains important infor-
mation about that basin evolution.

Unlike of the ophiolites of LC, the geological history and tectonic evolution
of the Mesozoic and especially of the most predominant Jurassic magmatic ac-
tivity in this region are still obscure and debated due to the scarcity of structural,
geophysical, modern geochemical and authentic geochronological data. There-
fore, a good understanding of this region requires the study, interpretation and
integration of the whole geological information from a number of areas across a
wide region, which may complete each other reciprocally.

The problem of the origin of granitoid formations is one of the most im-
portant in modern petrology. In Somkheto—Karabagh zone, the Middle Jurassic
intrusions are represented by the Haghpat, Tavush, Khndzorut (in Armenia) and
the Atabek—Slavyanka, Gilanbir (in Azerbaijan) plagiogranite complexes (e.g.,
Melkonyan, 1989; Sadikhov, Shatova, 2016). For comparison, here we have
also discussed the Dali plagiogranite intrusion from Sevan ophiolite. This paper
presents a review of field, geochronological and geochemical data from the
eastern LC, focusing only on the felsic (plagiogranite=trondhjemite) rocks of
Lower—Middle Jurassic and discussing their genetic link, possible origin (for-
mation) and their tectonic setting.

2. Geological setting

The ophiolite complex of Sevan (the map is available e.g., in Galoyan et
al., 2009) constitutes part of the Amasia—Sevan—Hakari (ASH; e.g., Galoyan
and Melkonyan, 2011; Héssig et al., 2013) or Sevan—Akera (e.g., Knipper,
1975) ophiolite belt that is considered to be a suture zone for half a century
(e.g., Milanovski, 1968). The ASH is the largest in the LC belt, which is NW—
SE oriented discontinuous arched zone extending for ca. 400 km (with a
maximum width of 20-25km), from NW Armenia (Amasia—Stepanavan group
of ophiolites) through the East of Sevan Lake to the Karabagh territory (Hakari
branch of it).



The ophiolite complex on the eastern shore of Lake Sevan is a dismem-
bered near-complete ophiolite succession, where mantle serpentinites and
serpentinized peridotites at the base followed upwards by a layered dunite—
wehrlite—troctolite—gabbro sequence, then followed by isotropic gabbros
(including amphibole varieties), diorites and plagiogranites, and pillow or
massive lavas (e.g., Galoyan et al., 2009 and references therein). These pillow
lavas are associated with relatively deep-water sedimentary rocks (mainly cherts
and radiolarites); but a well-developed sheeted diabase dyke complex has not
been observed. The geological sections here are completely different in differ-
ent valleys that join to the Lake. Dali section (located in a valley about 4km
northwest of Jil village, fig.1) in the Sevan area plays a key role, where numer-
ous field visits have been both by ourselves and with French partners in recent
years (see Galoyan, 2020 for details).

Based on the U-Pb new data of Dali plagiogranitic intrusion (~172Ma), a
new boundary is “drawn” between the pre-intrusive and post-intrusive basalts,
both in pillowed nature (Galoyan, 2020). Accordingly, we suggested that “lower
lava” series may have an older age, at least, the beginning of the Middle Juras-
sic, while the “upper lavas”, tectono-stratigraphically covering the main plagio-
granite body, have an age of Upper Jurassic-Lower Cretaceous that is based on
radiolarites intercalated in them (Asatryan et al., 2012). Lower pillow lavas are
host rocks of this intrusion and, unfortunately, no signs of sedimentary rocks
were found as cement in them, which would enable their direct dating.

The plagiogranite sample is taken from the largest stock-like felsic intru-
sive body (< 1km?) in Dali valley (fig.1), where they are overlain by radiolarites
and pillow basalts of different geochemical composition. In the field the plagio-
granites display bright, white and yellowish weathered surfaces and often con-
tain mafic enclaves. They are strongly altered in their exocontact parts, mainly
epidotized but some fresh parts are still available to study petrologically. Alter-
natively, plagiogranites have formed discrete and diffused segregations or dis-
continuous networks of veins with local coarse-pegmatitic texture within and
around gabbro-dioritic intrusions.

Geological units of the Middle—Upper Jurassic have a wider distribution in
the north-eastern part of the LC that is known as Somkheto—Karabagh tectonic
belt (or “anticlinorium”, “zone” or “terrane”; for details see references in Galo-
yan et al., 2013, 2018). It is stretching by a continuous belt over than 350 km
(with a maximum width of 35—40km) from the southern Georgia and mainly the
Alaverdi—Ijevan regions of northern Armenia on its northwest, then partly pass-
es through the north-western corner of Azerbaijan (Shamkhor—Dashkesan area)
to the basins of rivers Tartar and Khachenaget on its southeast (in Karabagh
Republic territory). Further, to the southwest formations of Jurassic period are
outlined on the left bank of river Hakari (Akera), in Karabagh territory and in
basins of rivers Vokhchi and Vorotan (Kapan region, in southern Armenia),
which constitute the “Kapan block (or zone)” of Mesozoic age. Located
southwest of the main ophiolite zone this “block” was part of the recently
distinguished “Spitak—Kapan volcanic zone” (Galoyan et al., 2013) due to the



presence of Jurassic—Lower Cretaceous igneous and other complexes in the
Tsaghkunyats anticlinorium and to the north of it (near the city of Spitak).
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Fig.1. Schematic geological map of the middle valley of the Dali River; by Galoyan (2020). 1 —
Quaternary deposits; 2 — Eocene volcanic and sedimentary formations; 3 — Campanian—
Maastrichtian pelagic limestones and marls with micro-conglomerates at the base; 4 — Upper se-
ries of pillow basalts—radiolarites, 5 — Lower series of pillow basalts, cut by numerous rhyolite
dikes, 6 — Dali plagiogranite intrusion of the early Middle Jurassic (~ 172Ma), 7 — thrust.

The presence of felsic granitoid intrusions of Middle and Late Jurassic
epochs is common within these volcanogenic—sedimentary zones. According to
the literature data (for compiled references in Russian see e.g., Aslanyan, 1958;
Abdullayev, 1963; Lordkipanidze, 1980; Melkonyan, 1989; Galoyan et al.,
2013) the Middle Jurassic in LC is represented by a great thick (about 3500m)
sedimentary—volcanogenic sequence with predominant basalt—andesite series
and associated pyroclastic rocks. The most ancient Mesozoic intrusions here are
the Middle Jurassic trondhjemite (plagiogranite) massifs included in the “plagi-
ogranitic formation”. In northern Armenia these are represented by several ma-
jor bodies (Tavush and Khndzorut intrusions, about 50km?) and a lesser (around
6km”) massif of Haghpat (e.g., Melkonyan, 1989). In north-western Azerbaijan
the intrusions of Atabek (80km?®) and Gilanbir (16km®) are known (e.g.,
Sadikhov, Shatova, 2016). In the extreme southeast of the LC the Berdadzor



(Biiliilduz) gabbro—plagiogranite massif (< 60km?) is the main plagiogranite
intrusion (Abdullayev et al., 1974; Galoyan et al., 2013).

Recently dated Berdadzor gabbro—plagiogranite massif is elongated and
localized in the limits of Berdzor (Lachin) anticlinorium, which is intruded the
mainly pillow basaltic volcanic and tuffaceous formations of Middle (?)
Jurassic age (fig.2). The stratigraphic base of these formations remains
unknown in this area. This intrusion is linearly propagating from northwest to
the southeast, cropping out in many isolated localities, including dyke-like
bodies (i.e. apophyses) within strongly epidotized basalts. Note also that in
main plagiogranite body some dykes (up to 50 cm-thick or scarcely larger) of
pinkish leucogranite (aplite) with the clear-cutting contacts are also encountered
by us (Galoyan et al., 2013). The plagiogranite (labeled 6552) is sampled from
one of the largest outcrops of the Berdadzor intrusion, on the vicinity of the
highway between towns Berdzor—Shushi, where they intruded the pillow basalts
of so considered Bathonian stage (e.g., Abdullaev et al., 1974 and references
therein). The plagiogranite sample is white, medium-grained, and outwardly is
fresher and massive.

3. Petrologic-geochemical background of plagiogranites

In general, plagiogranitic rocks are so similar with their texture and
petrographic composition in different intrusions that there is no need to present
their description separately. Therefore, rocks are briefly described as follows.
They are small- to medium-grained hypidiomorphic-granular, sometimes por-
phyric in texture. Usually, plagioclase (40-70%) and quartz (20-50%) make up
more than 90% of these rocks. Amphibole, biotite, magnetite, ilmenite and epi-
dote are present in minor but variable amounts, and the zircon, sphene and apa-
tite are typical accessory minerals. The textures of micro-pegmatitic, graphic to
granophyric intergrowth with quartz and plagioclase crystals are not uncommon
in them (e.g., Melkonyan, 1989; Galoyan et al., 2013, 2018; Sadikhov, Shatova,
2016). Coleman and Donato (1979) interpreted these kind plagioclase—quartz
intergrowths (granophyric—micrographic) as primarily formed textures during
eutectic crystallization of a low-K magma. The alterations are represented by
chlorite, epidote, actinolite, sericite, carbonate and argillite.

Dali plagiogranite sample is formed from 55-65% plagioclase (Any.30),
25-45% quartz, and minor biotite (<5%), rarely ortho-amphibole (<5%) and
accessory phases of titanomagnetite, sphene (titanite), apatite and zircon (Galo-
yan, 2008; Galoyan et al., 2009).

The plots of Artanish amphibole gabbro (sample AR-03-10; this is used for
genetic comparison) and Dali plagiogranite (AR-03-19) samples of Sevan ophi-
olite show nearly parallel forms in both MORB-normalized trace-element and
Chondrite-normalized rare earth element (REE) diagrams (fig.3,4). In MORB-
normalized diagram they both show significant enrichment of large-ion litho-
phile element (LILE) and slight enrichment of light REE (LREE) with respect
to heavy (HREE) ones. Clear negative anomalies of Nb, Ta, P and Ti are
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Fig.2. Schematic geological map of the Berdzor anticlinorium area, compiled after (Abdullaev et
al., 1974; National Atlas of Armenia, 2007, p.26-27), modified by Galoyan. 1 — Quaternary de-
posits; 2 — Pleistocene formations; 3 — Upper Pliocene—Pleistocene volcanic, volcanoclastic for-
mations; 4 — Middle-Upper Eocene volcanic, volcanoclastic formations; 5—7 Upper Cretaceous
series: 5 — Campanian—Maastrichtian limestones and marls; 6 — Coniacian—Santonian conglomer-
ates, limestones, argillites; 7 — Cenomanian limestones, argillites, tuffites; 8 — Lower Cretaceous,
Albian limestones, argillites, marls, sandstones; 9 — Upper Jurassic, Oxfordian-Tithonian sand-
stones, tuffs, limestones; 10 — Middle Jurassic, Bajocian—Bathonian volcanic, volcanoclastic for-
mations; Intrusive series (11-14): 11 — Upper Eocene, quartz diorites, granodiorites, granitoids;
12 — Upper Cretaceous, quartz diorites, granodiorites, syenites; 13 — Upper Jurassic: (A: red)
quartz diorites, granodiorites, granitoids; (B: blue) diorites; 14 — Lower—Middle Jurassic, Berdad-
zor plagiogranite intrusion; Lower—Middle Jurassic ophiolite series (15-16): 15 — gabbroids; 16 —
ultrabasites, serpentinites; 17 — thrust.

also seen in them, in contrast to the diorite sample (AR-03-23), where there is
no minimum of P, and that of Ti is weakly expressed. In a Chondrite-
normalized REE diagram the amphibole gabbro shows slight depletion in
LREE, and the plagiogranite sample (as well as diorite) is characterized by
slightly concave pattern with negative Eu anomaly (Ew/Eu* = 0.67), reflecting
plagioclase fractionation. The similarities of many trace element features (or
patterns) argue for a genetic relationship between these two groups (gabbro—
granite members) of rocks, and, consequently, the fact of fractional crystalliza-
tion during the formation of plagiogranites is more probable (or is obvious).



Table

Rock names, geotectonic affiliation, ages, coordinates, and data sources of sam-
ples used for geochemical comparisons.

Sample Rock type Geotectonic | Age GPS References
name unit/zone (Ma) | coordinates
170.5 N
AR-03-10 Argfglgfgle TR a0s11100
. . o
Se:)zlairtleo(f)fhl- 417 E 45.37227 Galoyan et
N al., 2009
. . ASH belt 171.8
AR-03-19 Plagiogranite 198 40.48466°
) E 45.42277°
AR-03-23 Diorite — -
N
6551 Pillow basalt - 39.66798°
Spitak- E4 6.59109° | Galoyan et
Kapan zone 176.7 N al., 2013
6552 Plagiogranite L '7 39.67687°
) E 46.62931°
N
11ARM25A | Plagiogranite 16: =1 41.115920 Ga"i"‘))z’gg;t
E 44.70738° B
N
. . Mederer et
AL-09-05 Plagiogranite Somkheto- - E4i‘.11 1017° al. 2014
.71101°
Karabagh
N il et al
L3.2 Plagiogranite™ zone — 41.08709° Ne|2015 B
E 44.70564°
180.2 Sadikhov,
Azb-1 Plagiogranite e .8 - Shatova,
) 2016

The petrology and geochemical characteristics of Middle and Upper Juras-
sic magmatic rocks within the Artsakh (Karabagh) territory is summarised re-
cently by Galoyan et al. (2013). According to these authors, the plagiogranite
single sample (number 6552) is calc-alkaline, while their hosting pillowed bas-
alt (sample 6551) is tholeiitic in AFM ternary plot. These two samples show
nearly parallel patterns in both MORB-normalized trace-element and Chon-
drite-normalized REE diagrams (figs.3,4). The plagiogranite (sample 6552) is
characterized by higher concentration of REEs (is enriched 31-38 times com-
pared with the average chondrite value) than their hosting pillow basalt (sample
6551; is enriched 17-23 times), as well as the amphibole gabbro (sample AR-
03-10; enriched 7-9 times) and the plagiogranite (sample AR-03-19; enriched
17-23 times) from Sevan ophiolite, although all of their patterns are similar and
more or less parallel to each other. Negative Eu anomalies in all plagiogranites
indicate plagioclase involvement during either a fractionation or a melting pro-
cess (e.g. Floyd et al., 1998). Moreover, in the MORB-normalized spider dia-



gram all plagiogranites have similar patterns and are characterized by variably
high concentrations of LILE (Ba, Rb, K) and Th with the negative Nb-Ta and
deeper P and Ti anomalies (fig.3).

On the feldspar (An—Ab—Or) normative rock classification diagram of
O’Connor (1965) all plagiogranites plot in “trondhjemite field” (not shown
here). Therefore, it would be more correct classically to name these rocks
trondhjemite although the term “plagiogranite” is widely used im Russian
literature (since the 1930s). Though Frost et al. (2001) believe that trace ele-
ment compositions of granitoids are a function of the sources and crystallization
history of the melt, and the tectonic environment is secondary, newertheless,
some schemes are in wide use. On the basis of binary discrimination diagrams
with respect to Rb, Y, Yb, Nb and Ta values for granitic rocks (Pearce et al.,
1984, not shown) the Dali and other plagiogranites plots in the volcanic arc
granite (VAGQG) field while the Berdadzor plagiogranite plots in the ocean ridge
granite (ORG) field but closer with the VAG limit. The compositional similarity
in terms of major and trace elements and REEs of the Sevan ophiolite Dali pla-
giogranite with the other intrusions plagiogranites from Somkheto—Karabagh
and Spitak—Kapan zones and their lateral vicinity suggests that they may be ge-
netically related with each other. It is not difficult to notice that these structures
(i.e. zones), in particular the geological units in them, are strongly associated
with each other both spatially and temporally.
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Fig.3. MORB-normalized multi-element (Sun and McDonough, 1989) diagram showing the pat-
terns of amphibole gabbro (AR-03-10), plagiogranite (AR-03-19) and diorite (AR-03-23) from
Sevan ophiolite (after Galoyan et al., 2009), Early Jurassic pillow baszalt (6551) and plagiogranite
(6552) from Kapan zone Berdzor locality (after Galoyan et al., 2013), plagiogranites
(11ARM25A, AL-09-05, L3.2) of Haghpat intrusion (respectively, Galoyan et al., 2018; Mederer
et al., 2014; Neill et al., 2015) and plagiogranite (Azb-1) from western Azerbaijan (Sadikhov,
Shatova, 2016).
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Actually, the ophiolite narrower belt here (in Karabagh), on its both NE and
SW sides, is tectonically associated or accreted (attached) with the volcanic and
volcaniclastic rocks of Lower (?) to Middle Jurassic age (fig.2). Thus, without
estimating the volume of the marine crustal contraction here, these plagiogranit-
ic stages of magmatism were developed very closely in space and time during
the evolution of the LC crust formation. Besides, though the precise age of pil-
low basalts (hosting the Berdadzor plagiogranite) and geodynamic context of
their formation are still uncertain, MORB- and Chondrite-normalized their pat-
terns are parallel with and belong to the main “ophiolitic series” domain of LC
ophiolites (not shown; Galoyan, 2008). In many discrimination diagrams (not
shown here) the pillow basalt spans in the field of N-MORB and/or IAT, and its
relatively high content of Ti (TiO, = 1.3 wt.%) is resulted of involvement of
asthenospheric material. Meanwhile, its lower Mg-number (Mg# = 46) evidence
the possible derivation from variably fractionated melts but not primitive mag-
mas (Galoyan et al., 2013). The lower Nb content (1.8ppm) of this pillow basalt
is characteristic to the Nb content of representative arc tholeiitic basalt (e.g.,
1.7ppm, in Pearce, 1982). In terms of geochemistry these features are peculiar
for basalts from back-arc basins being transitional in composition between
MORB and IAB (e.g., Pearce and Stern, 2006). Therefore, the potential tectonic
setting for pillow basalts might also be either fore-arc or back-arc basin regime
similar to the main ophiolite volcanic bodies.

Recall that petrologic and especially geochemical studies (major,
trace, REE and some isotopes) suggest two distinct lava flow series in the
LC ophiolites: (1) a contaminated normal Mid-Oceanic Ridge Basalt (N-
MORB or back-arc basin basalt: BABB-type) series evolving from
gabbro to plagiogranite and from basalt to basaltic andesite, exhibiting
tholeiitic to calc-alkaline features (enrichments in LILE); negative
anomalies in Nb, Ta and Ti relative to N-MORB) and (2) an alkaline
ocean island basalt (OIB-type) series of lavas evolving from basanite to
trachy-andesite that considered to be the expression of a mantle plume
event (Galoyan, 2008).

4. Summary data on the age of trondhjemite magmatism

Establishing the precise magmatic ages of rocks is one of the most critical
tasks, which is involved in their full characterization. In recent years, except for
the plutons of north-eastern Armenia Shamshadin anticlinorium (i.e. Tavush—
Khndzorut group), new U-Pb zircon ages have been obtained for plagiogranites
of all other massifs under discussion (see table), which we will briefly present
below from north to south. Plagiogranites of Haghpat intrusion in northern Ar-
menia have a Bajocian—Bathonian age of 165 + 4Ma (Galoyan et al., 2018).
Towards south-east in the territory of Azerbaijan, the crystallization ages of first
phase plagiogranite (180.2 = 1.8Ma) and of second phase leucoplagiogranite
(169.3 = 1.2Ma) (Sadikhov, Shatova, 2016) are somewhat older. The new age
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of a sample taken from the Dali plagiogranite intrusion of Sevan ophiolite cor-
responds to the Aalenian—Bajocian (171.8 + 2.8Ma) period, in which no inherit-
ed zircon grains were found (Galoyan, 2020). Finally, the zircons of the oldest
plagiogranite intrusion of Berdadzor from the territory of Artsakh revealed a
relatively older age (176.7 = 1.7Ma) of Toarcian—Aalenian (Galoyan et al.,
2013) than was it previously considered (K—Ar, ~156 Ma; Abdullayev et al.,
1974). Thus, it is obvious that all ages are in the interval of late Lower to late
Middle Jurassic epoch. We have used these data to attain a better understanding
of the timing and geodynamic evolution of LC region during middle Mesozoic.

5. Discussion

Having new data accumulated in the literature it seems necessary to make
certain adjustments to the understanding of the geodynamic setting of the for-
mation and petrogenesis of various types of plagiogranites. The structure of the
entire allochthonous ophiolite domain in the LC belt (mostly in Armenia and
partly in Karabagh territory) was unraveled during the last years aimed to iden-
tify the setting of that allochthonous units and to timing their generation and
emplacement into the thrust pile (e.g., Galoyan, 2008; Galoyan et al., 2009;
Rolland et al., 2009, 2010; Sosson et al., 2010; Danelian et al., 2012; Héssig et
al., 2013; 2014). We refer readers to use these works and references therein to
avoid repetitions here.

After the recent studies of Sevan ophiolite (Galoyan et al., 2009), the plagi-
ogranites (Dali and others) appear to be a most differentiated component of the
dioritic intrusions. Either the fractional crystallization of basaltic magma (e.g.
Coleman and Peterman, 1975; Coleman and Donato, 1979; Floyd et al., 1998)
or the partial melting of a gabbroic source under hydrous conditions (e.g., Ger-
lach et al., 1981; Pedersen and Malpas, 1984; Koepke et al., 2004; Zi et al.,
2012) is largely considered as a responsible process for production of plagio-
granitic liquids. In our case, both field and geochemical peculiarities (e.g.,
Galoyan et al., 2009) suggest their origin by fractional crystallization of wet
(amphibolic) gabbroic magma.

The age and tectonic emplacement history of the Sevan—Hakari ophiolite is
especially important for unraveling the evolution of the eastern-southeastern
segment of the LC ophiolite belt. U-Pb zircon dating of an amphibole gabbro
(unpublished yet) and plagiogranite of Sevan ophiolite from the central part of
ASH suture zone in LC belt provides new and more reliable geochronological
constraints on the evolution of Neotethys (?). At the same time, the late Lower
Jurassic age of Berdadzor plagiogranite from adjacent Spitak—Kapan zone is a
supporting evidence to emphasize the shortening/closure stage of Tethyan LC
basin related to the ongoing subduction (at any convergent plate boundary) or
its initiation.

In Sevan area, several “anatectic plagiogranite—migmatites” from Pambak
valley are described that have been formed under conditions of epidote—
amphibolite facies of metamorphism (Kazaryan, 2006). Unlike it, during our
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recent studies, no inherited zircons have encountered in a plagiogranite sample
of Dali, i.e., there is no evidence for interaction with old crustal materials,
which implies their magmatic differentiated origin too. Therefore, we interpret
the amphibole gabbro and plagiogranite as having formed by the same source
melt, derived from a “sea-floor spreading” likely in a supra-subduction zone
setting. We further consider that the age of ~172Ma (Aalenian) for the upper
plutonic part of the Sevan ophiolite represents the timing of an intra-oceanic
(MOR/BAB setting) plutonism, which was more probably caused by fractional
crystallization of a basic magma source. Alternatively, at least, the plagiogranite
magma alone might be intruded the gabbroic unit, as we will discuss below,
more probably above a subduction zone.
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Fig.4. Chondrite-normalized REE (Sun and McDonough, 1989) diagram showing the patterns of
mentioned rock samples in Fig.3.

One of the important questions with regard to Tethyan basin evolution is
the nature of Somkheto—Karabagh volcanic arc? The analysis of tectonic mod-
els in the literature and the details of their own data are summarized in articles
(Galoyan et al., 2013, 2018). The facts are in favor of a model of Mariana-type
island arc environment. However, controversy still exists regarding to the tec-
tonic setting(s), subduction polarity and the powerful magmatism on both
northern and southern alongsides of the ASH suture zone during Jurassic and
Cretaceous. Any viable interpretation needs to explain the origin and wider
propagation of the arc-type (both volcanic and plutonic) magmatic rocks and
ophiolites themselves. Some discussion based on available data of local and
regional scale comparison can be useful for this and especially future studies.
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In Berdzor anticlinorium (in Karabagh area), the pillow basalts that are
hosting the Berdadzor plagiogranite intrusion could not be Bajocian or Bathoni-
an as considered (e.g., Abdullaev et al., 1974), and should possibly be, at least,
Pliensbachian—Toarcian, given the new age of ~177Ma (Toarcian; based on a
last International chronostratigraphic chart, 2021) of mentioned intrusion. The
same picture emerges with the plagiogranite intrusions (~180Ma; Sadikhov,
Shatova, 2016) of western Azerbaijan. Therefore, considering these facts, the
age of the host effusions located actually both south and north of the main ASH
ophiolite zone, should possibly be minimum Pliensbachian—Toarcian or older,
rather than Bajocian and/or Bathonian. So, these are new evidences of earliest
Mesozoic magmatic activity(ies) being related to any of subduction models
within the LC domain, which was unknown (or partially and somehow ig-
nored?) up to present. Alternatively, those pillow basalts in Berdzor anticlinori-
um might also belong to a pre-existing oceanic crust (e.g., Paleotethys?) that
was older than Lower—Middle Jurassic.

Evidently, the trondhjemite intrusions are abundant in the northern segment
of Somkheto—Karabagh zone exposed both in Armenian and Azerbaijan parts.
While some of the plagiogranite and related pink leucogranite intrusions from
NE Armenia are under the laboratory studying process, the U-Pb dating of pla-
giogranite (Galoyan et al., 2018) from smaller Haghpat intrusion of Alaverdi
region (northern Armenia) argue the late Middle Jurassic stage (165 + 4Ma) of
its emplacement. Although petrologically similar, this trondhjemitic sample is
about 10 Ma younger than those mentioned above. Here, isotopically analyzed
the single sample of plagiogranite yields higher *’Sr/**Sr value of 0.70806 (Neil
et al., 2015) than those of typical MORB (0.7035-0.7050), which reveals that
the Haghpat plagiogranites were not entirely derived from a depleted mantle
source but with additional input of some enriched materials (e.g., slab-derived
components).

For the first time, fundamental differences were established in the geo-
chemical appearance of ensialic paleo-island arc (i.e., Somkheto—Karabagh)
plagiogranites and plagiogranites within the ophiolite association, due to the
petrogenetic features of their formation (Melkonyan, 1989). However, geo-
chemically, at least the Dali plagiogranite of the ophiolitic complex do not sup-
port this conclusion.

Chondrite-normalized undepleted (i.e., flat) HREE patterns suggest that the
trondhjemitic liquids were generated in a low-pressure, garnet-absent field (e.g.,
Zi et al., 2012). Melting or the fractionation at lower pressures or with lower
water contents may produce calc-alkaline liquids as plagioclase replaces garnet
as the major Al-bearing phase (Carroll and Wyllie, 1990). Both Sevan and
Berdadzor plagiogranites might have been produced by low-pressure crystal
fractionation of a MORB source (e.g., Pallister and Knight, 1981; Pedersen and
Malpas, 1984; Floyd et al., 1998; Dilek and Thy, 2006), because they generally
show flat and unfractionated REE patterns that are similar (sub-parallel) to
those of MORB-type parents. At the same time, all these samples display varia-
ble LILE-enrichment and marked negative HFSE (Nb, Ta and Ti) anomalies
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typical of subduction-related magmas. Therefore, based on field relationships
and petrologic-geochemical features (especially, positive correlation between
REE and SiO, contents), all the discussed plagiogranite bodies may be inter-
preted to have been generated by low-pressure fractional crystallization of a
basaltic magma derived from partial melting of the mantle in a subduction (or
supra-subduction) zone tectonic setting.

It is already obvious that several of plutons are among the oldest (177-180
Ma) in this area, and it may represent the earliest stage in the magmatic evolu-
tion of an “intraoceanic island arc” or an “active continental margin”. There-
fore, the earliest major magmatic event recorded in this study, and perhaps the
“defining time” in the early Mesozoic evolution of the Lesser Caucasus, is the
intense episode of Jurassic intra-oceanic arc magmatism at around 180-165 Ma.

To better understand the structure of the Earth's crust in the LC, we need
additional and new data (including those of seismic tomography). The polarity
of the subduction and the number of zones (one, two or three?) during Jurassic
are still problematic and largely debated in this region (e.g., Rolland et al.,
2009; Sosson et al., 2010; Hassig et al., 2015; Galoyan et al., 2009, 2018). If we
consider a large Mesozoic sea-basin here, we will need “to propose” two sub-
duction zones, which are responsible for the “creation” of zones Somkheto—
Karabagh and Spitak—Kapan (Galoyan et al., 2013).

The first assumption is that only two north-dipping subduction zones might
be "drawn" that are “responsible” for both southern and northern magmatic
belts of Jurassic period separated by ASH sea-basin (or suture actually). Since,
at least, late Early Jurassic (~180 Ma) the northern Neotethys was sinking under
the Somkheto—Karabagh belt and the southern Neotethys or a southern brunch
(?) of northern Neotethys was subducting beneath the South Armenian micro-
plate (SAM) and, probably, under the older oceanic crust (in the east), to pro-
duce the Spitak—Kapan zone. On the contrary, Hassig et al. (2015) considered
that north-dipping subduction under the southern margin of SAM is unlikely at
that time as it would lead to the convergence of SAM with Gondwana; so, they
substantiated their south-facing model of subduction. Alternatively, a model of
two south-dipping subduction zones in the Paleotethyan ocean is proposed re-
cently (Galoyan et al., 2018), which led: (1) to the creation of the Somkheto—
Karabagh island-arc (sensu stricto), (2) to the opening of LC sea-basin (corre-
sponding to ASH ophiolites) behind it and (3) to the formation of the Spitak—
Kapan heterogeneous zone due to subduction of Paleotethys beneath the SAM
and itself(?). In both hypotheses, the LC ophiolites are creating in a back-arc
basin context.

Apparently a more definite and comprehensive interpretation of tectonic
implications of the LC Mesozoic ophiolites with adjacent Somkheto—Karabagh
and Spitak—Kapan Jurassic—Cretaceous zones during Neotethys evolution and
closure requires additional field and laboratory (including detailed geochemical
and isotopic) studies and especially geophysical works. Nevertheless, from the
results of the recent and present studies, we suggest the second scenario as more
likely interpretation. Although it cannot be excluded that all these could have
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been formed at the same time and over only one subduction zone, if we consider
that the absorption volumes of the oceanic crust were not large, i.e., there was
no wider Sea between these zones (or volcanic arcs). This is a question that can
only be answered through additional and detailed paleomagnetic research.

6. Conclusions

The field data, petrological and geochemical results of the plagiogranites
and associated mafic rocks (gabbro, pillow basalts etc.) allow us to draw the
following conclusions on their ages, petrogenesis and tectonic setting within the
Mesozoic tectono-magmatic sections of LC in Alpine-Himalayan orogenic belt.

The ophiolitic remnants within the LC belt represent an oceanic basement
evolved between the Eurasian active continental margin ) or Somkheto—
Karabagh Island-arc terran to the north and the Gondwana-originated SAM to
the south during Mesozoic. This “oceanic basin” (named ASH) belongs to the
northern branch of Neotethys (created on the Paleotethys) as an eastward exten-
sion of the larger [zmir—Ankara—Erzincan Seaway. It was probably consumed
by either northward or (preferred) southward double (also having in mind the
idea of one zone) subductions mainly during Early-Middle Jurassic to Late Cre-
taceous.

The amphibole gabbro (from Artanish valley) and the Dali plagiogranite
(among others) form the upper plutonic part of the Sevan ophiolite succession
of ASH, and display geochemical features that are typical for an arc-related
petrogenetic evolution taken place in an intra-oceanic supra-subduction back-
arc (or fore-arc?) setting.

Based on petrography and major—trace element abundances, the five
trondhjemite (plagiogranite) plutons (including two of them in western Azerbai-
jan) are similar. Their trace element discrimination diagrams define a volcanic
arc granite (VAG-type) setting. Discussed plagiogranite bodies may all be in-
terpreted to have been generated by low-pressure fractional crystallization of a
basaltic magma derived from partial melting of the mantle in subduction (supra-
subduction) zone tectonic setting.

The plagiogranite samples of larger trondhjemite bodies from magmatic
zones surrounding the Sevan—Hakari ophiolite belt to the southwest (in
Karabagh) and northeast (in Azerbaijan) have yielded slightly older ages (177—
180 Ma) than Dali plagiogranite (~172 Ma). Somewhat younger 165 + 4 Ma age
is obtained for a plagiogranite from westernmost Haghpat intrusion in northern
Armenia. The pillow basalts hosting the Berdadzor plagiogranite have “supra-
subduction zone” features similar to the LC ophiolites and evidence the earliest,
at least, Early Jurassic volcanic activity in this region.

This synchronous magmatic activity along the ASH Seaway and surround-
ing regions could probably be related to the initiation of subduction(s) of the
Neotethys oceanic crust below the SAM and, together with Paleotethys, below
either Eurasian (Andean type?) margin or the pre-existing same paleo-oceanic
crust (Mariana type subduction).
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USNrhL-UbLPL 3NRUSE SCNVIBEUPSUSRL UGhU3h
UNuULUSNRUL ONLr U NJUUUNRU (ZUSUUSULP B4, LENLUSPL
NULULUNE ZULLUNESNRESNRULUEL)

Qunjut 1.L.
Udthnthnid

Utqnqnyut wipnuytdhunuwghtt (wjughngputhnnwht) dwquuwnhg-
Uh hwuwljt nt Epjpunbjunntuljut quundnipniip hwnjuybu ju-
plunp Gt ®npp Undyuuh (@Y9) wpbbpub-hwpwy-wupbbjjut hwmndwsh
Epypupwbwut-tpjpughttwdhly Bnpnighwt puguhwjntint hwdwn:
‘unpnyh L putiwplyt] @YU odpnjhnubph wnkjunntwljut hpughdwlh
wnwyk) hunwl b hwdwwwpthwl Jkjuwpuitdwt hwupgbipp hwpwljhg
Undpubp-Twpwpunh b Uyhunwl-Yuwywih jmipw-Juydh gnunpubph
htwn: Ujuhuwyun k, np wyn gnunpubpp, dwubtwynpuybu npuignid wnljw
Epypupwbwut Jhwynpubpp, ubkpunpbt juwydws tu vhdjuig htn
nwpwswluiunpbt b dwudwbwlujhtt wenidny: Ulwih odhnjhwinhg
(Udwuhw-Ubwb-Zwuwuph UUZ Jupught gninne Jinpniwfwi dwu)
b OU uyqwsd gninhubphg unwugywé wjmghngpuhwnukph U-Pb ghpln-
tuyhtt pywugpnidp wywhnynid £ wnwydb] hntuwh Eppududwbw-
Jugpuljut &ogpunidubp Uknphtwhuh (?) EYnpnighugh JEpupbpyuy:
Ujuhwyn k, np ghplntwght pnjnp hwuwlutpp qubuynud Ea np Jun b
n1p dhohtt nipuyh nupwopowh dhowluwypnid (T 180-165Ma): Zwpyh
wnubny wyu wjuukpp, hhdtwwu UUZ obhnihinwghtt gninnig hw-
puwy b hjntuhu nbnujuyus htnpniqhwubkpp tkpthwynn Epniqhy uk-
phwtbph wwphpp, hujwbwpwp, whwnp £ (huh tjuqugnyup wihtu-
pwju-nnnwph jud wykh hhtt hwuwlh, pwt puynuh b puph: Uwyup-
Ukph Epypuphdhugh hhdwh Jpu’ quppnuyght wd$hpnp, pupdwidui
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puquup b yjughngputhnutpp uhighutbnhl &b, npp dwnbwbynid
npuig dSwguwb punhwinip hwngpwjhtt wnpnipp: Mjughngputhnh
pninp tunwpubpp gnigunpmud B thnthnjuwljwt LILE hwpunwugmd b
pungdjws puguwuwlwb HFSE (Nb, Ta b Ti) wundwjhwbkp, npnup
punpny L unipnniljghwyh htwn juyyws duqdwutphu: Giukny tplhpw-
puwtwlut b ywhnpnnqubkppuphdhujut wpwtdtwhwnlnipniutk-
phg putwpyyws pnpnp hhig wjughngpuithinwhtt dwpdhbpp tdwi
Eu b upnn Eu dEjuwpwtdl], np gpuip wnwowgl] tu puquynught
dwquuyh gusp dupdwdp dpuljghntt pmipknugdutt wpyniupnid, npp
gnjugk] E dwbphwjh dwutwlh hwjnidhg unipynijghntt (fud untypuw-
unipnniljghny) gnuinnt mbljnnuwjut ppuypdunid: Nujknphnhunid
unbtndqus UUZ wjuquip (npybku Ubknphwnhuh hjpniuhuwghtt §niy),
wdbbuyt hwjwbwwinipjudp, jutdl £ jud giyh hniuhu, jud
hwpuy (bwppinpkih B) ngnjus Ypjuwlh umpnniyghwikphg hhd-
twlwind Jun-dhoht jnipuyhg dhtsh nip jwydsh dwudwbwl, twb
spuguntiny vhuyt UEY unipynijghntt qntiwgh htwpwynpnipiniup:

P®OPMHUPOBAHUE HUKHE-CPEJHEIOPCKOI
TPOHABEMHUTOBHU CEPUH HA MAJIOM KABKA3E
(PECIIYBJIMKU APMEHUSA U HAT'OPHBIU KAPABAX)

Tanosan K.JI.

Pestome

Bozpact u reoTekToHHYecKass MCTOPHS ME3030MCKOI0 TPOHIBEMHTOBOTO
(TUTarHOTPaHUTOr0) MarMaTHU3Ma OCOOECHHO BaKHBI JISI PACKPBITHS T€OJI0THICC-
KOH-reoIMHAMUYECKOH 3BOJIIOLMHM BOCTOYHO-IOT0-BOCTOYHOI'O cerMeHTa Ma-
moro Kaekaza (MK). BHOBE 00cykmaroTcsi BOpockl Oosiee OmpeneneHHONH U
WCUEpIBIBAIONICH HHTEPIPETAlMd TEKTOHHYECKOTO ITOJIOKEHHS O(UOIUTOB
MK c¢ npuneratommumu k HuM Comxeto—Kapabaxckoit u Crnurak—KamaHckoit
FOPCKO—MeN0BO# 30HaMU. OYEBUIHO, 3TH 30HEI, B OCOOCHHOCTH HaXOSAIIHECS B
HUX T'€OJIOTMYECKHE EIUHMIBI, [IPOYHO CBA3AaHBI IPYI C IPYrOM Kak B IpO-
CTPaHCTBEHHOM, TaK M BO BpeMeHHOM oTHomeHnd. U-Pb natupoBanue mo uup-
KOHY IIaruorpanutoB u3 CeBaHcKoro o¢uoinuTa (LeHTpalbHAas YacTh MIOBHOU
30Hbl Amacus—CeBan—Aakapu uiu ACA) u u3 ynomsHyThiX 30H B MK nmaet
HOBBIE U OoJiee Ha/leKHBIE T'€OXPOHOJIOTHYECKHE perepsl B 3Bojronuio Heore-
trca (?). O4eBUIHO, YTO BCE BO3PACTHI LIUPKOHOB HAXOMAATCS B MHTEpBAJIEC OT
MTO3THEPAHHETO IO MO3THECPETHEr0 IOpcKoro nepuona (~ 180-165 muH ner).
[IprHuMas BO BHUMaHUE 3TH JaHHBIC, BO3pAcT BMeLaomux 3¢ ¢ys3ui, pacmo-
JIOKCHHBIX HAa CaMOM JieJie KaK K 0Ty, TaKk M K CeBepy OT OCHOBHOW O(HOINTO-
Boii 30HBI ACA, BO3MOKHO, AOJKEH OBITh MUHIUMYM IUIMHCOAX—TOAPCKUM HIIH
cTapie, yeMm OaitocckuM U 6aTckuM. OCHOBBIBAaACh HAa TEOXUMHUHU MOPOJI, aM(H-
00s10BBIC Ta00pO, MOMYyIICYHBIE 0a3aJIbThl M IUIATMOTPAHUTHI SBJISIFOTCS KO-
TEHEeTHUYECKUMH, YTO INpeanosaraeT OO MCTOYHUK pacljlaBa B UX IPOUC-
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XOXIeHnH. Bce 00pasipl miarnorpaHiuToOB AEMOHCTPUPYIOT MEPEMEHHOE 000-
ramenue LILE u sBHO BbIpakeHHble oTpunarenbHbie anHoMannu HFSE (Nb, Ta
u Ti), THUYHBIE TSI MarM, CBSI3aHHBIX ¢ cyOnykuueil. OCHOBBIBAsICh Ha Te0JIo-
TMYECKHUX U IETPOIOTr0-I€OXUMHUECKHX OCOOCHHOCTSIX, BCE IITh 00CYKAaEMBbIX
TeJ MJIarHOrPaHUTOB MOXOKH M MOTYT OBITh MHTEPIPETHPOBAHBI Kak 0Opa3o-
BaHHbBIC MIPU (PAKIHMOHHON KpUCTAIIM3aUUK 0a3abTOBOM MarMbl IPH HU3KOM
JaBlICHUH, 00pa3oBaBLICHCS B pe3ysbTaTe YaCTHYHOIO IUIABJICHUS MAaHTHH B
CyOMyKIIMOHHONW (WM CyIpa-CyOAyKIIMOHHON) TEKTOHHYECKOW OOCTaHOBKE.
O6pazoBasuniicst Ha [laneoreruce Oacceitn ACA (kak ceBepHas BeTBb Heore-
THCA), BEPOSATHO, OBLI IOTJIONMICH JIMOO CEBEPHBIMH, JHOO MPEATIOUYTHUTEIHHO
I0KHBIMH JABOMHBIMH CYOIyKIMSMH, B OCHOBHOM B IEPHOJ OT paHHE—CpeIHEH
IOpBI 10 MO3IHEro Meja, He HCKIIoYas TAaKKe BO3MOXHOCTU CYIIECTBOBAHHS
311€Ch €ANHON 30HBI CYOAyKIHH.
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