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A B S T R A C T

Stratigraphy, structure, and tectonics of the Turkish part of the intermontane Shirak Basin and the adjacent
Susuz Basin were studied based on methods of structural geology, geological and geomorphological correlation,
paleontology, paleomagnetism, and archaeology. For the first time, the Pliocene-Quaternary stratigraphy and
tectonics of the western Turkish and eastern Armenian parts of the Shirak Basin were correlated. Sedimentary
cover of the western part of the basin consists of four units: the Lower Akchagylian (Piacenzian) marine deposits,
Karakhach, Ani, and Arapi lacustrine-alluvial units. The Upper Pliocene age of the former formation in the
Demirkent section is evidenced by normal palaeomagnetic signature and dinocysts of the Akchagylian aspect
with some forms known to have a highest stratigraphic datum near the Pliocene–Quaternary boundary. The age
of the Karakhach unit is estimated at 1.9–1.7Ma based on similar geomorphological position and composition
with corresponding deposits in Armenia, normal polarity, and a record of the Early Palaeolithic artefact. The
dating of the Ani unit to the Calabrian, and the Arapi unit to the lower Middle Pleistocene is evidenced by
assemblages of molluscs and small mammals, Acheulian artefacts, palaeomagnetic data, and geomorphological
position similar to the correlated sedimentary sequences in the Armenian part of the basin.

The level of the Akchagylian brackish water basin at the Neogene–Quaternary boundary (2.58Ma) was close
to the recent oceanic level. The recent altitude of the top of the Lower Akchagylian deposits in the Demirkent
section is 1565m. This defines the average rate of the Quaternary uplift in this part of Lesser Caucasus at
0.6 mm/year. The Shirak Basin is bounded and ruptured by fault and flexure-fault zones. Because of offsets on
the Çamuşlu and Akhuryan zones, the central part of the northern Shirak Basin is subsided relative to the
Demirkent section at 130–165m. The movements in the Çarçioğlu zone caused a 100–120m rise of the Ani unit
surface in the Susuz Basin relative to the adjacent part of the Shirak Basin. The north-western border of the Susuz
Basin is uplifted on the Sarikamiş fault zone. Thus, the Quaternary uplift ranges near 0.6 ± 0.1mm/year. To the
north of the Shirak Basin, in the Upper Akhuryan and Lori Basins and the Debed River valley, the rate of uplift
during 0.65–0.6Ma is estimated at about 1 mm/year and the adjacent Bazum and Javakheti Ridges rose more
intensively. Therefore, the uplift could accelerate during the time interval of 0.65–0.6Ma.

https://doi.org/10.1016/j.quaint.2019.11.004
Received 12 August 2019; Received in revised form 21 October 2019; Accepted 2 November 2019

∗ Corresponding author.
E-mail addresses: trifonov@ginras.ru (V.G. Trifonov), simak2001@mail.ru (A.N. Simakova), hasancelik@firat.edu.tr (H. Ҫelik), tesak@ginras.ru (A.S. Tesakov),

es-geo@mail.ru (E.A. Shalaeva), pavlentiy987@mail.ru (P.D. Frolov), jarsun@yandex.ru (Y. Trikhunkov), egorzelenin@mail.ru (E.A. Zelenin),
dinoflag@mail.ru (G.N. Aleksandrova), dmbv@mail.ru (D.M. Bachmanov), anton.latyshev@gmail.com (A.V. Latyshev), dim_as_oj@mail.ru (D.V. Ozherelyev),
sokolov-gin@yandex.ru (S.A. Sokolov), biface@mail.ru (E.V. Belyaeva).

Quaternary International 546 (2020) 229–244

Available online 09 November 2019
1040-6182/ © 2019 Elsevier Ltd and INQUA. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10406182
https://www.elsevier.com/locate/quaint
https://doi.org/10.1016/j.quaint.2019.11.004
https://doi.org/10.1016/j.quaint.2019.11.004
mailto:trifonov@ginras.ru
mailto:simak2001@mail.ru
mailto:hasancelik@firat.edu.tr
mailto:tesak@ginras.ru
mailto:es-geo@mail.ru
mailto:pavlentiy987@mail.ru
mailto:jarsun@yandex.ru
mailto:egorzelenin@mail.ru
mailto:dinoflag@mail.ru
mailto:dmbv@mail.ru
mailto:anton.latyshev@gmail.com
mailto:dim_as_oj@mail.ru
mailto:sokolov-gin@yandex.ru
mailto:biface@mail.ru
https://doi.org/10.1016/j.quaint.2019.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quaint.2019.11.004&domain=pdf


1. Introduction

The present paper is devoted to the Pliocene-Quaternary geology of
the Shirak Basin and its surrounding in NE Turkey and NW Armenia.
Two stages of the basin evolution differentiated during this time in-
terval. The first stage was characterized by uneven subsidence of dif-
ferent parts of the basin. Our goal is to define spatial and temporal
distribution of this process and try to identify its sources. During the
second stage, the basin underwent uneven tectonic uplift and became a
part of mountain system of Lesser Caucasus. Our goal is to analyse and
calculate mountain-producing vertical movements in the region and to
estimate their total (characteristic for the whole region) and local
(depending on relative movements of structural elements) components.

We studied the eastern Armenian part of the region in 2014–2016
and published the results (Trifonov et al., 2016, 2017; Shalaeva et al.,
2019). In this paper, we represent new data on the western Turkish part
of the basin obtained in 2017 and 2019 and results of comparative
analysis of both its parts and adjacent territories.

2. Methods

In the study of the Turkish part of the Shirak Basin, we used the
same combination of geomorphological, lithological, paleontological
(including palynology), palaeomagnetic, radio-isotopic, and archae-
ological methods that was used in the Armenian part of the basin
(Trifonov et al., 2017; Shalaeva et al., 2019; Tesakov et al., 2019).
Description of sections, studies of lithological variations, contacts be-
tween the units, and tectonic deformation were carried out during field

works. Because the tops of different sedimentary units form terrace-like
geomorphological levels, they were correlated, their altitudes were
measured by the GPS receivers, and altitudinal profiles were con-
structed across the basin and the adjacent territory to determine re-
lative position of the levels and their tectonic deformation. Using the
GPS data and the 3 arc-seconds DEM on the base of SRTM provided the
accuracy of the altitudinal estimates not worse than 5m.

Molluscs were collected and examined by P.D. Frolov and the found
small mammals were identified by A.S. Tesakov in the Geological
Institute of the RAS. The palinological samples were collected and ex-
amined by A.N. Simakova with consulting of G.N. Aleksandrova for
identification of found Pliocene dinocysts. Probe maceration was per-
formed by the method adopted in Geological Institute of the RAS, which
is a modification of the Grischuk's separation method (Grichuk and
Zaklinskaya, 1948), namely, the samples were additionally treated by
sodium pyrophosphate and hydrofluoric acid. Pollen diagrams were
constructed in Tilia 1.5.12 program, which allows to calculate the
general spectrum (arborescent pollen + nonarborescent
pollen + spores = 100%) and individual components as a portion of
the total amount of grains. The archaeological finds were studied in the
Instutute of Archaeology of the RAS by D.V. Ozherelyev and in the
Institute for the History of Material Culture of the RAS by E.V. Be-
lyaeva.

Palaeomagnetic samples were taken as hand blocks and oriented
using a magnetic compass. The local magnetic declination was calcu-
lated using the IGRF model. The palaeomagnetic procedures were
performed in the Palaeomagnetic laboratory of the Institute of Physics
of the Earth of the RAS by A.V. Latyshev. All the samples were subjected

Fig. 1. Topography and drainage system in the NE Turkey and NW Armenia with sites of observation mentioned in the text.
(AB) Akbaba Highland, (AM) Amasia Basin, (BP) Bartsrashen Plateau, (Jp) Jajur Pass, (KI) Kisir Highland, (Kp) Karakhach Pass, (UA) Upper Akhurian Basin, (UP)
Upper Pambak Basin.
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to the stepwise alternating fields (AF) demagnetization up to 130mT
with the AF-demagnetizer inbuilt in the 2G Enterprises cryogenic
magnetometer. The remanent magnetization of samples was measured
using the 2G Enterprises cryogenic magnetometer “Khramov”. The
isolation of the natural remanent magnetization (NRM) components
was performed with Enkin's (Enkin, 1994) palaeomagnetic software
package using principal component analysis (Kirschvink, 1980). The
quality of palaeomagnetic signal varies from sample to sample.
Nevertheless, more than 80% of the studied samples were suitable to
define the palaeomagnetic directions. The 40Ar/39Ar dating of andesite
from site 29t was carried out under leadership of Dr. A.V. Travin in the
Sobolev Institute of Geology and Mineralogy, the Siberian branch of the
RAS, the city of Novosibirsk.

All sections are described in the paper from the top downwards. H is
the height a.s.l., T is thickness of the layer, N is normal remanent
magnetic polarity, and R is reverse one.

3. Geological setting of the Shirak Basin and general features of its
Armenian part

The Shirak Basin is the largest intermontane depression in the
western Lesser Caucasus. The basin is situated at altitudes between
1500 and 1700m a.s.l. and contrasts with its mountain surrounding
that is uplifted up to 2000–2500m with higher (up to 3000–4000m)
Quaternary volcanoes (Figs. 1 and 2). The Akhuryan River crosses the
basin from north to south and incises into the basin flat surface up to
several tens of meters.

The basin is bounded to the north by the western spurs of the Bazum
Ridge that are composed of Paleogene, Cretaceous, and Jurassic rocks
with fragments of the Meso-Tethys (the northern branch of Neo-Tethys)
suture, which is considered to be a western part of the Sevan-Hakari
ophiolite zone (Knipper, 1975; Khain, 2001; Adamia et al., 2011, 2017).
Formation of the oceanic crust composing the ophiolites began in the
Late Triassic and its subduction lasted from the Middle Jurassic up to
Turonian or possibly Campanian, according to the data on island type
volcanism and other records (Knipper et al., 1997; Bagdasaryan and
Gukasyan, 1985; Danelian et al., 2007, 2010; Galoyan et al., 2007,
2018; Rolland et al., 2010; Sosson et al., 2010). The south-western
continuation of the suture is exposed to the west of the city of Kars and
probably farther to the south near the town of Horasan (Geological Map
of Turkey, Kars, 2002), where it joins with the Izmir–Ankara–Erzincan
suture (Sengör, Yilmaz, 1981). Another branch of the latter suture ex-
tends to the east of the town of Horasan up to the town of Kağizman,
where it turns to the south-east, follows along the south-western coast
of the Urmia Lake, and farther joins with the southern Neotethys suture
(Geological Map of Iran, 1978). Avagyan et al. (2017) consider that
ophiolites of this southern branch are allochthonous and are obducted
from the Sevan–Hakari suture zone. However, structural position of the
southern branch between the Taurides and Iranian microplates attri-
butes it rather to the independent branch of the suture zone.

The Pambak Ridge bounds the Shirak Basin to the east and separates
it from the Sevan Basin. The ridge is composed mainly of the Eocene
volcanic and clastic rocks (Gabrielyan, 1964; Djrbashyan, 1990;
Sahakyan et al., 2017) as well as the Cretaceous rocks in southern Te-
thys facies (Aslanyan, 1958) and the Upper Miocene lavas (Karapetian
et al., 2001). The same Eocene rocks are exposed to the west of the
Shirak Basin, westward of the city of Kars.

The Aragats volcano that was active in the time range from 1.0 to
0.45Ma (Chernyshev et al., 2002) forms the eastern part of the
southern border of the Shirak Basin. Relics of the smaller
1.28 ± 0.06Ma old Arteni volcano are identified in the Aragats wes-
tern slope (Lebedev et al., 2011). The western foot of the Aragats vol-
cano is composed of volcanic-terrigenous breccia (sites 310 and 311 in
Fig. 1) that consists of andesitic fragments including big angular blocks
in tuffaceous and hydrothermally reworked matrix. Three K/Ar dates of
andesitic fragments range from 24.4 ± 0.6Ma to 24.8 ± 0.7Ma; the

obtained age 1.6 ± 0.7Ma of the matrix should be used with caution
because of a large portion of atmospheric 40Ar in the sample (Shalaeva
et al., 2019). Sayadyan (2009) reported the same breccia of several
hundred meters thick in the boreholes below the sedimentary cover of
the Shirak Basin and correlated the breccia to the Voghchaberd Unit
with a probable Messinian age near the city of Yerevan.

To the west of the Aragats volcano, the southernmost part of the
basin sedimentary cover is found near the village of Haykadzor (site
318). The sedimentary deposits are underlain by volcanic rocks that
border the basin near the ruins of the medieval city of Ani. The volcanic
complex consists of two main units. The K/Ar dates of the lower unit of
basaltic andesites and andesites are ranged from 5.8 ± 0.2Ma to
4.26 ± 0.12Ma and the dates of the upper unit of rhyolitic lithic tuffs
and ignimbrites are 3.14 ± 0.10Ma to 2.8 ± 0.15Ma (Trifonov et al.,
2017; Shalaeva et al., 2019). The upper unit is covered in the Ani city
by a layer of basaltic andesite K/Ar dated by V.A. Lebedev to
2.64 ± 0.10Ma (Shalaeva et al., 2019). The Pliocene volcanic units
extend to the west up to the Kars city, forming the Digor Highland that
borders the Shirak Basin to the south-west. The Pliocene volcanic rocks
are covered in some areas by the Quaternary lavas.

A small band of the Pliocene and Quaternary volcanic rocks be-
tween the villages of Gediksatilmiş and Çarçioğlu separates the Shirak
and more western Susuz Basins, but a narrow corridor of sedimentary
rocks crossing the band shows that the basins communicated during the
sedimentation. The Kisir Daği and Akbaba Daği highlands composed of
the Pliocene and Quaternary volcanic rocks border the Susuz and the
north-western Shirak Basins to the north.

Several smaller intermontane depressions accompany the Shirak
Basin. Those are the Selim Basin to the SW of the city of Kars, the Upper
Akhuryan Basin between the Bazum Ridge and the volcanic Javakheti
Highland, the Lori Basin between the Javakheti, Somkheti and Bazum
Ridges, and a chain of small depressions between the Bazum and
Pambak Ridges.

Sayadyan (2009) divided the sedimentary cover of the Armenian
part of the Shirak Basin into four formations. They are: (1) the Ak-
chagylian deposits corresponding to the Piacenzian and Gelasian and
known only in boreholes; (2) the Eopleistocene deposits corresponding
to the Calabrian and identified only in the northern side of the basin;
(3) the Ani unit dated to the lower Middle Pleistocene; and (4) the Arapi
unit dated to the upper Middle Pleistocene.

Our studies in the Armenian part of the Shirak Basin that are
founded on the lithological, paleontological, palaeomagnetic, geomor-
phological, and radio-isotopic researches refined the age of the forma-
tions and the history of the basin (Trifonov et al., 2017; Shalaeva et al.,
2019; Tesakov et al., 2019). We identify the Eopleistocene deposits (2)
with the Karakhach unit of the Lori Basin that was dated to the time
interval about 1.9–1.7Ma using the SIMS 238U/206Pb dating of tuffs, K/
Ar dating of volcanic rocks, and examination of remanent magnetic
polarity (Presnyakov et al., 2012; Trifonov et al., 2016). The Ani unit is
identified with the upper Calabrian, although the uppermost part of the
sections can belong to the lowermost Middle Pleistocene. The Arapi
unit was deposited at about 0.75 to 0.65Ma (Agajanyan and Melik-
Adamyan, 1985; Melik-Adamyan, 1994; Tesakov et al., 2019) and is
covered by dacitic ignimbrite with the K/Ar dates about 0.7–0.65Ma
(Trifonov et al., 2017; Shalaeva et al., 2019). The Kurtan unit is the
stratigraphic analog of the Ani and Arapi units in the Upper Akhuryan
and Lori Basins (Trifonov et al., 2016). In the northern Shirak Basin, the
Karakhach and Ani units are underlain by a basaltic andesite with the
40Ar/39Ar date of 2.09 ± 0.05Ma (Ritz et al., 2016) and K/Ar dates of
2.1 ± 0.2 and 2.25 ± 0.10Ma (Shalaeva et al., 2019).

The Karakhach, Ani and Arapi units correspond to three cycles of
sedimentation that started with lacustrine accumulation and ended
with alluvium accumulation. The lacustrine part is relatively poor in
the Karakhach unit and dominates in the Ani and Arapi units. In the
northern Shirak Basin, the Arapi unit is incised into the Ani unit, and
the Ani unit is incised into the Karakhach unit. Southward, the units
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cover each other and each younger unit extends farther to the south
than the older one. These relationships show that the northern part of
the Shirak Basin uplifted and the basin migrated to the south during the
Early and early Middle Pleistocene (Shalaeva et al., 2019).

4. Results

4.1. Geological composition of the western Shirak Basin

4.1.1. Arapi unit
The most complete section of the Arapi unit is exposed near the

village of Çamuşlu (N40°44.600ʹ; E43°33.351ʹ; site 11t). The Arapi
deposits are incised into an escarp of the Pliocene-Lower Pleistocene
sequence that consists of three 10–12-m thick layers of andesite with
about 30-m thick layer of conglomerates and finer-grained clastic se-
diments between the lower and middle andesite layers. The Arapi unit
is composed of (Fig. 3):

1. Silt with lenses of sands and gravels; T is about 10m (it seems to

reach 25–30m because of tilting and offset of the unit on a flexure-
fault zone that strikes along the escarp). Fauna of molluscs was
found in the upper part. N magnetic polarity in the lower part.

2. Well rounded pebbles of small and middle size with lenses of sand
and silt; T is up to 1.5m. The Acheulian artefacts are found. The top
of bed 2 (H=1511m) is a part of spacious terrace.

3. Fine-grained sandstone and silt; T is 4 m. N magnetic polarity in the
lower part.

4. Thin-bedded fine-grained sandstone and silt with diatomaceous silt
in the base (1m), interbeds of diatomites and lenses of gravel; T is
8 m. Fauna of molluscs. Bones in the basal diatomaceous silt. N
magnetic polarity with two 1-m thick intervals of R polarity.

The other Arapi outcrops (sites 13t, 17t, and 18t) represent only
fragments of the unit section. Tops of all of them have a height of
1510–1514m. The Arapi sediments are overlain by lavas in sites 13t
and 17t. Site 19t is situated in the Arapi basin margin. The section
consists of:

Fig. 2. Geological map of the Shirak Basin and its surrounding with main sites of observation, after (Nalivkin, 1976; Geological Map of Turkey, Kars, 2002; Shalaeva
et al., 2019) with additions.
Nalivkin, 1976 (1) The upper Middle Pleistocene to Holocene deposits; (2) Arapi unit, the lower Middle Pleistocene; (3) Ani unit in the Shirak and Susuz Basins, the
Calabrian, and Kurtan unit in the Lori and Upper Akhurian Basins, the Calabrian and lower Middle Pleistocene; (4) volcanic rocks of the Aragats center (1.0–0.4Ma);
(5) the Lower and lower Middle Pleistocene volcanics, including rocks of Mets-Sharailer Volcano (~0.9–0.5Ma), Arailer and Arteni Volcanoes (~1.35–1.0Ma), and
the V trachiandesite unit of the Javakheti Ridge (~1.7Ma); (6) Karakhach unit (1.9–1.7Ma); (7) the IV dacite unit of the Javakheti Highland (~1.8–2.0Ma); (8) the III
trachiandesite unit of the Javakheti Highland (~1.8–2.0Ma); (9) the II basic lava unit of the Javakheti Highland (~2.0–2.5Ma); (10) the Upper Pliocene deposits; (11)
the Pliocene acid tuffs; (12) the Pliocene and possibly Messinian basic to acid lavas that can include the Lower Pleistocene lavas in the Akbaba and Kisir Highlands;
(13) the Upper (?) Miocene volcanics; (14) Paleogene (mainly Eocene); (15) Cretaceous and Jurassic; (16) Mesozoic ophiolitic and ultrabasic rocks; (17) Paleozoic
and Precambrian; (18) faults and flexure-fault zones. (AK) Akhurian fault, (CM) Çamuşlu flexure fault zone, (CR) Çarçioğlu flexure-fault zone, (GA) Garni fault, (KF)
Kaps flexure-fault zone), (PS) Pambak-Sevan-Syunik fault zone, (SA) Sarikamiş fault zone, (TC) Trans-Caucasus flexure-fault zone.
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Fig. 3. Stratigraphic sections of the Arapi (Çamuşlu,11t), Ani (Ҫamçavuş, 10t), and Karakhach (29t) units in the Susuz and western Shirak Basins. Position of the
sections is shown in Figs. 1 and 2. (A) stratigraphic position, (M) magnetic polarity, (L) numbers of layers or beds, (SN) numbers of palaeomagnetic samples.
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1. Several andesitic layers.
2. Red argillite burnt by lava; T is 0.5 m.
3. Lapilli; T is 4 m.
4. Bedded sandstone; T is 2m.
5. Sandstone consisting of andesitic grains and tuffaceous matrix; T is

11m.

Beds 4 and 5 show N magnetic polarity.

4.1.2. Ani Unit
In the western Shirak Basin, the Ani unit is exposed only near its

margins and outcrops fragmentally. In site 16t (NW of the basin), the
Ani section underlies the andesitic layers and is composed of: (1)
Tuffaceous sand; 1.6m; (2) Greenish-grey clay with two interbeds
(0.7–0.9m each) of diatomaceous silt; up to 4m. All deposits (possibly,
except the basal clay) show R magnetic polarity. Site 14t is particularly
interesting, because it demonstrates evident covering of the Ani unit by
a lava flow. This section is the following: (1) Basaltic andesite, red in
the base; 2 m; (2) Black loam, reddish and condensed in the uppermost
part; 0.2–0.4 m; (3) Diatomaceous silt; 0.5 m; (4) Grey clay; 0.3 m. The
beds (2) and (3) show N magnetic polarity.

The more complete Ҫamçavuş section of the Ani unit is exposed in
the southern Susuz Basin (site 10; Fig. 3):

1. Loam, carbonated along fractures and in the top; T is 1m. R mag-
netic polarity.

2. Sand with gravel; T is 1 m.
3. Poorly consolidated well rounded conglomerate with pebbles of

small and middle size; T is up to 1m. The rough erosional lower
surface. The Early Palaeolithic artefacts.

4. Greenish clay with abundant shells of molluscs; T is up to 1m.
5. Thin-bedded silt and fine-grained sandstone; T is 1m. N magnetic

polarity.
6. Thin-bedded silt and fine-grained sandstone with 10–15 cm thick

interbeds of ferruginate sandstone; T is 2.5–3m. Shells of molluscs
concentrate in several lenses. R magnetic polarity.

7. Diatomaceous clay and silt with shells of molluscs; T is 6–6.5m. R
magnetic polarity.

8. Thin-bedded fine-grained sandstone and silt; T is 1 m. N magnetic
polarity.

9. Silt; T is 0.5m. R magnetic polarity.

The lower lacustrine (beds 4–9) and upper alluvial (beds 1–3) parts
of the Ani unit are identified in the site 10t. Bed 3 thickens up to 1.5m
and contains boulders in the adjacent site 9t, where the Acheulian tools
were found. The more complete section of the upper alluvial part is
exposed in a quarry of site 27. This section consists of: (1) Grey sand
with stones; 1m; (2) Brownish sandy loam with stones and pebbles;
2 m; (3) Sandstones with conglomerate lenses; 1.5 m; (4) Clay and silt
with shells of molluscs that belong to the lower lacustrine part of the
unit. Remain of the elephant leg were found in the quarry bottom.
Probably, they belong to the bed (3).

4.1.3. Karakhach unit
The deposits that can be identified with the Karakhach unit are

exposed in the northern border of the Susuz Basin (sites 28t and 29t). In
site 28, the 25–30m thick clastic sequence covers andesite in
H=1785m. In site 29 the Karakhach deposits are incised into the
basaltic andesite with the 40Ar/39Ar date 3.65 ± 0.08Ma and are
composed of (Fig. 3):

1. Coarse sandstone with conglomerate lens; T is 1.5m.
2. Conglomerate with sandstone lens; T is 1.5–2m.
3. Intercalation of sandstones with different size of grains; T is 1.6 m.

The sequence shows N magnetic polarity, except the upper (0.4 m)

Fig. 4. Stratigraphic section of the Upper Pliocene – Early Pleistocene deposits
at Demirkent (site 20t). See Fig. 3 for the legend.
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part of bed 3 that can have R polarity. A big chopper of the Early
Palaeolithic aspect was found in bed 2.

4.1.4. Lower Akchagylian (Upper Pliocene)
The late Pliocene deposits were found to the south of the town of

Akyaka in the Demirkent section (site 20t; N40°42.897ʹ; E43°40.367ʹ;
H=1570m) called after a neighbouring village. The section (Fig. 4) is
composed of:

1. Cross-bedded sand and gravel with inclusion of pebbles 2–3 cm and
rarely up to 20 cm; T is 2m.

2. Horizontally bedded silt with abundant shells of molluscs; T is
0.5m.

3. Sand and gravel with graded layering and abundant shells of
molluscs; T is 1m.

4. Coarse cross-bedded sand with fragments of mollusc shells; T is
2 m.

5. Silt with horizontal bedding; T is 13m.
6. Thin-bedded fine-grained sandstone; T is 9m.
7. Thin-bedded silt and rarer fine-grained sandstone; T is 14m.
8. Dark-grey clay; T is 1.5 m.
9. Thin-bedded silt; T is 15 m.

10. Dark-grey clay with diatomaceous clay (0.3 m) in the base; T is
3.5m.

11. Silt with clay interbed; T is 2m
12. Dark-grey clay with diatomaceous clay (0.3 m) in the base; T is

1.5m.
13. Diatomaceous silt; T is 0.7 m.
14. Dark-grey clay; T is 9–10m.

The upper 5–6m thick beds 1–4 are composed of deltaic and alluvial
sediments of Early Pleistocene (Calabrian) dated by molluscs and small
mammals. The layer 1 yielded two small tools of the Early Paleolithic
aspect. The lower, about 70m thick deposits (beds 5–14) show N
magnetic polarity. They were deposited in the brackish-water basin
characterised by the Caspian type dinocysts of the Lower Akchagylian
aspect in beds 10–14.

4.2. Dating of deposits of the Turkish part of the Shirak Basin

4.2.1. Faunal data (molluscs and rodents)
Molluscs. Shells of molluscs were found in the sections Demirkent

(20t), Ҫamçavuş (10t), and Çamuşlu (11t).
In Demirkent, molluscs were collected from the upper (alluvial) part

of the section (layers 2–4). The assemblage contains freshwater gas-
tropods and bivalves of the families Hydrobiidae, Valvatidae,
Planorbidae, Pisidiidae, and genus Dreissena. Falsipyrgula cf. sieversi
(Boettger, 1881) and Falsipyrgula cf. bakhtarana (Schütt et Mansoorian,
1999) were determined among Hydrobiidae. The former species is
known from Calabrian sites Yayladag (Vasilyan et al., 2014) and Voghji
(Tesakov et al., 2019) referred to Ani Unit, the latter form was found in
the Voghji site. A molluscan assemblage of the layer 5 (at the top of the
lower part of the section) includes Hydrobiidae, Valvatidae, Bithy-
niidae, Lymnaeidae, Planorbidae, Vallonia sp., Pisidiidae, Euglesidae,
and Dreissena sp. This assemblage shows an earlier and more lacustrine
stage of the basin development after the retreat of the sea. The lower
(clayey) part of the Demirkent section contains abundant shells of
Dreissena sp. concentrated in several shell beds. Dreissena from the
lower part of the section differs from those found in the upper, fluvial
part of the section.

The section near Ҫamçavuş, bed 6, yielded a molluscan assemblage
including Hydrobiidae, Valvatidae, Acroloxus sp., Radix sp.,
Planorbidae, Pisidiidae, and Dreissena cf. diluvii (Abich, 1859).
Hydrobiids include Falsipyrgula cf. shadini (Akramowski, 1956) and
Falsipyrgula cf. sieversi. Based on this occurrence we correlate this fauna
with Calabrian sites Yayladag (Schütt, 1997; Vasilyan et al., 2014) and

Voghji (Tesakov et al., 2019), and refer it to the Ani unit. A fragment of
a last whorl of Falsipyrgula cf. bakhtarana was found here too. It is very
close to the record in the upper part of Demirkent section.

The bed 1 of Çamuşlu section produced the following mollucan
assemblage: Falsipyrgula cf. sieversi, cf. Pseudamnicola sp., Valvata spp.,
Radix sp., Planorbis sp., Gyraulus sp., Armiger sp., Pupilla sp., Pisidiidae,
Euglesidae, and Dreissena cf. diluvii. In comparison with Demirkent and
Ҫamçavuş sites here we found more diverse limnofilic forms, e.g.
Planorbidae, and abundant small bivalves of the families Pisidiidae and
Euglesidae. Falsipyrgula cf. sieversi is a common element in these as-
semblages. A lack of diverse species of Pyrgulinae may indicate a
younger age of this assemblage or a different type of freshwater basin
and sedimentation.

Small mammals. The paleontological record of small mammals in
the region of the study is scarce. Nevertheless, the published data en-
able reliable age models for late Early Pleistocene (Vasilyan et al.,
2014) and early Middle Pleistocene (Agadjanyan and Melik-Adamyan,
1985; Tesakov et al., 2019). In this study, scanty remains of small
mammals were found in the sections Demirkent (20t), Ҫamçavuş (10t),
and Çamuşlu (11t).

In Demirkent, the material comes from beds 3 and 4. The assem-
blage (n= 6) contains Microtini cf. Allophaiomys sp. (fragments of M1),
Prolagurus cf. pannonicus (Kormos, 1930) (fragmentary m1, m2, and
M3), and ?Ellobius sp. (a fragment of M2) indicating the age of late Early
Pleistocene, mid-late Calabrian.

The section near Ҫamçavuş produced two fragments of vole molars,
M1 or M2, from bed 6. They belong to a rootless form of Microtini.
Judging from the undifferentiated enamel it can be tentatively attrib-
uted to the Early Pleistocene radiation of Allophaiomys-like forms. This
determination implies a broad time interval within the Calabrian.

The section Çamuşlu yielded a single molar fragment from bed 1.
This molar belongs to a small rhizodont vole with thin undifferentiated
enamel. This morphology excludes Mimomys and Ellobius and tenta-
tively indicates a form of rooted Lagurini. The lagurines lost molar roots
at the Gelasian-Calabrian transition. Having in mind an extremely poor
preservation of this fossil we do not make any conclusions on the age of
the enclosing deposits prior to more ample material.

4.2.2. Palynological data
The most important result was obtained in beds 8–14 of the fine-

grained part of the Demirkent section (site 20t). In four horizons, cysts
of marine dinoflagellates that are characteristic for the Upper Pliocene
deposits were found. They are Caspidinium rugosum Marret, 2004 type,
Spiniferites ramosum (Ehrenberg, 1838) Mantell, 1854, cf. Impagidinium
inaequalis (Wall et Dale in Wall et al., 1973) Londeix et al., 2009, cf.
Pontiadinium, and Ataxodinium cf. confusum Versteegh and Zevenboom
in Versteegh, 1995 (Fig. 5). Spores of fresh-water and brackish-water
algae Pediastrum, Botryococcus, Spirogyra, and Planctonites were found in
the same samples (Fig. 5). Amount of marine dinocysts decreases and
amount of algae spores increases up the section that indicates a gradual
freshening of the basin. The consistent presence of dinocysts and spores
of algae in several beds excludes their accidental occurrence in the
deposits.

The upper stratigraphic limit of dinocysts Ataxodinium cf. confusum
and Pontiadinium and spores of Planctonites is the Upper Pliocene – Early
Pleistocene (Head, 1992; Williams et al., 1998; Lenz, 2000). It is thus
likely that the fine-grained and normally magnetised sediments of the
Demirkent section containing the dinocysts and algae were deposited in
shallow waters of the brackish Early Akchagylian (Upper Pliocene)
transgression of the Caspian Sea. The Akchagylian marine deposits are
widespread in Azerbaijan. In Eastern Georgia, they are known mainly in
the Lori Highland and the south-eastern Kakhetia and are represented
by shallow water facies with molluscs (Uznadze, 1965; Shatilova et al.,
2011). In the Armenian part of the Shirak Basin, the Akchagylian
marine molluscs were found in the core of borehole 12 near the Mar-
mashen Monastery (site 340) (Zaikina et al., 1969; Sayadyan, 2009).
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The nonarboreal pollen with Asteraceae and Chenopodiaceae
dominates in pollen spectra of the studied samples (Figs. 6 and 7). The
pollen of Ephedra, Apiaceae, Fabaceae, and Artemisia is present. Pines
dominate in the arboreal group. The conifers also include Tsuga (T.
canadensis (L.) Carrière, 1855, T. sieboldiformi Carrière, 1855, T. di-
versifolia (Maxim.) Masters, 1881, Podocarpus, Cathaya, Picea, Cedrus,
Abies, and Taxodiaceae. The leaved trees are represented by pollen of
Juglandaceae (Carya, Juglans, Engelhardtia), Betula, Alnus, Fagus,
Quercus, and Carpinus. The pollen assemblage likely indicates an alti-
tudinal zonation with coniferous forests occupying the highlands, and
the mixed forests with Pinus, Juglandaceae, Quercus, and Carpinus

occurring at lower elevations. Lowlands were covered by meadow-
steppe vegetation. The climate was arid.

4.2.3. Archaeological data
The most interesting artefacts were found in five sites: 11t

(Çamuşlu), 20t (Demirkent), 9t (Ҫamçavuş), and 29t (near Ҫildir Lake).
In the site 11t a heavy-duty scraper and a flake were extracted from

the layer 2 within about 40m thick escarp of the lower Middle
Pleistocene sequence (Arapi unit). The scraper (12.1×8.9×3.8 cm)
was fashioned on the sub-quadrangular fragment of dacite-andesite
boulder. The convex working edge is shaped by unifacial single-raw

Fig. 5. The late Pliocene brackish-water cysts of dinoflagellates (1–11) and spores of algae (12–14) collected from beds 10–14 of the Demirkent section (site 20t), the
western Shirak Basin, NE Turkey: (1–4) Caspidinium type 1; (5, 6) Caspidinium type 2; (7) cf. Impagidinium inaequalis; (8) Ataxodinium cf. confusum; (9) Spiniferites
ramosum; (10, 11) cf. Pontiadinium; (12) Planctonites; (13) Pediastrum simplex Meyen 1829, (14) Spirogyra.
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retouch consisting of large-sized flake scars. The flake
(7× 5.7×2.2 cm) made of grey flint and covered by ochre-coloured
patina has a large bulb of percussion. Both artefacts are rounded. Three
more dacite-andesite tools were found in the exposure of the same layer
that lies on a terrace adjoining to the main escarp. They are large side
scraper (8.2× 11.3×2.5 cm), crude handaxe (13.3×9.9×4.4) and

chisel-ended pic (12.0×10.0×6.9 cm). The side scraper with straight
cutting edge is made from tabulated piece of sub-rectangular form. The
handaxe (Fig. 8) shaped by series of large removals may be defined as
sub-cordiform type. The pic of sub-triangular shape has also triangular
cross-section (trihedral type). All three faces are formed by large re-
movals.

Fig. 6. Pollen collected from beds 10–14 of the Demirkent section (site 20t), the western Shirak Basin, NE Turkey: (1) Podocarpus; (2) Tsuga sieboldiformis; (3) Tsuga
diversifolia; (4) Tsuga canadensis; (5, 6) Abies; (7) Picea; (8) Cedrus; (9) Cathaya; (10–12) Pinus sg. Diploxylon; (13) Pinus sg. Haploxylon; (14) Taxodiaceae; (15, 16)
Juglans; (18) Quercus; (19) Carpinus; (20) aff. Fagaceae; (21) Betula; (22) Alnus; (23) Salix; (24, 25) Ephedra; (26) Chenopodiaceae; (27) Cyperaceae; (28) Brassicaceae;
(29) Caryophyllaceae; (30) Polemonium; (31) Polygonaceae; (32, 33) Asteraceae; (34) Apiaceae; (35) Poaceae; (36) Boraginaceae.
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In the site 20t two small, but massive tools (4.2× 1.9×1.5 cm and
3.2×2.1×2.0 cm) have been extracted from the layer 1 (Ani unit).
They are side scraper with convex working edge fashioned by three
removals and chisel-ended tool. Both are made of massive pieces of flint
and slightly rounded.

Of special interest is a large elongated tool of near-triangular form
(21× 10.4× 4.5 cm) found in site 9t (Ani unit). Although this basalt
tool is very rounded, it clearly has an asymmetric sharp edge shaped by
bifacial flaking and opposite backed side as well as a handle formed by
series of removals. The tool is similar to macro-knives of “tsaldi” type
known in the Acheulian localities of Armenia and Georgia (sites Kudaro

I, Tsona, Dashtadem, Muradovo, and Karakhach). This tool type is
considered as characteristic form of the regional Acheulian (Lyubin,
Belyaeva, 2014). A flat almond-form pebble (17× 9.9× 3.2 cm) with
scars of bifacial flaking was found as well in the surface of basaltic
andesite covering the Ani section of site 14t. It resembles a crude
handaxe.

A remarkable chopper with bifacially flaked edge (Fig. 9) was found
in the bed 2 of the site 29t (Karakhach unit). The chopper of near-oval
form (19.2× 13.0× 9.7 cm) was made from a boulder of local basaltic
andesite. The cutting edge carefully fashioned by large-scaled removals
is located on the narrow end. The rest of the tool surface was not
processed. The chopper is rounded and its working edge is somewhat
blunted.

Judging by technological and morphological features all the col-
lected tools belong to the Early Palaeolithic. Because at present the
finds are too scarce and scattered it is too early to make any extended
description of local lithic industries. However, one may clarify their
type and chronological range by analyzing the most indicative large
tools. Choppers occur in both Oldovan and Acheulian industries, but
handaxes, picks, and peculiar tool type as “tsaldi” certainly indicate
Acheulian. Furthermore, pics together with crude handaxes are known
to exist during Early-Middle Acheulian (Early Pleistocene-beginning of
Middle Pleistocene) and not later. Their presence in the Arapi and Ani
units confirms ages of these deposits estimated on the basis of other
data.

4.3. Tectonics of the Shirak Basin

4.3.1. Inner structure of the Shirak and Susuz Basins
The Pliocene-Quaternary deposits usually occur almost horizontally

within the Shirak Basin. It is difficult to estimate their deformation by
change of thickness of the deposits, because the base of majority of
sections is not exposed and their upper layers are often eroded. So, the
main instrument of tectonic analysis is a relative position of terrace-like
topographic levels on the surface of the deposits.

Fig. 7. Pollen diagram for beds 10–14 of the Demirkent section (site 20t), the western Shirak Basin, NE Turkey. Total pollen sum is given in number of grains. All
other characteristics are given in percents of the total sum. Dots are single grains.

Fig. 8. Handaxe found in the Arapi unit near the Çamuşlu village (layer 2 of the
site 11t).
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In the Armenian part of the basin, the Akchagylian
(Piacenzian–Gelasian) deposits are known only from boreholes in the
north of the basin (Sayadyan, 2009). The younger units are sequentially
incised into each other (Fig. 10.1). For example, the Karakhach unit
surface (Karakhach terrace) is situated in the northern border of the
basin at the elevations of 1750m (site 306) and 1770m (site 226),
whereas the altitudes of the Ani terrace are 1690–1700m (sites 209 and
426). In the northern part of the basin, the Ani terrace gently dips to the
south from 1610 to 1615m (sites 326, 329, and 339) to ~1600m (site
336), and the Arapi terrace occurs at 1500–1516m (sites 308, 341, and
432).

The similar relationships are observed in the western Shirak and
Susuz Basins. The Karakhach terrace is situated at the height of 1814m
in the northern Susuz Basin (site 28t), whereas the altitude of the Ani
terrace is 1695m in the basin center (site 27t), and is at 1750m in its
southern margin (sites 9t and 10t) (Fig. 10.3). In the western Shirak
Basin, the altitude of the Ani terrace decreases from 1636m in the
northern margin (site 16t) to 1590m in the center (site 14t), and the
heights of the Arapi terrace are 1510–1515m (sites 11t, 13t, 17t, and
18t) (Fig. 10.2). Thus, the altitudes of the Ani terrace as well as the
Arapi one are similar in the Armenian and Turkish parts of the northern
Shirak Basin.

Fig. 9. Chopper found in the Karakhach unit near the Ҫildir Lake (layer 2 of site 29t).

Fig. 10. Geological-geomorphological profiles across the northern Shirak Basin and Susuz Basin. (1) The NNE-trending profile across the northern Shirak Basin along
the eastern bank of the Akhuryan River, NW Armenia. (2) The N-trending profile across the north-western Shirak Basin, NE Turkey. (3) The approximately N-trending
profile across the Susuz Basin, NE Turkey. (4) The WNW-trending profile across the Susuz and north-western Shirak Basins, NE Turkey. Location of major faults and
fault-flexure zones and sites of observation is shown.
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The top of the Arapi lacustrine deposits is situated at heights of
1525–1530m in two outcrops of the northern part of the basin. They
are the site 327 (Agajanyan and Melik-Adamyan, 1985) and site 11t.
This is partly due to the fault offsets (Fig. 2), but not entirely. In site 11t,
the Arapi terrace (1511m) partly erodes the primary top of the unit.
This proves that the terrace was formed after the accumulation of the
unit, but before its eroded surface was covered by the ignimbrite with
the K-Ar dates 0.7–0.65Ma.

The Arapi terrace very gently lowers to the south down to
1495–1500m in the south-east of the basin (sites 314 and 316), and to
1490m in its southern termination (site 318). Whereas the total
southward lowering of the Arapi terrace in the Shirak Basin amounts to
20–25m, the Akhuryan River channel lowers to the south from 1520m
to 1400m (Shalaeva et al., 2019).

The sedimentary units have dissimilar ranges and occurence. The
Karakhach unit is present only in the northern borders and at the
margins of the Shirak and Susuz Basins, but the unit is absent south-
ward, where the Ani unit covers the older lavas (site 339). The Ani unit
thickness is maximal in the northern Shirak Basin. The Ani deposits
occur on the land surface due to tectonic deformation in the center of
the basin (site 317), where they underlie the Arapi unit, but the latter
covers the older rocks farther to the east (site 314) and to the south (site
318).

The described relationships show that the northern Shirak Basin
uplifted and the area of sedimentation gradually shifted to the south
during the last 2Ma.

4.3.2. Faults and flexures
Flexure-fault zones extend along the borders of the Shirak Basin.

They are expressed by changes of altitudes of terraces on the unit sur-
faces and occasionally also by changes of thickness of the units and
offsets in the pre-Quaternary rocks.

The N-trending zone of deformation that was interpreted by
Milanovsky (1968) as a part of the Trans-Caucasus transverse uplift,
limits the Shirak Basin to the east. The zone forms a horst in the
transverse profile. The magnitude of vertical offset is higher on the
eastern side of the horst than on the western one. The Karakhach ter-
race is uplifted at ~180m in the horst (Jajur Pass, sites 220 and 222)
relative to the northern border of the Shirak Basin (sites 306, 226 and
213) (Trifonov et al., 2017; Shalaeva et al., 2019). Farther to the north,
the analogous changes of altitudes of the Karakhach unit and under-
lying lava flows take place from the Upper Akhurian Basin to the east
via the Karakhach Pass to the Lori Basin (Trifonov et al., 2016). The
Javakheti volcanic Ridge, the Sharailer and Aragats volcanos are si-
tuated along the uplifted zone.

The Kaps flexure-fault zone forms the northern boundary of the
Shirak Basin. The pre-Quaternary faults that were activated in the Late
Quaternary are exposed in some parts of the zone. The flexural bend is
expressed by sharp dipping of the Ani terrace to the south from 1695 to
1700m (sites 209 and 426) to 1665–1670m (sites 208, 215, and 216)
and 1610–1615m (sites 326, 329, and 339) (Fig. 10.1). The thickness of
the Ani unit increases at the same direction from 5 to 6m (sites 209 and
426) to 15–20m (site 208), 55m (site 326) (Shalaeva et al., 2019), and
probably 140m in the bore-hole 6 near the Marmashen village (Zaikina
et al., 1969). The same tendency is expressed by lowering of the Ani
terrace from 1636m (site 16t) to 1590m (site 14t). The total offset of
the Karakhach unit can reach 260m (Shalaeva et al., 2019).

The Çarçioğlu flexure-fault zone forms the north-western boundary
of the Shirak Basin. The zone is expressed by an escarp with the uplifted
north-western side as well as faults in the north-eastern termination
(Geological Map of Turkey, Kars, 2002). The displacement on this zone
causes some 100–120m higher altitudes of the Ani terrace in the Susuz
Basin (1693–1753m in sites 9t, 10t, and 27t), than in the western
Shirak Basin (1590–1635m in sites 14 and 16), although they were
primary parts of the same lacustrine basin (Fig. 10.4).

The Sarikamiş fault extends along the north-western border of the

Susuz Basin. We consider that this fault is a part of the active East
Anatolian Fault Zone (EAFZ) north-eastward of its intersection of the
North Anatolian Fault Zone (Trifonov et al., 1994). The EAFZ is char-
acterized by dominant sinistral offsets with minor reverse uplift of the
north-western side in the north-eastern part. The difference between
altitudes of the Karakhach terrace in sites 29t (1985 m) and 28t
(1814m) expresses vertical offset on the north-eastern termination of
the Sarikamiş fault (Fig. 10.3). To the north of the Gumri city, the
Sarikamiş fault joins with the active dextral Pambak-Sevan-Syunik
Fault and the active dextral Garni Fault with minor reverse uplift of the
north-eastern side (Karakhanian et al., 2004). All these faults were
activated during the Spitak 1988 strong earthquake (Trifonov et al.,
1994).

The NNE-trending Akhurian Fault cuts the Shirak Basin (Gabrielyan
et al., 1981). The fault is expressed by a straight segment of the
Akhurian River valley between the Arapi village (site 337) and the Ani
town ruins (sites 25t and 428) and is traced to the south-west, where
the sinistral bends of rivers and ravines were found on the fault
(Trifonov et al., 1994). Vertical offsets were not found in the straight
segment of the Akhurian valley, but the ENE-trending auxiliary thrusts
were found near the Lusaghbyur village (site 217) (Baghdasaryan,
Karakhanyan, 2016; Shalaeva et al., 2019). Because of it, the Arapi
terrace is locally uplifted to 15m. The Akhurian Fault divides into two
branches near the Arapi village. The western branch diverges to the NW
and acquires vertical component of motion that is expressed by eleva-
tion of the Arapi terrace at ~10m to the west.

The WNW-trending Çamuşlu Fault extends between the Akhurian
Fault and the Çarçioğlu flexure-fault zone and is expressed by the es-
carp with uplifted southern side. The magnitudes of vertical offsets
increase to the east, i.e., to the Akhurian Fault. The rise of the Arapi unit
top is about 20m near the Çamuşlu village (site 11t). In site 19t situated
in the southern fault side, the height of the Arapi unit top reaches
1527m and deposits dip with angle 10° to the NE. The Ani unit top
reaches 1570m in site 20t, where the unit is represented only by its
upper alluvial part. It directly covers the Upper Pliocene fine-grained
deposits (Fig. 10.4). Their top is situated in 1565m. The bore-hole 12
near the Marmashen Monastery (site 340) demonstrates that the top of
the Akchagylian deposits is situated at the depth 72m (1443m a.s.l.)
and the depth of these deposits in the borehole breast reaches 198m
(1317m a.s.l.) (Zaikina et al., 1969). The molluscs similar to the Upper
Akchagylian (Gelasian) of the Caspian Sea were found at the depths
76–80m, and the Lower Akchagylian (Piacenzian) molluscs were ob-
tained from the depths 115–198m (Sayadyan, 2009). Therefore, the top
of Pliocene in the borehole 12 that is correlated to the top of Pliocene in
the Demirkent section (site 20t) is situated at the depths between
1435m and 1400m. The difference of the Pliocene top in these lo-
calities indicates that the total vertical offset on the Çamuşlu and
Akhurian Faults reaches 130–165m. The Ani unit terrace in site 20t
(1570m) is not higher than in adjacent part of the Shirak Basin. This
proves that the offset formed before accumulation of the Ani unit.

5. Discussion

5.1. Correlation of the data, a general stratigraphic column, and
sedimentary evolution of the Shirak Basin in the Upper Pliocene and
Quaternary

The lower part of fine-grained deposits of the Demirkent section
contains dinocysts of the Akchagylian aspect, i.e., belongs to the
Piacenzian or Gelasian. Some of the discovered dinocysts and spores of
algae are characteristic for the Pliocene and disappear at the
Pliocene–Quaternary boundary. The entire fine-grained part of the
section is characterised by normal magnetic polarity and can be cor-
related to the Gauss palaeomagnetic chron. These data testify to the
Late Pliocene (Piacenzian) age of the section. The new “short model” of
the onset of the main marine Akchagylian transgression dated to late
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Gauss time interval (Krijgsman et al., 2019; Van Baak et al., 2019)
further restricts the age of the Demirkend brackish-water deposits.

The deposits that are described in 4.1.3 as the Karakhach unit are
similar to it in the Lori Basin (Trifonov et al., 2016) by composition and
location in the northern border of the Shirak and Susuz Basins. The
coarse deposits of site 29t are incised into basaltic andesite with the
40Ar/39Ar date 3.65 ± 0.08Ma and show normal magnetic polarity.
The large chopper of the Early Palaeolithic aspect was found here.
Using these data, we identified the described deposits with the Kar-
akhach unit of the Lory Basin and date them to 1.9–1.7Ma.

The Ani and Arapi unit molluscs belong to Pleistocene. The as-
semblage of molluscs from the Ani unit is older than the Arapi one. The
Acheulian artefacts were found in the Arapi section (site 11t), on the
surface of basaltic andesite covering the Ani unit (site 14t), and within
the upper alluvial part of the Ani unit (sites 9t, 10t and 20t). The Ani
unit shows the reverse magnetic polarity with two intervals of normal
polarity and the whole Arapi unit shows normal polarity. Based on
these data and the correlation with the Armenian part of the Shirak
Basin (Shalaeva et al., 2019; Tesakov et al., 2019), the Ani unit is at-
tributed to the Calabrian, and the Arapi unit is attributed to the lower
Middle Pleistocene. The find of a rootless vole Microtini gen. in the
Ҫamçavuş section (site 10t) of the Ani unit does not contradict to its
upper Calabrian age.

The general stratigraphic column of sedimentary deposits in the
western Shirak Basin and the Susuz Basin is shown in Fig. 11.

The represented data show that the brackish Caspian Basin waters
penetrated to the Shirak Basin in the Late Pliocene. The residual basin
probably remained here in the early Gelasian (Sayadyan, 2009) and
disappeared later. Position of the channel that joined the Shirak Basin
and the Caspian in the Late Pliocene is questionable. The southern
channel is doubtful, because the southern surrounding of the Shirak
Basin is covered by the Upper Pliocene subaerial tuffs and ignimbrites
and no sign of marine sedimentation of that time has been found in the
Araks and Upper Murat River valleys. Perhaps, the junction of the ba-
sins occurred via the Lower Kura depression, where the Akchagylian
marine deposits are present, but these deposits are unknown between
the Lower Kura and Shirak Basins.

In the upper Gelasian, the northern Shirak Basin was covered by
subaerial lavas. The fluvial sedimentation of the latest Gelasian and the
earliest Calabrian (about 1.9–1.7Ma) was concentrated in the northern
border and the northern part of the basin, where a big valley drained
the basin and flew to the east via the Jajur Pass to the recent Pambak
and Agstev river valleys (Milanovsky, 1968; Trifonov et al., 2017). The
Calabrian lacustrine sedimentation occurred in the joint Shirak and
Susuz Basins and finished by the alluvium accumulation and drainage
of waters to the lower Akhuryan valley. The same cycle of the lacustrine
and later alluvial sedimentation took place in the lower Middle Pleis-
tocene and finished at ~0.6Ma. The later alluvium accumulation
concentrated along the recent Akhuryan River and its tributaries.

During the Calabrian and earlier Middle Pleiscocene, faults and
flexure-fault zones developed, bounding the Shirak Basin. The northern
part of the basin relatively rose and area of sedimentation migrated to
the south.

The Shirak Basin is surrounded by volcanic formations that were
erupted during the basin subsidence. The southern migration of the
basin coincided in time with increase of activity of the Aragats volcanic
center. This gives a possibility to suppose that the subsidence was
caused by motion and transformation of the lithospheric mantle ma-
terial manifested by the volcanism (Shalaeva et al., 2019).

5.2. Estimation of the Quaternary uplift of Lesser Caucasus

The discovery of the Late Pliocene dinocysts of Caspian type in
section 20t gives a possibility to estimate most correctly the Quaternary
tectonic uplift of this part of Lesser Caucasus. The discovery conforms
to the earlier records of the Akchagylian molluscs in the borehole 12

Fig. 11. General stratigraphic column of the Pliocene-Quaternary sedimentary
deposits of the western Shirak Basin, NE Turkey. See Fig. 3 for the legend.
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(Sayadyan, 2009) and testifies to the penetration of the Akchagylian
transgression of the Caspian Sea into the Shirak Basin. The maximal
Early Akchagylian transgression level was probably about 100m higher
than the present world sea level and decreased down to 0 a.s.l. by the
onset of the Quaternary (2.58Ma) (Popov et al., 2010). The lower part
of the Upper Akchagylian (Gelasian) is present in the borehole 12. In
section 20t, the Upper Akchagylian deposits are absent. They could be
not accumulated or be eroded later. Anyway, the uplift of section 29t
started at the beginning of the Quaternary. It has reached 1565m by
now. This gives the minimal average rate of the uplift about 0.6 mm/
year.

The subsidence of the Shirak Basin decreases the total Quaternary
uplift within the basin to about 150m. On the other hand, the vertical
component of the Late Cenozoic motion on major faults increases a rise
of uplifted fault sides. For example, the northern side of the Sarikamiş
fault is uplifted relative to the northern Susuz Basin that is expressed by
higher altitude of the Karakhach unit in site 29t (H=1985 m) in
comparison with site 28t (H=1814m). Because of these variations, the
average uplift rate for the Quaternary can be estimated at
0.6 ± 0.1mm/year.

Thus, the Quaternary tectonic uplift of the region contains the
dominant general component (about 0.6 mm/year) that locally in-
creases or decreases because of relative tectonic movements, mainly on
faults and flexure-fault zones, or influence of the lithosphere processes
expressed in volcanism. This intense total tectonic uplift is character-
istic for the Pliocene-Quaternary development of the whole Alpine-
Himalayan belt and other mountain regions. In many of them, the
collisional compression was not enough to produce real recent moun-
tain systems. They were partly and somewhere mainly caused by de-
crease of density of the Lower Crust and the Uppermost Mantle in a
process of transformation of the lithosphere under influence of the sub-
lithosphere mantle flows (Artyushkov, 1993, 2003; 2012; Trifonov
et al., 2008, 2012; Trifonov and Sokolov, 2014; Trifonov, 2016).

The data on Kurtan unit in the Lori Basin and Debed River valley
give a possibility to estimate the uplift during the shorter time interval
of 0.65–0.6Ma. The typical facies of the Kurtan unit consist of fine-
grained sand, silt, and loam that were deposited by stagnant waters in
lake or braided streams with a very slow flow. This means that the
gradient of topography was small or absent within the area of sedi-
mentation. Now the height of the Kurtan unit top decreases from
1300m in the south-eastern Lory Basin (site 10) downstream of the
Dzoraghet and Debed Rivers up to 610m to the NE of the town of
Alaverdi (site 63; N41°11.148ʹ; E44°52.060ʹ). The Kurtan unit accu-
mulation finished by 0.65–0.6Ma (Trifonov et al., 2016). Therefore, the
site 10 rose relative to the site 63 up to 690m or a little less during the
last 0.65–0.6 million years and the average rate of relative uplift could
exceed 1mm/year. The western Lori Basin rose 200m higher than its
eastern part and the Upper Akhuryan Basin rose about 200m higher
than the western Lori Basin; the uplift of the adjacent Bazum and Ja-
vakheti Ridges was somewhat more intense (Trifonov et al., 2016).
Thus, the uplift of this part of Lesser Caucasus could accelerate up to
1–2mm/year during 0.65–0.6Ma.

Analysis of rates of uplift of the region during the Quaternary shows
that the topography of the early Paleolithic epoch was much lower and
gentler than the recent one. This stimulated migration of early homi-
mines to the region (Trifonov et al., 2019).

6. Conclusions

Stratigraphy, composition and tectonics of sedimentary cover of the
western Turkish part of the intermontane Shirak Basin and the adjacent
Susuz Basin were studied and correlated to the eastern Armenian parts
of the Shirak Basin. The sedimentary cover of western Shirak and Susuz
Basins is composed of the Upper Pliocene formation and Karakhach,
Ani, and Arapi Pleistocene units. The discovery of the Upper Pliocene
dinocysts within the former formation and its normal magnetic polarity

testify to its Lower Akchagylian (Piacenzian) age. The age of the
Karakhach unit is estimated at about 1.9–1.7Ma on the grounds of si-
milarity of its geomorphological position and composition with the
Karakhach deposits in the Armenian part and normal polarity of the
deposits. The dating of the Ani unit to the Calabrian, and the Arapi unit
to the lower Middle Pleistocene is based on assemblages of molluscs and
rodents, the finds of Acheulian hand-axes and pics within the deposits,
and by their magnetic polarity (reverse with two intervals of normal
polarity in the Ani deposits and normal in the Arapi deposits), as well as
support from a correlation of their geomorphological position to cor-
responding units in the Armenian part of the Shirak Basin.

The discovery of brackish-water dinocysts of the Caspian type in the
Upper Pliocene deposits gives a possibility to estimate the rate of the
Quaternary uplift of this part of Lesser Caucasus. The level of the early
Akchagylian (Upper Pliocene) brackish water basin was higher than the
world oceanic level and lowered to 0 a.s.l. at the Pliocene–Quaternary
boundary (2.58Ma). The recent altitude of the top of the lower
Akchagylian deposits is 1565m in the Demirkent section (site 20t). This
defines the average rate of the Quaternary uplift at 0.6mm/year. The
Shirak Basin is bounded and ruptured by faults and flexure-fault zones.
Because of offsets on the Çamuşlu and Akhuryan zones, the central part
of the northern Shirak Basin is subsided relative to the Demirkent
section at 130–165m. The movements on the Çarçioğlu zone caused a
rise of the Ani unit surface in the Susuz Basin relative to its altitudes in
the adjacent part of the Shirak Basin at 100–120m. The north-western
border of the Susuz Basin is uplifted on the Sarikamiş fault zone. Thus,
the Quaternary uplift varies at 0.6 ± 0.1mm/year. To the NE of the
Shirak Basin, in the Lori Basin and the Debed River valley, the rate of
uplift during 0.65–0.6Ma is estimated at about 1mm/year by com-
parison of recent altitudes of the Kurtan unit that was deposited by
stagnant waters in the same sedimentary basin. The adjacent Bazum
and Javakheti Ridges rose more intensively. Therefore, the uplift could
accelerate at 0.65–0.6Ma up to 1–2mm/year.
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