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ARTICLE INFO ABSTRACT

Handling editor: Donatella Magri Mount Aragats is one of the largest glaciated volcanoes of the Armenian Highlands (Qujywywl |tnUwpfuwnph)
and culminating in the Aragats Peak, the highest peak of the Republic of Armenia (4090 masl). Here, prehistoric
societies have been present for millennia, so assessing the local influence of past glaciations is a crucial factor to
better understand the cultural evolution of this region. Therefore, this work focuses on a detailed study of the
morphology and morphostratigraphic succession of Mount Aragats paleoglaciers. Geomorphic-based paleoglacier
reconstruction along 36Cl cosmogenic dating (n = 13) of moraines reveal that during the Middle and Upper
Pleistocene, a plateau glacier featuring ice lobes covered this area, featuring outlet lobes reaching up to 17 km in
length, thicknesses of up to 350 m and descending to 2040 masl. According to the morphostratigraphic suc-
cession of ice-marginal features, absolute chronologies and regional correlations, the chronoevolutionary
sequence of these glaciers comprises three intervals: (1) The absolute Maximum Ice Extent or Aragats Glacial
Maximum occurred during the Penultimate Glacial Cycle within the MIS6e (c. 180 ka). (2) Subsequently, during
the Last Glacial Cycle, the Maximum Ice Extent occurred during the MIS5d (c. 111 ka) followed by two secondary
glacial maxima stabilizations during the MIS3a (c. 37 ka) and the MIS2 (c. 17 ka). Finally, (3) the Post-Glacial
Period (PCP, Holocene, MIS1). The disappearance of the glaciers on Mount Aragats was established at the
beginning of the second half of the 20th century by direct observations. The current morphodynamic environ-
ment corresponds to active rock glaciers, some néve moraines and widespread activity of slope processes such as
debris flow and debris slides.
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1. Introduction well as Chalcolithic (Feruglio et al., 2005; Khechoyan et al., 2007; Ari-

mura et al., 2012; Colonge et al., 2013; Petrosyan et al., 2014, 2021;

Mount Aragats is located in a volcanic region that has had a
remarkable historical, cultural, and architectural significance since
prehistoric timesplaying a vital role in human development from the
Palaeolithic to the Christian Era. The slopes of Mount Aragats preserve
remnants of rock art, including paintings and engravings found on tuffs
and basalts. These suitable rock surfaces served as locations for shelters
during the transition from the Late Mesolithic to the Early Neolithic as

Khechoyan and Gasparyan, 2014). Likewise, evidence of human occu-
pation during the Bronze and Iron Ages exists around the entire sectors
of Mount Aragats, supported by the presence of fortifications and burial
sites, as well as kite structures and irrigation systems (Kalantar, 2003;
Badalyan and Avetisyan, 2007; Lindsay and Smith, 2006; Nadel et al.,
2015; Lindsay et al., 2022). Finally, during the Christian eras, the use of
ignimbrites as building stones was widespread in cathedrals and
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monasteries across the region.

Due to its geographical location in the North-eastern Armenian
Highlands, Mount Aragats occupies a privileged local position for the
study of the impact of regional climatic situations dominated by the
westerly airflow in the transit of the W-E global circulation cells (Zhao
et al.,, 2024). As a result, and as in the neighbouring lowlands of the
southern Caucasian valleys, the Armenian Highland is a topographic
corridor that facilitated hominin expansion from Asia Minor, Levant,
and Arabian Peninsula into the rest of Eurasia during the Pleistocene
(Loveluck et al., 2024; Wolf et al., 2024).

The Caucasus region forms part of the Alpine Mountain Belt and “is
located in the transitional area between the Euro-Mediterranean and
Asian climates with seasonal influences from the Westerlies, the Siberian
High and far-reaching impacts from the Indian Summer Monsoon”
(Joannin et al., 2014; Stockhecke et al., 2016; von Suchodoletz et al.,
2018). Since glacial dynamics are sensitive to climate changes, recon-
structing the structure and chronology of past glacial fluctuations allows
the study of local-to-global climate variations far beyond the historical
records and, thus, their impact on past population migration. Glacial
activity during the Pleistocene and Holocene has been reported in
several mountain areas of the Greater and Lesser Caucasus (Ciner, 2004;
Sarikaya et al., 2011; Tielidze, 2017; Tielidze and Wheate, 2018; Revaz
et al., 2018; Boynagryan, 2021; Solomina et al., 2022). However, the
knowledge of glacier behaviour during past glaciations in the Mount
Aragats region is still obscure, precluding assessment of how natural
climate variability could influence early human populations.
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This work aims to carry out a detailed geomorphological study of
Mount Aragats emphasizing the identification and mapping of glacial
landforms, particularly ice-marginal features, to provide the first abso-
lute chronology based on *°Cl Cosmic Ray Exposure dating (CRE) of the
glacial activity during past glaciations in Mount Aragats area. Specif-
ically, this work seeks to answer questions such as the timing of the
maximum ice extent during past glaciations and the chronology of the
last glaciation, including the onset of the last deglaciation. This infor-
mation is the foundation for proposing a first-order chronoevolutionary
sequence model for the Mount Aragats glaciations.

In addition, Mount Aragats past glaciations evolution is correlated
with other areas at local and regional scales to contextualise Quaternary
glaciations at hemispheric scale. The analyzed paleoenvironmental
variables provide new insights into the interactions between environ-
mental changes, glacial processes, and human adaptation in a dynamic
highland environment.

2. Geological and geomorphological framework

Since the early geological studies conducted in historical Armenia by
the German geologist Hermann Abich (1882) and Felix Oswald (1906),
who provided some of the first detailed geological sections of the
country, a solid foundation was established in the areas of tectonics and
volcanism that have served for future research.

The Republic of Armenia is situated in the central part of the Arabia-
Eurasia collision zone across the so-called Armenian Highlands

Fig. 1. Geological setting of the study area.
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(Ruwjywywu [Enuwtuwnh), within the South-Western Asia (Neill et al.,
2013, 2015; Tsereteli et al., 2016; Sherriff et al., 2019, 2021, 2024;
Gasparyan and Glauberman, 2022; van Hinsbergen et al., 2024) (Fig. 1).
Most of neotectonics activity primarily focus along two major active
large-scale faults (Westaway, 1990; Tsereteli et al., 2016; Mergevoso-
vich et al., 2024; Ocakoglu et al., 2024), the Pambak-Sevan-Syunik Fault
(Karakhanyan et al., 2013) and the Garni Fault. These structures exhibit
alternating dextral strike-slip motion and components of both reverse
and normal faulting, significantly influencing the geological landscape
and evolution of recent basins (Ritz et al., 2016; Trifonov et al., 2017;
Shalaeva et al., 2023). Notably, these fault systems have been respon-
sible for historical earthquakes with magnitudes exceeding Mw 7
(Karakhanyan and Abgaryan, 2004).

Within this tectonic context, Pliocene-Quaternary volcanism is
widespread, spanning a range of volcanic compositions from basalts to
rhyolites comprising five volcanic provinces with polygenic and mono-
genetic volcanic activity (Gevorgyan et al., 2020). Mount Aragats stands
out as one of the largest volcanoes of the Armenian Highlands, dis-
playing four distinct polygenic stages from 2.5 Ma to 0.49 Ma (Halama
et al., 2020), characterized by varying compositions from trachybasalts
to trachydacites (Paffengol’ts and Ter-Mesropyan, 1968).

The Mount Aragats volcanic system hosts numerous vents and cinder
cones that form six large ignimbrite units covering an area of 5000 km?,
suggesting important explosive events (Jrbashyan et al., 2012). Age
determination based on K/Ar and Ar/Ar data suggests two different
ignimbrite sequences spanning from 1.8 to 0.65 Ma. (Gevorgyan et al.,
2018). In addition, magmatic intrusions from Lower Paleozoic and
Tertiary comprise granitoids together with small-scale gabbroid in-
trusions, which appear in the north and northeast of the area.

The most recent Quaternary deposits comprise lavas, tuffs and
sedimentary rocks comprising alluvial and fluvial conglomerates and
lacustrine sediments with palaeontological content. The latter alternates
with pyroclastic material from cataclysmic eruptions that interrupted
sedimentation (Gevorgyan et al., 2020).

These rocks and sediments are underlying to the north by Jurassic
and Cretaceous sedimentary rocks and Proterozoic and lower Paleozoic
metasedimentary sequences with different grades and compositions that
cover large areas in the northeastern part of the region.

The Mount Aragats slopes exhibit numerous evidence of Pleistocene
glacier activity that left their geomorphic and sedimentary imprint in
the form of various landform-sedimentary assemblages, such as moraine
sets and till deposits. However, before this paper, absolute chronologies
were not available for the glaciers of Mount Aragats, but there was a
relative time sequence based on the arrangement of the moraines. This
sequence was deducted by the comparative analysis of the Last Glacial
Cycle in the Alps (Wiirm glaciation) as a reference model (see Boy-
nagryan, 2020, 2021 and references). This model included the Glacial
Maximum, the three Late Glacial stadial and the latest historical advance
postglacial. These papers did not specify any location for the Glacial
Maximum. However, they did locate the other stages using the alpine
chrono-sequence (see [vy-Ochs, 2015), i.e., the Gschnitz (Oldest Dryas),
Daun (Older Dryas) and Egesen (Younger Dryas) stadials and the Fernau
(Little Ice Age) historical pulse. Finally, the glaciers reduced to firn
basins that disapeared during the second half of the twentieth century
(Davoyan, 1971; Tsomaya et al., 1983; Boynagryan, 2020, 2021).

3. Methodology
3.1. Geomorphology and mapping

The mapped area covers a total of ~ 1789 km?. First, we reviewed
the geomorphological features documented in prior studies (Davoyan,
1971; Tsomaya et al., 1983; Boynagryan, 2020, 2021). Subsequently, we
generate a geomorphological inventory with new field observations and
interpretations from satellite imagery. The glacial and associated land-
forms map of Aragats mountain was obtained using the most
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standardized procedure, based on photointerpretation of panchromatic
stereo-photos and field observations (Benn and Ballantyne, 2005; Evans,
2012; Seijmonsbergen, 2013; Smith et al., 2006; Chandler et al., 2018).
The presented map was designed using the classical legend for
geomorphological maps (landform/deposit-process-age represented by
symbols and color patterns; Demek, 1972), and the most standardized
symbols and nomenclatures for the glacial and glaci-volcanic morpho-
logical features (FGDC, 2006; Alcala-Reygosa et al., 2016; Azzoni et al.,
2017; Carrasco et al., 2020, 2023; Pedersen et al., 2020; Soteres et al.,
2020; Leontaritis, 2020; Rudolph et al., 2021; Tielidze et al., 2023). A
preliminary map included the principal sedimentary formations as
moraines (e.g., borders and ridges), alluvial fans, rock glaciers and
paraglacial debris slopes. The moraines ridges were digitized as lines
and the rest as polygons using topographical breaks visible on the
hill-shade/slope models. The location and typology of the former gla-
ciers were also mapped, which have implications for landscape devel-
opment in the Armenian Highlands.

The map was performed by using ArcGIS 10.8 and QGIS 3.34 soft-
ware, 3D anaglyph and high-resolution images of Google Earth (2016
Cnes/SPOT, ~15 m spatial resolution), ESRI Imagery (Imagery, 2017,
TerraColor, ~15 m spatial resolution and SPOT, ~2.5 m spatial reso-
lution), Bing (BI, 2024, Maxar, ~5 m spatial resolution) and Yandex.
The identification of different geomorphological units was supported by
previously employed image enhancement, that has been widely used in
various fields of research to enhance micro-reliefs not directly observ-
able from digital terrain models (DTM) derived from the processing of
LiDAR and drone point clouds. In this regard, the implementation of
different tools widely used in archaeology (Stular et al., 2012; Kokalj
et al., 2013; Fernandez-Lozano and Gutiérrez-Alonso, 2016; Whalley,
2024) have been recently applied to the mapping of glacial geo-
morphology (Carrasco et al., 2020). In this work, multi-shading tech-
niques were used to distinguish between icecap and icefield plateau
glaciers. Furthermore, the Openness algorithm was utilized, which,
unlike other shading methods, is free from directional biases, and the
reliefs emphasized by Openness do not exhibit horizontal displacements
(Yokoyama et al., 2002; Doneus, 2013). Openness allows for detailed
determination and mapping of cirque morphology and serves to support
the distinction between icecap and icefield areas. Moreover, the Slope
gradient has also been implemented as the first derivative of the DTM to
highlight the morphology of valleys and moraine crests and to determine
hummocks. Finally, the Sky View Factor, utilizing the algorithms
developed by Zaksek et al. (2011), was examined to complete the
mapping of cirques and to distinguish lava flows from hummocks. This
was achieved by identifying shaded regions to highlight linear features
that run parallel to the direction of the light source.

Field campaigns during the 2023 and 2024 summer months were
conducted to identify features not easily observed from remote sensing
data. In these works, direct field measurements were carried out using a
handheld GPS, along with photography. The recorded data are: topo-
graphic location and relations of landforms and/or geometry, approxi-
mate size, shape, orientation, morpho-stratigraphic succession and
lithology of moraines and associate’s formations. According to Chandler
et al. (2018) recommendations, we carry out specific observations to
confirm the previous interpretations of process-form relations. Finally,
the field works included the sampling for future chronological studies by
Cosmic Ray Exposure Dating (CRE).

A critical task in both the desk and fieldwork was to establish the
morphostratigraphic succession of the glacial and associated deposits.
To this end, and following the most standardized methodologies (Frye
and Willman, 1962; Lukas, 2006; Hughes, 2010; Pedraza et al., 2013;
Leontaritis, 2020), the positional relationships of the main morainic
formations were determined, as a previous step to establish the evolu-
tionary sequence of the Aragats paleoglaciers in their regional context
(Carrasco et al., 2015).
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3.2. Cosmic ray exposure dating

3.2.1. Sampling

The sampling strategy was based on four fundamental premises: 1)
maximizing available resources, 2) collected samples must follow the
morphostratigraphic succession of local glacial landforms, 3) bracketing
the timing of deposition of the outermost and the innermost moraine
formations, and 4) decipher the chronology of intermediate glacial
evolutionary stages (Carrasco et al., 2013, 2023). Therefore, the sam-
pling priority was given to the outermost erratic boulders (local
Maximum Ice Extent indicators) and those located on moraines crests
(stage transit indicators). In this study, 13 samples were collected for
numerical exposure dating using >°Cl-CRE from volcanic boulders on the
moraines of the Mount Aragats paleoglaciers.

Large stable boulders (>1 m%) on top of the crest from each moraine,
interpreted as the geomorphic marker of the onset of ice withdrawal,
were sampled to avoid till-shielded surfaces and to minimize the effect
of potential post-glacial boulder rotation: Boulders located in areas
affected by peri- and paraglacial processes were also dismissed (Dortch
et al., 2013; Carrasco et al., 2015) (Figs. 2 and 3). Samples from flat
surfaces and away from highly weathered areas, edges, joints, and
cracks were taken (Akcar et al., 2011; Stroeven et al., 2011). The sam-
ples were collected using a chisel and a hammer from the upper surface
of the boulders to a depth of up to 4-5 cm. Sampling locations were
recorded with a hand-held GPS, and the dip/orientation of the sampling
surface and the topographic shielding were measured with a clinometer
and a compass. All samples correspond to moraine boulders of volcanic
lithologies.

3.2.2. Sample preparation for chlorine 36 measurements

In this studied volcanic lithologies and following Schimmelpfennig
etal. (2009, 2011), a “whole rock” approach has been used to determine
the exposure ages from in situ produced *°Cl due to the lack of Ca- and
K-rich phenocrysts with low (i.e., <20 ppm) natural Cl content (to
minimize the 3°Cl production pathway).

First, samples were crushed and sieved to obtain a 250-1000 pm
fraction. This material was leached for 3 h in ultra-pure water and then

N GERGED] vé-IEy
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dried. Subsequently, after 1 day on a shaking machine in a solution of
HNO3/HF acids (both supra pure; 0.08 ml HNO3 (65 %) and 0.36 HF
(40 %) per g sample), ~20 % of the total mass was dissolved. After being
dried, 2g of samples were collected for total elemental composition
determination, as 3%Cl has many production pathways. To be able to
determine both 3°Cl and 3°Cl concentrations, all samples were spiked
with a chlorine carrier (6 mg of Cl per g of the carrier whose *°Cl/%7Cl is
300). The material was then dissolved in HF (supra pure, 40 %, 4.5 ml
per g sample). After 2 days on a shaker table, the samples were centri-
fuged in 250 ml falcon tubes to separate the solution from the gel formed
during dissolution.

AgNO3 was added to the solution to precipitate AgCl (two days in
dark conditions). AgCl was recovered and cleaned several times with
ultra-pure water, then dried and kept in a dark condition prior AMS
measurement. For AMS measurements, the AgCl was transferred and
pressed into a nickel cathode. One full-chemistry blank went together
with the samples.

The 36Cl and Cl concentrations were measured by isotope dilution by
Accelerator Mass Spectrometry at the French AMS national facility
ASTER (CEREGE, Aix-en-Provence), and were both normalized to a%tcl
standard (SM-CL12 prepared by S. Merchel with a given 3°Cl/3°Cl-value
of (1.428 4 0.02) x 10-12 (Merchel et al., 2011).

The decay constant of 2.303 = 0.016 10-6 yr ' used corresponds to
a®5Cl half-life (T1/2) of 3.014 x 105 years. Analytical uncertainties
include counting statistics, machine stability and blank correction
(®6¢1/3%Cl blank ratio is 1.246 x 10-15 + 25 %). The blank correction
represents 0.01-0.11 % of the sample concentrations. All data used to
determine 3°Cl concentrations are presented in Table 1.

The elemental compositions of the samples to determine the pro-
duction pathways of 36Cl are presented in Table 2. Due to tight time
constrains the elemental composition was done by ICP-OES (ICAP 6500
from Thermo) using four standards (a Merck Certipur multi multi-
elements in Suprapur HNO3 6 %, batch n° HC16755392, a Perkin
Elmer-TRUQms for titanium (CL13-85TiY-1), a Chemlab uranium stan-
dard (CLO1 2101.0100; 1000 ppm in 2-5 % HNO3) and. a Chemlab
thorium standard (CLO1 2041.0100; 1000 ppm in 10 % HNO3)

Sample ARG21
1682+ 7.7

Fig. 2. Some sampled comprising volcanic disperse erratic boulder from the external areas of the valleys (Marginal Deposits formation, MD). Which provided data
for detection of the glacial cycles and the maximum extensions of the ice in each period. The samples are in the plaeoglaciers of: (A) Arkhashan, (B) Artikjur, (C)

Gegharot and (D) Getadzor.
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Table 1

Chemistry information, AMS ratios and®*°Cl concentrations.
Sample Mass dissolved Spike added Cl36/ClI35 Uncertainty 35¢1/47¢l Incertitude AMS cathode 36¢1 + 35¢1 +

3¢1/%Cl (%) c1/47cl (%) —
g at Cl at/g at/g ppm ppm

ARGO1 33.30 3.496E+19 3.16926E-12 3.9867 4.256 1.8027 CQVU 12 364 838 541 005 221.49 15.94
ARGO06 30.85 3.4877E+19 3.85561E-12 3.9437 4.706 1.7645 CQVvV 12 809 672 553 435 170.21 9.81
ARGO7 35.29 3.497E+19 3.48564E-12 4.0392 3.747 1.6978 CQVW 20 595 092 902 372 382.01 40.27
ARGO8 36.49 3.4825E+19 6.26556E-13 5.0458 3.774 1.8528 CQVX 3 437 507 184 774 352.22 39.00
ARG10 36.47 3.5001E+19 3.15797E-12 4.2071 3.894 1.6695 CQVY 15 167 042 686 501 298.53 26.27
ARG11 33.95 3.4929E+19 2.08314E-12 4.3867 4.026 1.8297 CQVZ 9 460 438 449 650 272.87 23.28
ARG12 28.52 3.4908E+19 3.10954E-12 3.9715 14.450 1.8047 CQWA 4787 638 208 854 24.44 0.83
ARG18 26.13 3.4887E+19 9.99435E-13 5.0545 29.800 2.0607 CQWB 1 467 799 80119 10.41 0.38
ARG19 31.67 3.5022E+19 3.18356E-12 4.0314 14.742 1.6779 cQwcC 4 404 386 192 323 21.50 0.70
ARG20 29.94 3.498E+19 2.38090E-12 4.0697 15.634 1.6916 CQWD 3426 944 151 035 20.99 0.68
ARG21 36.11 3.4877E+19 2.52999E-12 4.2638 3.862 1.7257 CQWE 12 665 525 582 589 313.86 29.44
ARG22 36.89 3.4908E+19 5.18935E-13 4.8371 3.798 1.6650 CQWF 2739991 140 168 336.86 32.76
ARG25 33.40 3.4815E+19 3.45063E-13 4.8845 3.927 1.7958 CQWG 1739195 90 510 310.92 28.40
Blank 3.51043E+19 1.77131E-15 25.1757 205.115 1.8161 CQWH

3.2.3. Age determination

The final age calculation followed the approach by Schimmelpfennig
et al. (2009), allowing the determination of 2°Cl production rates pre-
sented in Table 3. The original Excel sheet of Schimmelpfennig et al.
(2009) was modified, and sea level high latitude spallation production
rates were updated as follows: 42.2 + 4.8 at/g Ca (Schimmelpfennig
etal., 2011); 148.1 + 7.8 at/g K (Schimmelpfennig et al., 2014); 13 £ 3
at/g Ti (Fink et al., 2000) and 1.9 + 0.2 at/g Fe (Stone et al., 2005). For
the production rate of epithermal neutrons from fast neutrons in the

atmosphere at the land/atm interface, the value of 696 + 185 from
Marrero et al. (2016) was used. All productions were scaled following
Stone (2000) polynomial.

To consider the %6Cl production from radiogenic elements, a mean
lava flow age of 500 ka was used for all samples. Exposure ages without
denudation are presented in Table 4 as well as maximum denudation
rates considering the lava flow age as a maximum age. As radiogenic
production may not be well constrained, some authors reported negative
ages when radiogenic production was accounted for (Athanassas et al.,



R.M. Carrasco et al.

Quaternary Science Reviews 361 (2025) 109404

Table 2

Composition used to determine the>*Cl production.
Sample CaO K20 TiOy Fe,03 SiO4 Na,O MgO Al,O3 MnO P,0s5 H>0 Li B Th U

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [ppm] [ppm] [ppm] [ppm]
ARGO1 7.44 5.23 1.70 3.38 66.10 6.69 0.17 9.13 0.11 0.02 0.04 5.92 44.76 60.29 9.87
ARGO06 6.17 4.71 1.83 3.66 69.24 6.45 0.26 7.53 0.11 0.01 0.03 8.98 56.34 36.00 10.77
ARGO7 4.26 4.97 1.75 6.82 56.36 4.62 6.39 14.62 0.16 0.01 0.04 14.23 43.41 84.87 8.50
ARGO8 5.90 6.85 2.30 8.60 53.93 6.91 3.95 11.31 0.19 0.02 0.04 7.28 44.38 103.31 10.77
ARG10 7.86 5.89 2.47 3.79 66.42 3.32 0.32 9.26 0.15 0.42 0.08 6.52 39.87 97.43 10.18
ARG11 3.45 3.23 1.54 5.71 67.50 5.38 4.94 8.08 0.13 0.02 0.02 10.06 48.89 133.96 13.90
ARG12 7.29 7.35 2.04 4.50 64.79 3.24 0.37 9.81 0.13 0.40 0.08 6.91 53.17 122.63 12.68
ARG18 4.38 4.51 2.11 7.62 58.31 2.61 4.41 15.82 0.18 0.02 0.04 12.48 33.41 93.22 9.37
ARG19 1.11 4.59 2.59 6.15 67.27 2.22 0.41 15.47 0.13 0.00 0.04 10.01 35.08 83.68 7.76
ARG20 7.35 2.18 2.42 7.43 59.43 3.25 7.77 9.94 0.17 0.03 0.02 4.21 64.23 140.83 15.09
ARG21 5.69 3.26 2.29 6.10 66.22 5.79 0.02 4.55 0.24 0.00 0.04 5.42 45.08 104.81 11.01
ARG22 2.73 3.47 2.38 4.94 63.13 7.74 2.26 5.24 0.29 0.00 0.07 8.45 48.24 99.56 10.24
ARG25 3.52 3.20 1.84 7.40 61.26 5.23 4.76 7.36 0.12 0.04 0.03 6.33 49.42 123.55 13.18
4. Results
Table 3

36C1 production rates in the studied samples. The following, sea level high
latitude spallation production rates were used: 42.2 + 4.8 at/g Ca
(Schimmelpfennig et al., 2011); 148.1 + 7.8 at/g K (Schimmelpfennig et al.,
2014); 13 + 3 at/g Ti (Fink et al., 2000) and 1.9 + 0.2 at/g Fe (Stone et al.,
2005). For the production rate of epithermal neutrons from fast neutrons in
atmosphere at land/atm interface the value of 696 + 185 from Marrero et al.
(2016) was used. All productions were scaled following Stone (2000)
polynomial.

Sample Ppaitation Pepithermat Prhermal Prons Pragiogenic Protal
[at>°Cl glal]

ARGO1 46.64 11.90 21.95 1.51 0.82 82.83
ARGO06 60.00 13.04 23.39 1.60 0.44 98.47
ARGO7 61.34 30.94 56.31 1.36 1.85 151.80
ARGO08 102.84 34.25 54.22 211 1.87 195.29
ARG10 53.65 16.38 30.29 1.67 1.18 103.18
ARG11 25.01 13.27 25.55 0.75 2.07 66.64
ARG12 56.94 1.23 2.22 1.67 0.12 62.18
ARG18 38.40 0.57 1.07 1.05 0.05 41.15
ARG19 32.20 1.12 2.18 0.62 0.08 36.21
ARG20 29.71 1.22 2.26 1.24 0.15 34.57
ARG21 34.60 18.76 33.17 1.14 1.56 89.22
ARG22 45.36 29.13 51.79 0.94 1.99 129.22
ARG25 42.02 25.63 45.49 1.01 2.07 116.22

2016; Charton, 2024). Ages and maximum denudation rate (infinite
times) without the radiogenic contribution (lava flow age set to zero) are
also presented in Table 4.

However, despite some samples with high °Cl content, radiogenic
production did not sufficiently influence so much the exposure ages.

Table 4

4.1. Glacial geomorphology

During the Maximum Ice Extent (MIE) in the Mounts Aragats area,
marked by the outermost moraine ridges, 19 glaciers have been identi-
fied with a total length (tongue and cirque) of up to ~17 km, charac-
terized by tongues with ice thicknesses of up to ~350 m and some
glaciers that descended from about 3900 m asl to 2040 m asl (Fig. 3,
Table 5).

4.1.1. Glacial cirques morphology

Glacial cirque (hereafter cirque) is a term that originally referred to
specific landforms due to glacial erosion and is characterized as a
truncated elliptical paraboloid (Charpentier, 1823). At present, cirques
are defined as armchair-shaped hollows exhibiting steep headwalls and
relatively deep and flat floors, originating by glacial overdeepening
(Gordon, 1977; Evans and Cox, 1974; Benn y Evans, 2010; Barr and
Spagnolo, 2015). Prior studies have demonstrated that cirque morpho-
metric attributes are suitable indicators of paleoclimate conditions
(Evans, 1977; Olyphant, 1977; Graf, 1976; Peterson, 1968; Mitchell,
1996). Therefore, cirque landforms are useful as paleoclimatic in-
dicators (Peterson, 1968; Graf, 1976; Barr and Spagnolo, 2015).

In the Aragats area, 18 cirques were mapped, most of which tend
towards isometry and are simple and unitary, although there are also
compound and staircase cirques (Fig. 4, Table 6). They show limited
vertical incision capacity, considerable variation in size, and are pre-
dominantly oriented towards the NW and the SE (Fig. 5). The larger and
intermediate cirques are located on the main divides of higher

36C1 exposure ages (no denudation) and maximum denudation rates considering a mean lava flow age of 500 ka. Exposures ages and maximum denudation rates
(infinite time) are also presented without the radiogenic correction (lava flow age set to zero). The morphostratigraphic formations correspond to those defined in this

work.
Samples Morphostratigraphic formations Lava flow age = 500ka Lava flow age set to 0 35Cl ppm
Age (no denudation) Max denudation m/Ma Age (no denudation) Max denudation
(ka) (ka) m/Ma
ARGO1 Marginal Deposits (MD) 180.9 +7.9 4.9+0.2 185.5 + 8.1 5.0+0.2 221.49
ARGO06 153.8 + 6.6 55+0.2 155.6 + 6.7 5.6 +0.2 170.21
ARGO7 160.1 + 7.0 6.5+ 0.3 165.5+ 7.3 6.4+ 0.3 382.01
ARGO8 Hummocky Moraine (HM) 15.2 + 0.8 71.9 + 3.9 18.2 + 1.0 59.7 + 3.2 352.22
ARG10 Marginal Deposits (MD) 177.1 + 8.0 52+0.2 182.3 + 8.3 53+0.2 298.53
ARG11 1649 +7.8 6.6 +0.3 179.1 + 85 6.3+0.3 272.87
ARG12 84.3 +£3.7 8.0+ 0.4 85.0 + 3.7 81+04 24.44
ARG18 Border Moraine (BM) 36.9 + 2.0 19.8 £1.1 37.3+£2.0 19.8 +1.1 10.41
ARG19 Marginal Deposits (MD) 142.2 + 6.2 44+0.2 1431+ 6.3 45+0.2 21.50
ARG20 111.4 + 4.9 6.2+ 0.3 113.1 £ 5.0 6.3+ 0.3 20.99
ARG21 168.2 + 7.7 6.2 +0.3 176.0 + 8.1 6.2 +0.3 313.86
ARG22 Hummocky Moraine (HM) 17.3 £ 0.9 731 +3.7 221 +1.1 56.5 + 2.9 336.86
ARG25 10.0 £ 0.5 129.4 £ 6.7 155+ 0.8 822+ 4.3 310.92
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Table 5
Morphometric parameters of paleoglaciers in the Mount Aragats.

Quaternary Science Reviews 361 (2025) 109404

Ne Paleoglacier Length (m) Length Terminus (m asl) Summit (m asl) Area Max ice thickness (m)
3D (m) m %
1 Getadzor QbLwnwann 14100 14330 2183 3816 22.6 5.0 180
2 Rapi Nwuwh 12437 12584 2188 3546 32.2 7.2 90
3 Nigavan Uhquywu 10510 10676 2032 3501 34.3 7.6 80
4 Nigasar Uhquuwn 4966 5125 2258 3367 4.6 1.0 70
5 Aragats Upwaqwd 9516 9689 2039 3487 15.8 3.5 190
6 Gegharot QbLnwnnun 14406 14652 2038 3792 60.9 13.5 260
7 Kertutegh Ybnwnuntn 7649 7723 2362 3212 7.6 1.7 80
8 Shahverd Cwhytnn 8891 8977 2351 3325 17.2 3.8 160
9 Arkhashan Uphuwowu 13645 13831 2145 3866 27.6 6.1 250
10 Amberd Udptnn 17546 17759 2040 3762 41.9 9.3 360
11 Lernarot LGnUwnnun 13233 13372 2186 3373 15.3 3.4 80
12 Agravakar Ugnwywpwn 9486 9541 2585 3376 3.7 0.8 26
13 Aghranikar Unpuwilihpuin 11244 11323 2305 3326 20.2 45 70
14 Kakavasar Ywpwywuwn 9131 9208 2416 3297 10.9 2.4 50
15 Selav-Mastara Utjwy Uwuwnwpw 8075 8116 2575 3278 16.9 3.8 50
16 Garnhovit Qunuhnyhwn 6791 6829 2743 3261 5.2 1.1 45
17 Metsdzorijur Utsanphgntp 14474 14573 2185 3380 24.2 5.4 110
18 Artikjur UpphlgnLn 15379 15479 2081 3371 22.4 5.0 80
19 Mantash Uwlpw) 17268 17504 2111 3917 39.3 8.7 335
* Area associated with Mantash glacier 9134 9210 2327 3305 27.3 6.1 29

topographic elevations around Aragats Peak, which is the apex of the
ancient stratovolcano. The cirques of smaller dimensions are located at
the western and eastern ends of the mountain massif, far from the apical
zone of Aragats Peak, at lower altitudes (Figs. 3 and 4). According to
their plan geometry (Evans and Cox, 1974; Barr and Spagnolo, 2015),
the semicircular types (concave cirques), those with elongated basins
(oval cirques) and those with a U-shaped morphology (trough cirques)
have been identified.

Legend

— Drainage network
Glacial cirques

Glacial cirgue morphology

@® TC

@® cc

@ oc

1

The U-shaped cirques (trough) are mainly located at the western and
eastern ends of Mount Aragats. Those on the west sector (Gmbert-
Kakavakar plateau) are small hollows excavated into a topographic
plateau and coinciding with the area of initiation of the former outlet-
type tongues flowing from the summit. Those in the eastern sector
(Aragats Peaks) have originated in the marginal domain of the summit
divide by the erosive processes characteristic of cirque-type glacial
accumulation basins. All of them are simple cirques of smaller

! 432000

1 430000

Fig. 4. A) Glacial cirque of Nigavan (background of the image). Several morainic ridges appear at the bottom of the valley (foreground of the image) and the rock
glacier tongue (middle ground of the image). B) Glacial cirque of Rapi composed by several compartments and staggered minor cirques (background of the image).
On the slopes can see the development of rock glaciers and debris cones. The bottom of the valley is fully occupied by hummocky type supraglacial ablation moraine
(middle ground of the image). C) Mapping of glacial cirques carried out based on the Openness algorithm for image enhancement (Table 6). D) Example of minor
cirques (1 and 2) controlled by the preglacial volcanic morphology (Yandex image using QGIS34).
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Table 6
Basic morphometric parameters of glacial cirques of Mount Aragats (extracted with ACME GIS tool; Spagnolo et al., 2017).
Ne Emin Emax H Emean Slope Aspect Type Description
mean mean

1 2635 3613 978 3113 16 298 ocC Complex elongated cirque, staircased. Connected to other cirques. With secondary minor cirques.

2 2659 3509 850 3121 17 176 oC Complex elongated cirque, staircased. Connected to other cirques. With secondary minor cirques.
With a disfluency that generates two emissary tongues.

3 2905 3419 514 3102 12 137 CC Minor concave cirque. Connected to other cirques.

4 2792 3206 414 3009 8 85 CcC Simple concave cirque, slightly staircased.

5 2830 4090 1260 3357 23 118 CC Complex concave cirque with three compartments, two concaves and another elongated, staircased
and with notable overdeepened. Connected to other cirques and with secondary minor cirques.

6 3125 3540 415 3305 14 144 TC Trough cirque, very slightly overdeepened. Connected to other cirques.

7 3017 3588 571 3221 16 134 TC Complex trough cirque with several minor compartments. Very slightly overdeepened and connected
to other cirques.

8 2995 3576 581 3222 21 87 TC Simple trough cirque. Very slightly overdeepened and connected to other cirques.

9 3046 3400 354 3172 18 53 TC Simple trough cirque. Very slightly overdeepened and connected to other cirques.

10 2880 3555 675 3154 16 16 TC Complex trough cirque with two compartments. Very slightly overdeepened and connected to other
cirques.

11 2962 4087 1125 3271 18 352 CcC Complex concave cirque with several minor compartments. Connected to other cirques.

12 2871 3992 1121 3237 21 333 CC Complex concave cirque with several minor compartments. Connected to other cirques.

13 2925 3068 143 2991 6 329 TC Simple trough cirque. The plateau U-shaped cirque.

14 2910 3141 231 3023 9 316 TC Simple trough cirque. The plateau U-shaped cirque.

15 2971 3257 286 3089 8 219 TC Simple trough cirque. The plateau U-shaped cirque.

16 2858 3090 232 2980 9 163 TC Simple trough cirque. The plateau U-shaped cirque.

17 2909 3000 91 2954 8 204 TC Simple trough cirque. The plateau U-shaped cirque.

18 2780 3263 483 3052 15 137 CC Complex concave cirque, staircased. Connected to other cirques. With secondary minor cirques.

Legend: Emax (m asl), maximum elevation (altitude) of cirque headwall. Emin (m asl), minimum elevation (altitude) of cirque floor. H (m asl), difference between
minimum elevation of cirque floor. Emean (m asl), value of mean contour line of cirque elevations. Slope mean (degrees), mean slope value for the delimited cirque

area. Aspect mean (degrees north), mean aspect value in degrees north (0-360° interval). OC, elongated cirque. CC, concave cirque. TC, trough cirque.

270

180

Vector mean = 114°
Vector length = 0.19

Fig. 5. Distribution of glacial cirques according to aspect.

dimensions (between 0.5 and 9.6 km? area 2D).

The semicircular cirques (concaves) are in the central area of Mount
Aragats and are hosted in the ridges, peaks, and edges forming the
highest elevations of these mountains. Some of these cirques have
complex morphologies with minor cirques embedded in the main ones,
stepped cirques, and armchair cirques forming saddles that interconnect
different valleys. In general, they are large in area (between 5.2 and 18.4
km2 area 2D) and have notable cliffs on their headwalls (H up to c. 1200

m).

Finally, the elongated cirques (oval) are the headwaters of two large
valleys that form an NNW-SSE morphostructural corridor. Both valleys
are interconnected at the head and built in the eastern limit of the
topographic plateau. The oval cirques of this area have a planoconcave
morphology, with a series of secondary minor staircase cirques. They
present large dimensions at the head (between 8.9 and 14.6 km? area
2D), forming a small topographic plateau. Due to this type of
morphology, these cirques can be interpreted as an intermediate case
between the U-shaped and the semicircular types.

In the Aragats area, the maximum elevation (Emax) of the cirques
coincides with the main divide of the stratovolcano. Although some
cirques on opposing slopes are interconnected, it has not been possible
to identify any cirque truncation (White, 1970) related to a
buzzsaw-type relief evolution process, as proposed in other mountain
areas of the world (Mitchell and Montgomery, 2006; Foster et al., 2008).

According to the available data, the cirques of Mount Aragats are
comparable to those of other mountains in the regional context,
regarding those analyzed in the Southwestern Anatolia (Cilgin and
Bayrakdar, 2018, 2020; Evans et al., 2021; Cilgin et al., 2024). These
cirques show similar or larger dimensions but are more complex, better
defined, and mainly exhibit northern aspects. However, they are
convergent in morphology and orientation with those described in the
Eastern Black Sea Mountains (Simsek et al., 2023).

4.1.2. Glacial valleys and deposits

The ice masses that started in the central sector of the Aragats Peak,
both to the north and south, caused deep vertical incisions in the terrain,
giving place to large glacier valleys with long-distance tongues and
notable moraine complexes. However, the emissaries that started from
the marginal areas of the Aragats Peak to the east and from the topo-
graphic plateau located to the west developed valleys with little vertical
incision and smaller ice tongues forming intermediate glacier valleys. In
both cases, some of these tongues crossed steep slopes, forming a kind of
slope glacier.

Most of these valleys have a well-developed U-shaped morphology
and sometimes present shoulder pads of embedding sequences (Fig. 6).
The larger lateral moraines generally start attached to the slopes and
evolve into border moraines that define the limit of the old glacial
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valley. Their morphology is perceptible in the landscape, and their
ridges are very sharp. However, in some cases (for example, the Amberd
glacier, 10 in Table 5), they have suffered postglacial erosion processes,
such as debris flows. In all cases where the tongues flowed embedded in
valleys with extra-glacial rock walls, there are many debris due to par-
aglacial processes, including debris flow, debris slides, rock glaciers or
protalus rampart (Fig. 6C).

Considering the outermost moraines formations reflecting the local
maximum ice extent (MIE), the large valley glaciers had lengths between
<18 km and >10 km, depths of ~300 m; the glacial terminus was be-
tween ~2188 m and ~2040 m and overcoming unevenness of ~1800 m
or ~1000 m depending on the case (Table 5). The most prominent
valleys are located around Aragats Peak, forming the central sector of
the Mount Aragats area. The Getadzor and Rapi glacier tongues (1 and 2
in Table 5) converged in the middle section of their course, leading to a
single glacier that reached the piedmont plain, giving rise to an ele-
phant’s foot termination and a large outwash plain with an alluvial fan
system. The tongues of glaciers located to the south (Arkhashan and
Amberd, 9 and 10 in Table 5) had a common feeding basin conditioned
by the subglacial topography, giving place to a subsequent difluence
with two independent tongues. These glaciers and the Mantash glacier
(19 in Table 5), located to the north, were connected at the head during
the glacial advances.

The intermediate valleys are located to the west in the southern
sector of the topographic plateau and the east on the eastern edge of the
ridge-type summit. During the MIE, these valleys hosted glaciers ranging
in lengths from <10 to >4.8 km, maximum thicknesses of ~190 m, the
glacial terminus was between ~2040 m and ~2740 m and overcoming
unevenness of ~1450 m or ~500 m depending on the case (Table 5). The
Gegharot and Nigavan glacier tongues (6 and 3 in Table 5) resulted from
the confluence of several tongues forming an ice mantle convergent with
a slope glacier. This glacier expanded into the piedmont, creating an
irregular front conditioned by the preglacial morphology of the bed and
extensive outwash plains also developed giving rise to a system of al-
luvial fans. Some glaciers originated in the topographic plateau area,
such as the Kakavakar, Selav-Mastara and Garnhovit glaciers (14, 15, 16
in Table 5) showing a continuity between the morphology of former
accumulation and discharge zones. However, in other glaciers of this
area it is possible to differentiate the morphology of accumulation by a

o Y
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trough-type cirque and that of discharge by a well-developed valley.

The glacial deposits of Mount Aragats are diamictons composed of
boulders and cobbles with scant gravel and sand matrix, without
apparent internal structures and weakly compacted. In some areas, they
contain scattered lenses of laminated sands that correspond to fluvial
deposits. All of these are composed of volcanic materials, predominantly
andesites and basaltic andesites and dacites, basalts and ignimbrites to a
lesser extent. The most significant volume of sediments is located on the
slopes of the valleys, forming lateral moraines in which a sequence of
deposits comprising from bottom to top, subglacial lodgment till, sub-
glacial melt-out till and supraglacial melt-out till (Fig. 7). The identifi-
cation of these till types are possible by the variation in fine grain
material, degree of compaction and the presence of fluvio-subglacial
channels. The deposits located on the valley floor are discontinuous
due to some rocky thresholds but include a sequence of vertical accre-
tion of tills like the one described above.

Two types of formations appear above these sequences that were
previously described: (1) a system of massive boulders forming minor
lateral moraines and arcuate moraines (Fig. 6B) and (2) a system of
debris that covers the former glacial bed, presenting numerous flow
folds (e.g., grooves and ridges). Because of their position and
morphology, the formers are interpreted as recessional moraines that
indicate the retreat of the glacier. The latter sometimes fossilize the
recessional moraines and are interpreted as hummocky-type ablation
moraines corresponding to an evolutionary stage of readvance (Fig. 8).
The hummocky deposits are present in almost all the valleys, although
they acquire notable dimensions in those associated with the Aragats
Peak sector. Compared to the general till, those corresponding to the
formations at the bottom of the valley present debris with a greater
abundance of large boulders and lithological variety, including pyro-
clastic rocks and volcanic tuffs (Fig. 7A and B).

4.2. Glacial formations and morphostratigraphic succession

The evolutionary sequence of these glaciers was established using
the morphostratigraphic succession of moraines and other associated
deposits (mainly peri- and paraglacial debris) as primary indicators. Up
to three morainic formations and several associated slope debris were
identified in the glacier’s basins. According to the most standardized

Fig. 6. A) Gegharot river glacial valley (6 in Table 5) showing the U-shaped morphology and the ridges of border lateral moraine formation (dotted line). B) Rapi
glacial valley (2 in Table 5): (BM) the principal lateral moraine or border lateral moraine, (ILM) minor internal lateral moraines, (HAIM) valley floor occupied by the
hummocky-type ablation supraglacial moraine. C) Amberd river glacial valley (10 in Table 5): (BM) the principal lateral moraine or border lateral moraine, (BBM)
boulders field of the border lateral moraine, (S) solifluction lobes, (Df) debris flow. D) Arkhashan river glacial valley (9 in Table 5); dashed lines mark the ridges of
the principal lateral moraine or border lateral moraine (BM), arrows indicate erratic boulders corresponding to marginal deposits formation (MD).
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Fig. 7. Glacial deposits (tills) in Mount Aragats. General characteristics: diamicton, bi-modal or poli-modal, pebbles, cobbles, and boulders matrix supported. A) The
hummocky-type ablation supraglacial moraine on the glacial terminus of Nigavan former glacier (3 in Table 5). B) supraglacial melt-out till corresponding to the
ablation supraglacial moraine described in (A) (massive and poli-modal deposit). C) Glacial deposits on the glacial terminus of Rapi former glacier (2 in Table 5): (1)
current soil, (2) supraglacial ablation till (massive and poli-modal, very weakly compacted), (3) subglacial melt-out till (weakly fissile and compacted, bi-modal), the
arrow indicates a laminated deposit corresponding to a subglacial fluvial channel, (4) subglacial lodgment till (Highly fissile, compacted diamicton with some bullet-

shaped and facetted clasts, (5) current debris.

Fig. 8. Glacial deposits in the Rapi valley (2 in Table 5). (BM) the principal lateral moraine or border lateral moraine formation; (ILM) minor internal lateral moraine
of glacial retreat (internal moraines formation); (HAIM) hummocky-type ablation supraglacial moraine (internal moraines formation). The arrow indicates the
moraine (ILM) of the former glacial terminus fossilized by the advance of the covered glacier that generated the hummocky formation.

classifications (see, for example, Zasadni, 2007), moraines arrangement
is characteristic of a continuous accretion process. However, in some
valleys, internal moraines show an overlapping process.

The first and outermost formation is called “marginal deposits” (MD;
Fig. 6D) and consists of scattered erratic boulders that appear beyond
the domain of the major lateral moraines. These boulders indicate the
maximum ice extent (MIE) documented in the Aragats area during the
glaciation stages. The most external boulders of this MD formation
correspond to the local absolute glacial maximum (Aragats Glacial
Maximum; AGM). The second formation comprises the intermediate
deposits formed by a set of major lateral moraines. Given its topographic
position limiting the valley into which the glacial tongues flowed, this
formation was called “border moraine” (BM; Fig. 6). This BM formation

10

marks the boundary between the internal and external domains of the
glacial valleys and, therefore, the transition between glaciation stages
(expansion-stabilization of the ice) and deglaciation stages (retreat-
disappearance of the ice). The dimensions of the BM formation represent
a prolonged phase of material accretion and, therefore, a period of
maximum stabilization of local glaciers. Due to its excellent preservation
and presence in all valleys, this BM is the morphostratigraphic reference
to establish the evolutionary sequence of glaciation in this area. The
third formation corresponds to the set of innermost deposits within the
valley bounded by the BM formation, so the term "internal (I)" has been
applied to all of them. This formation is the most complex and consists of
several sequences of deposits that indicate the period of generalized
retreat or deglaciation and the transit between the glacial and post-
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glacial stages.

The initial stages of retreat are indicated by inner lateral moraines of
smaller dimensions than the BM formation, although they have similar
morphological characteristics and are generally attached to their inner
slopes. This formation of minor “internal lateral moraines” (ILM) has a
much more irregular distribution and is not always well defined
(Fig. 6B). The rest of the glacial formations inside the valleys are de-
posits located in the former glacial bed and generally correspond to
supraglacial tills. The first and most prominent of these supraglacial
formations are "hummocky-type ablation internal moraines" (HAIM),
which are very well developed in some valleys and characterized by
their remarkable thickness and continuity. They are typical ground
moraines composed of boulders and large boulders, which are generally
irregular and without any classification, with a labyrinthine morphology
defined by mounds, arcuate ridges, and hollows (Fig, 6B, 7A, 7B, 8).
Their morphological characteristics agree with those described for
supraglacial hummocky moraine (Benn and Evans, 2010). The arcuate
ridges are the dominant ones in the morphology in the initial portion of
the valley, showing clear signs of flow and thrust and some convergence
with a rocky glacier. However, the labyrinthine reliefs of mounds and
hollows dominate in the lower sector, where the indicators show clear
signs of stagnation and ablation. According to these differences, it can be
concluded that these hummocky formations show genetic processes
following those proposed in two hypotheses under discussion: (1)
ablation stagnation (Johnson and Clayton, 2003; Peterson and Johnson,
2018) and (2) the flow-pushing (Hambrey et al., 2011).

In several valleys, it was observed that these HAIM partially fossilize
the previous ILM formation and correspond to an evolutionary stage of
ice readvance (Fig. 8). This evolutionary sequence explained the genesis
of this large ablation moraine in several stages. With the first retreats of
the glaciers indicated by the ILM moraines, the dismemberment of
plateau glaciers began, significantly increasing the ice-free reliefs. In
those ice-free walls, para-periglacial processes cause a large volume of
debris slides, which are difficult to evacuate, giving rise to debris-
covered glaciers of different dimensions and, finally, to HAIM formation.

The last internal formation identified corresponds to the arcuate
“recessional internal moraines" (RIM; Fig. 4A, B, 6B) that appear in the
heads of the valleys occupying part of the domain of the former cirques.
The persistence of the small residual glaciers is very uneven in each
valley; therefore, the formations of the debris falls and slides (talus,
cones, fields, etc.), the protalus ramparts, and the rocky glaciers are
indicators of the post-glacier stage, also have very uneven development.
(Figs. 4A and 6B).

4.3. CRE chronology

The first-order chronology of the glacial fluctuation in the Mount
Aragats, aiming to decipher the extent of the MIE, the chronology of
intermediate ice oscillations and the onset of local deglaciation, has
been established based on 13 %5Cl cosmogenic ages spread across the
best-persevered moraine ridges hosted in the massif (Table 4). The
following ages are presented, considering no denudation. The most
comprehensive chronology comes from the Amberd Valley (9 in Fig. 5)
on the southern flank of Mount Aragats. In this site, from the outermost
to the innermost moraines, two samples indicate that moraines repre-
senting the MIE were deposited at 180.9 + 7.9 ka (ARGO1) and 177.1 +
8.0 ka (ARG10). Up-valley, three samples collected in stratigraphic
order indicate glacier fluctuations culminating at 153.8 + 6.6 ka
(ARGO6), 160.1 + 7.0 ka (ARGO07) and 15.2 + 0.8 ka (ARGO08). To the
east, one sample from the outermost moraine and another from the
immediately inner moraine of lobe six yield ages of 164.9 + 7.8 ka
(ARG11) and 84.3 + 3.7 ka (ARG12). In the northeastern flank of Mount
Aragats, two samples taken from hummocky moraines in the interme-
diate portion of the Danogshar ice lobe (3 in Fig. 5) yield ages of 17.3 +
0.9 ka (ARG22) and 10.0 + 0.5 ka (ARG25). In the northern slope of the
study area, two samples from the outermost moraines of the ice lobe 1
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give ages of 168.2 + 7.7 ka (ARG21) and 111.4 + 4.9 ka (ARG20).
Lastly, flowing to the northeast, two samples from the outermost
moraine belt of the glacier lobe near Artik provide ages of 142.2 + 6.2 ka
(ARG19) and 36.9 + 2.0 ka (ARG18).

5. Discussion
5.1. The former Mount Aragats glacial system

According to its evolutionary history, Mount Aragat can be consid-
ered a complex stratovolcano, but its topographical structure is that of a
small plan-convex asymmetric shield (Chernyshev et al., 2002). The
volcanic system has about 52 km maximum length, with the main crater
located in the northeastern forming alienations of summits about 4000
m asl, while in the southwest, the topography is defined by plateaus that
culminate about 3000 m asl. The morphological control exerted by the
reliefs’ alignment of the main crater provides Mount Aragats the char-
acteristic morphology described in many other glaciovolcanic edifices
(Pedersen et al., 2020), that is, a dome-shaped physiognomy with a
system of radial-centrifuges glacial valleys (Fig. 9). The current
morphology of the summits of Mount Aragats displays an evident
contrast between the western and the central and eastern sectors
(Fig. 10). The former sector has a flat-topped topography located be-
tween 3000 and 3400 m asl and with shallow hills and valleys that
generally end at the edge of the plateau. The central and eastern sectors
have sharp-topped topography with peaks and arétes projecting above
the average topography of the plateau. This area reaches the maximum
elevations of the region (Aragats Peak, 4090 m asl) with cirques head-
walls forming divides of large valleys originating from over-deepening
along major fractures. This sector is characterized by a system of coa-
lescent head-basins with a series of valleys radiating from them towards
the piedmonts.

Mount Aragats comprised a former glacier system heterogeneously
constrained by the local topography. Namely, glaciers in the western
sector (Gmbert-Kakavakar plateau) were nearly free of topographic
control. In contrast, the ice flow in the central and eastern sectors
(Aragats aréte) was strongly constrained by the local topography. Given
that topographic control is a primary factor for defining a plateau glacier
type (Sugden and John, 1976; Benn and Evans, 2010), the morpholog-
ical characteristics of the Gmbert-Kakavakar plateau were appropriate
for the development of an icecap-type, while the Aragats ridges were
suitable for the formation of an icefield-type glacier.

The Gmbert-Kakavakar plateau consists of a volcanic highland, pri-
marily composed of basaltic andesites and andesites with remarkable
glacial erosion features, such as polished surfaces, striations and roches
moutonnee (Fig. 10B). Over this substrate appear numerous disperse
erratic boulders and boulder fields formed by peri- and paraglacial
processes. Topography forms a uniform slope from ~3000 to 3400 m asl,
reaching 3423 m asl at the summit of Tezharuyk. Its morphology has a
lobe-shaped irregular contour with a maximum length of ~11.5 km in
the NNW-SSE direction and a maximum width of ~8 km in the E-W axis.
The general tilting is towards the west and presents an average slope of
3-5°, with minor relief areas up to 7°. In detail, the top of this plateau has
an undulating topography due to the presence of linear valleys that
formed the headwaters of the outlet-type emissary tongues that origi-
nate on this plateau during the glacial stages. In general, these ice
tongues formed valley and slope glaciers with lengths ranging between
1.5 and 11 km from the plateau edge to the piedmonts. These geomor-
phological features are consistent with an icecap-type plateau glacier,
which was adapted mainly to the dome shape topography of the pre-
glacial relief defined by the volcanic shield.

The summits of Aragats South (3879 m) and Karut (3425 m) are
connected through a ridge with NE-SW orientation, forming the typical
conical landscape of stratovolcanoes. This area includes the main cone
of the Aragats volcanic system, along with smaller ones, which facili-
tated the development of snow accumulation basins. Here,
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Fig. 9. A modified NASA photograph showing the dome shape of Mount Aragats and its radial valley system (Reference: NASA, 2002, ID STS 059-201-95, Gateway to

Astronaut Photography of Earth).
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Fig. 10. A) The peaks and ridges system forming the main divide of the central and western sector of Mount Aragats. In the middle ground of the image appears the
Aragats Peak (4090 m), the highest summit of these mountains. B) Kakavasar topographic plateau (3150 m average height) in the western sector of Mount Aragats.

morphological evidence indicates the existence of interconnected glacial
cirques (Fig. 4C). These landforms are hosted into volcanic materials,
rising about 400-700 m above the volcanic plateau, with summits
averaging ~3800 m reaching a maximum altitude of 4090 m at Aragats
Peak. Cirques form the divide between the basins of the Araxes River to
the west and its tributary, the Kasagh, to the east. The divide is marked
by both a flat, narrow summit and sharp ridges or rocky peaks
(Fig. 10A). The slopes are rocky and steep, with heights ranging from
~200 to 400 m, often cliff-like, and with debris materials forming pro-
talus ramparts, cones, or debris mantles. In this area, glacial erosion
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traits of varying sizes are frequent (e.g., polished surfaces, striations,
roches mouttonnés, etc.), and they are especially noticeable in saddle
areas with significant continuity across both slopes. These features
indicate the interconnection of ice in the accumulation basins, thus
forming a continuous ice mass. On the headwall slopes, several levels of
trim lines can be distinguished, located below the highest peaks,
showing that ice-free reliefs always existed in the divides between
glacial basins. These basins are clearly represented by the large glacial
valleys up to ~17 km, along which the ice tongues flowed (Fig. 3,
Table 5). These geomorphological features match the identification
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criteria of an icefield-type plateau glacier, resulting in the inter-
connecting of several accumulation zones.

These configurations of the glacial system are clearly indicated by
the cirque typologies. Cirques allow us to deduct the morphology of the
ancient ice masses in the accumulation basins and their ability to
transform previous reliefs. In Mount Aragats, the former icecap sector is
characterized by U-shaped cirques (troughs), and the icefield sector by
semicircular cirques (concaves) (Fig. 4C). This interdependence be-
tween the type of ice masses and the morphology of the cirques can be
interpreted as the result of glacial superimposition on the previous
volcanic morphology.

Cirque genesis is complex and controlled by multiple factors: (1)
preglacial topography, (2) structural geology, (3) glacial history, and (4)
regional climate (Unwin, 1973). Initial stages of cirque are associated
with ice accumulation in pre-existing hollows of different origin, such as
fluvial, gravitational, periglacial, or volcanic (Haynes, 1968; Graf, 1976;
Turnbull and Davies, 2006; Sanders et al., 2013). In Mount Aragats, a
sequence of staircase smaller cirques has been detected within the larger
ones, a configuration that has been termed "cirques within cirques" in
other regions (Evans, 2010; Delmas et al., 2015). These smaller cirques
are distributed to some extent, randomly and do not form a fractal
system as would be expected from a sequence caused by glacial
over-deepening processes in stepped terrains (Evans and McClean, 1995;
Evans, 2003, 2010). Given that many of these cirques are located close
to the main emission centres of the Aragats stratovolcano (Chernyshev
et al.,, 2002) and some of the smaller cirques have horseshoe-shaped
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contours above the bed of the larger cirque (Fig. 4D), it is likely that
preexisting hollows correspond to ancient craters reshaped by the ice.
On the other hand, the primary origin of some cirques in former
torrential basins, debris flow zones, and lahars formed on the slopes of
volcanic cones cannot be ruled out. This hypothesis is supported by the
arrangement of glacial valleys and a comparative analysis with certain
current stratovolcanoes like Aragats, such as Ararat, Nevado Copurana,
Mount Rainier, etc. (Cullen et al., 2006; Campos-Oset, 2012; Churikova
et al., 2015; Alcala-Reygosa et al., 2016; Azzoni et al., 2017; Baez et al.,
2020; Samolczyk et al., 2024). These data allow us to consider that the
genesis of cirques in Mount Aragats is a combination of multiple factors,
such as their preferential location is following the dominant trajectory of
regional storms (NW-SE and N-S; Joannin et al., 2014; Nestler et al.,
2014; Wegwerth et al., 2021), with the preglacial morphology of vol-
canic origin (craters and lava flow channels; Chernyshev et al., 2002;
Gevorgyan et al., 2020), fluvial and associated processes (e.g., torrents,
debris flow, lahars) and the distribution of the maximum elevations.

5.2. Chrono-evolutionary sequence and correlations

Using the morphostratigraphic succession, the >CI-CRE chronology
obtained in this research and the regional correlations, a preliminary
model of a complete and complex chrono-evolutionary sequence has
been determined in the paleoglaciers of Mount Aragats involving the
Penultimate Glacial Cycle the Last Glacial Cycle, and the Post-Glacial
Period or Present Interglacial (Fig. 11).
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Fig. 11. A) Main morphostratigraphic and evolutionary indicators of glaciers on Mount Aragats. (1) Contour of maximum ice extent (see Fig. 5); (2) glacial cirques;
(3) recessional internal moraines; (4) hummocky-type ablation supraglacial moraine; (5) residual moraine arcs; (6) rock glaciers; (7) most persistent snowpack on
Mount Aragats; (8) alluvial fans. B) detailed mapping of the most persistent snowpack on Mount Aragats using a combination of satellite image from Bing, Yandex
and Google images in September. C) Simplified geomorphological sketch of glacial landforms and chronology on Mount Aragats glaciations. Interpretation based on

longitudinal profile across the Getadzor valley (I-II, see Fig. A).
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5.2.1. Penultimate Glacial Cycle (PGC) in Mount Aragats (stage )

With little discrepancies, PGC was established between c. 200 ka and
c. 130 ka, spanning between Termination Illa and Termination II, cor-
responding to the MIS6 (Lisiecki and Raymo, 2005; Railsback et al.,
2015; Hughes and Gibbard, 2018; Cohen and Gibbard, 2019; Clark et al.,
2020; Bardaji and Lario, 2022; Hughes, 2022). At Mount Aragats, seven
samples collected in the MD formation fall within this time range from c.
181 ka to c.142 ka (Table 4, Fig. 11).

The evidence of pre-LGC glaciations usually appears in marginal
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areas far from the end of current valleys (isolated erratic boulders, re-
sidual and partially fossilized polished surfaces, paleosols, etc.) or in the
fluvioglacial deposits of the proglacial domain. In many cases, this has
been explained due to the glacial dynamic of the LGC being super-
imposed over the most direct morphological remains (e.g., polished,
valleys, moraines) of previous glaciations (see Palacios et al., 2022). The
problems in identifying pre-LGC glaciations on Mount Aragats coincide
with those detected in some European mountain ranges where this topic
is under permanent discussion, such as the Alps (see Dehnert et al.,

Table 7
Evolutionary sequence of Mount Aragats glaciers and regional correlation.

Glaciation Location and context

Present-day glaciers in
and around the

Mount Aragats: Last residual glaciers (firn basins). 28 with an area of 2.47 km?, observed in the years 1975-1976. Davoyan (1971), Tsomaya et al. (1983).
Greater Caucasus Mountain (Russia, Georgia, and Azerbaijan): 2020 plateau, valley and cirque glaciers identified. Glacier inventory of the year 2014. See:

Armenian Stokes et al. (2006), Solomina et al. (2016, 2022), Tielidze (2017), Tielidze et al. (2020), Tielidze and Wheate (2018).
Highlands. - Western border of Armenian Highland (Turkey). 1-Mount Ararat: Ice cap and outlet glaciers. 2-Mounts Suphén (Sipan) and Asanbesir and Eastern end of
the Black Sea Mountains: scattered and residual glacial ice. 3- South-eastern Taurus Mountain (Uludoruk and Dolampar): Residual cirque glaciers. See:
Ciner (2004), Sarikaya et al. (2011), Caliskan et al. (2014), Yavash et al. (2015), Azzoni et al. (2017).
- South-eastern border of the Armenian Highland (Iran). Sabalan region: scattered and residual glacial ice. Moussavi et al. (2009).
Glaciation Location and context Chronology

Ancient glaciers in the
Armenian Highlands
and surround areas.

Mount Aragats. Relative chronology established by geomorphological
data and regional correlations.

Mount Aragats. Absolute chronology obtained by®°CI-CRE dating on
boulders of moraines.

Syunik-Vorotan upland (Armenia). Absolute chronologies established
in complex sedimentary series (fluvial, glacial, lacustrine, etc.) and
volcanic materials.

Caucasus Mountain. Chronologies established by lithological,
geomorphological and palynological data.
Absolute chronologies established
using!°Be and°Cl-CRE with glacial
boulders samples and polis bedrocks in
several mountains in Turkey.

Kavron Valley
Northwestern Anatolia
Kuruova valley in Mt.
Akdag, Mt. Soganl.
Basyayla Valley in the
Kackar Mountains
Barhal Valley in the
Kackar Mountains of
northeastern Anatolia

Kackar Mountain,
Eastern Black Sea
Mountain range

Karcal Mountains, Lesser
Caucasus

Mount Karadag, west of
the Western Taurus
Mountains

By correlation with the Alps, this glaciation has been assigned as equivalent to
the Wiirm (110-10 ka BP; MIS5a to MIS2), that is, to the LGC. The succession of
moraines in some glaciers, is correlated with the alpine tardiglacial stadials,
Egesen, Daun and Gschnitz and the historical advance Fernau. Boynagryan
(2020, 2021).
Two glaciations from the Middle and Late Pleistocene (Carrasco et al. in this
paper):
I The Penultimate Glacial Cycle (MIS6): (1) Glacial Maximum (c. 180 ka,
MIS6e); (2) minor oscillations and retreat with five pulses from c. 180 ka to
c 142 Kka (c. 177 ka, c. 168 ka, c. 164 ka, c. 160 ka, c. 153 ka; MIS6e to MIS
6a); (3) onset of deglaciation or Termination II (after c. 142 ka, MIS6a).

II Last Glacial Cycle (MIS5d-MIS1): (1) Maximum Ice Extent (c. 111 ka,
MIS5d); (2) minor oscillations, readvance c. 84 ka (MIS5a) and retreat prior
to c. 36 ka (MIS3a); (3) first readvance post MIE and major stabilization
stage (c. 36 ka, MIS3a); (4) first stage of deglaciation (after to ¢ 36 ka and
prior to 17 ka; between MIS3a and MIS2); (5) second stage of deglaciation
and limited readvance followed by a rapid ablation (c. 17 ka, MIS2
correlated to Oldest Dryas Stadial); (6) third and final stage of deglaciation,
and the onset of ice-free conditions after a shorth stage of readvance (after
to c. 17 ka and estimated prior to transition to the Holocene).

III. Postglacial Period (Holocene).

Several glaciations from the Middle Pleistocene to the present. Specifically,
glacial, and fluvioglacial deposits are dated from: MIS12 (478-424 ka,
coincident with Termination V), MIS6 (191-130 ka, coincident with the Pre-LGC
and the TII) and MIS4 to MIS2 (109- 14 ka, coincident with the LGC). Ollivier
et al. (2010).

Glaciation correlated with alpine Wiirm stage. See: Gobejishvili et al. (2011),
Revaz et al. (2018), Tielidze (2017).

Pre-LGC glacial period. 126 + 5 ka. Akcar et al. (2007).

127 + 64 ka. Yavuz (2014).

Glacial advances around 60, 50, 40 and 30 ka.
Sarikaya et al. (2014, 2025).

Glacial advances around 55, 40 and 30 ka. Reber
et al. (2014).

Glacial advances around 34, 22 and 18 ka BP,
within the global LGM time window. The end of
glaciation occurred around 15 ka BP. Reber et al.
(2022).

Glacial advance around 26 ka BP. A second advance
around 18 ka BP and a final one between 13-11 ka
BP correlative with the Younger Dryas Stadial.
Akcar et al. (2007).

There are no data on the chronology of the MIE but
is interpreted correlatively to LGM (MIS2). The
beginning of the deglaciation is about 19 ka BP and
the end of the glaciation around 15 ka BP. Dede

et al. (2017).

MIE around 22.4 + 2.8 ka during the LGM and
advances during the Lateglacial (15.5 + 2.7 ka) and
the Younger Dryas (12.4 + 1.1 ka). Bayrakdar et al.
(2024).

MIE prior to and
correlative with the
LGM.

MIE correlative with
the LGM. Other stages
and deglaciation.

LGC, Last Glacial Cycle. LGM, Last Glacial Maximum (global). MIE, Maximum Ice Extent (local). MIS, Marine isotope stages. T, Termination of the glacial periods or

cycles. CRE, Cosmic Ray Exposure Dating using Beryllium 10 or Chlorine 36 isotope.
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2010; Dieleman et al., 2022; Ivy-Ochs et al., 2022), Iberian mountains
(Oliva et al., 2019, 2022; Fernandes et al., 2021; Vieira et al., 2021;
Turu, 2023) or Turkey mountains (Akcar et al., 2007; Yavuz, 2014;
Akcar, 2022) (Table 7).

According to these data and following the methodologies already
applied in other mountains (Carrasco et al., 2013, 2015, 2023), in this
research, special attention was paid to detecting the outermost residual
deposits of these glaciers, which represent the absolute maximum and
the oldest evolutionary stages. The results obtained show total conver-
gence with the areas previously mentioned: most of the set of glacial
morphologies corresponds to the LGC, and the remains of an ancient
glaciation have only been detected in some scattered erratic boulders of
the MD formation. With the data obtained, it is possible to approximate
an evolutionary sequence of this glaciation in three major stages
(Fig. 11).

— (1.1) PGC build-up and Inception. The onset to absolute Maximum Ice
Extent or Aragats Glacial Maximum (AGM)

The oldest age obtained from the glaciers of Mount Aragats is ~181
(ARGO1; MIS 6e) and corresponds to the MD formation (Figs. 3 and 6,
Table 4), which represents the “absolute” Maximum Ice Extent of the
glaciations in this area and, therefore, should be considered as the
Mount Aragats Glacial Maximum (AGM). This age is consistent with the
one established in nearby areas at the beginning of PGC (Syunik-Vorotan
upland, Armenia; Table 7). According to this data and considering the
chronologies established for the start of this glacial cycle (c. 200 ka), it
can be interpreted as a gradual process of glacial inception lasting
approximately 20 ka.

Due to the superimposition of the glacial morphologies of the LGC on
those originating in the PGC, it is difficult to interpret the morphological
configuration of the glacier’s growth and consolidation in this period. It
is assumed that and in this glacial cycle, there was a progressive growth
of the ice masses until consolidating a plateau glacier system with val-
leys that channelled the emissary tongues, reaching several kilometres,
similar to that occurring during the LGC.

— (1.2) Ice oscillation and Limited retreat during the PGC. From the
Aragats Glacial Maximum (AGM) to the onset of Termination II (TII).

The ages for this evolutionary stage range from c. ~177 ka (ARG10)
to c. ~142 ka (ARG19) and correspond to 6 samples that have provided
a complete record of all the MIS6 substages proposed for the PGC
(Railsback et al., 2015) (Figs. 3 and 6, Table 4). These ages suggest
multiple glacial oscillations around the MIE, most likely conditioned by
the alternations of colder and warmer substages, as proposed on the MIS
scale (see Railsback et al., 2015; Bardaji and Lario, 2022; and refer-
ences). During the penultimate (MIS6) and last (MIS2-4) glacial period,
also in this area, such oscillations have been recorded in stalagmites in
the Sofular Cave (Turkey) (Held et al., 2024).

The arrangement of the deposits indicating this evolutionary stage (i.
e., MD formation) shows that once glaciers reached their maximum
extent, they maintained similar dimensions for several evolutionary
stages with very slow withdrawal. This relative stagnation and oscilla-
tion of the glaciers around their maximum extent (MIE) have been
described in numerous mountain ranges worldwide (see Palacios et al.,
2022). Considering the results shown in this work and taking into ac-
count the proposed age for the start of the TII (c. ~138 ka) (Cheng et al.,
2009; Menviel et al., 2019; Clark et al., 2020), the glaciers on Mount
Aragats remained at similar dimensions for about 40 ka, between c. 180
ka (oldest age obtained) and c.142 ka (younger age obtained within
MIS6).

— (1.3) Onset of PGC Deglaciation stages. Termination II (TII) in Mount
Aragats
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Globally, the estimate of the onset of TII is around 135-138 ka
(Shackleton, 1969; Cheng et al., 2009; Hughes and Gibbard, 2018;
Menviel et al., 2019; Clark et al., 2020; Rex et al., 2024). Considering
these chronological references, the age of c. ~142 ka (MIS6a) (Table 4),
obtained at Mount Aragat would correspond to the onset of the TII and,
thus, it might represent the change of glacier trend from the slow to full
retreats. Given the position of that sample in the outer zone of the val-
leys (corresponding to the MD formation; Figs. 3 and 6), it can be
established that the deglaciation of this PCG in Mount Aragats was very
rapid and in only about 7 ka, the large mass of ice would be lost with the
beginning of the Last Interglacial Period (LIP, c. ~130-115 ka).

5.2.2. Last Glacial Cycle (LGC) in Mount Aragats (stage II)

The LGC occurred from the end of the Last Interglacial to the
beginning of the Holocene (115-11.7 ka; MIS5d to MIS1; and GS-26 to
GS-1) (Preusser, 2004; Lisiecki and Raymo, 2005; Railsback et al., 2015;
Hughes and Gibbard, 2018; Cohen and Gibbard, 2019; Clark et al., 2020;
Bardaji and Lario, 2022; Hughes, 2022; Rasmussen et al., 2014). The
morphology and chronology of this glacial cycle on Mount Aragats was
solved due to the excellent preservation of the morphostratigraphic in-
dicators. Taking this data into account, the evolutionary sequence of this
glaciation has been established in the following stages (Fig. 11).

— (I1.1) Inception and build-up to the LGC. From the onset to Maximum
Ice Extent (MIE-LGC)

The oldest age obtained on the Mount Aragats glaciers for this
glaciation is ~111 ka (ARG20; MIS 5d; GI-25b), belonging to the MD
formation (Figs. 3 and 6, Table 4). According to this, the glacial
maximum of this cycle (MIE-LGC) is significantly earlier than the period
of the global Last Glacial Maximum (LGM), set between 29-23 ka (onset)
and 19-17 ka (end) according to different authors (see: Mix et al., 2001;
Clark et al., 2009; Hughes and Gibbard, 2014; Hughes, 2022). In addi-
tion to the data presented below, it allows us to correlate the glaciation
of these mountains with those of the Mediterranean Region, in which the
glacial maximum and other secondary advances occurred before the
LGM (see Hughes and Woodward, 2025 and references). Considering the
global chronologies established for the beginning of this glacial cycle (c.
115 ka), it can be interpreted tentatively that in this area, the inception
process was very fast, c. 5 ka, which contrasts with the evolution of the
previous cycle (PGC).

The growth of the ice masses ends with the development of the large
ice plateau of the summits of Mount Aragats and the long glacial tongues
of its valleys. In this stage, large masses or ice sheets predominate on the
summits, with valleys still poorly defined. This morphological and dy-
namic context, together with the absence of ice-free reliefs, may explain
the scarcity of deposits from this evolutionary stage and the absence of
moraine-type stabilization accumulations at the fronts and margins of
the glaciers.

— (IL.2) Ice oscillation and Limited retreat. From MIE-LGC to Mayor
Stabilization

The only numerical age obtained at this evolutionary stage corre-
sponds to an erratic boulder of the MD formation that provided an age of
c. ~84 ka (ARG12; MIS5a; GI-21.1e). Considering to the arrangement of
the morphostratigraphic units and the corresponding chronologies, this
stage of oscillations around the maximum (MIE-LGC) indeed extended
for about 27 ka between c.~111 ka to ~84 ka (MIS5d and 5a; samples
ARG12 and ARG20; Figs. 3 and 6, Table 4).

As in the PGC, the arrangement of the deposits indicating this
evolutionary stage (i.e., MD formation) shows that once glaciers reached
their maximum extension, they maintained similar dimensions during
several evolutionary stages with very slow retreats. Although, according
to the available indicators (i.e., deposits, trim lines, polished surfaces
free of ice), the magnitude of the retreat of the ice was minimal, its
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effects were notable in the availability of ice-free walls capable of
providing debris to the glacier, enabling the formation of large
moraines.

— (IL.3) Major stabilization and first readvance post MIE-LGC

The indicator of this evolutionary stage is the most prominent lateral
moraine (i.e., BM formation) that defines the external limit of the val-
leys. The only quantitative chronology obtained at this evolutionary
stage corresponds to a moraine boulder of the BM formation that pro-
vided an age of c. ~37 ka (ARG18; MIS3a; GI-8b). This glacial advance
in the Mount Aragats area is statistically asynchronous with the LGM
and with other chronologies obtained in the Armenian Highlands
(Syunik-Vorotan upland) and some mountains of Turkey (Kackar, Karcal
and Karadag mountains). However, there is a remarkable convergence
with the stages obtained in nearby areas of the same mountains of
Turkey (Kuruova, Basyayla and Barhal valleys) (Table 7).

After the previous stages of limited retreat, the ice began to stabilize
and, according to all the evidence, is the largest of the entire glaciation
and includes glacial advances sometimes referred to as the “second
LGM” (see Carrasco et al., 2015 and references). This stage has been
detected in numerous European mountains and the Mediterranean re-
gion, although in these areas it has usually been associated with MIS 2
(see Palacios et al., 2022). However, it presents a certain age dispersion,
and it is often described as an asynchronous stage, even between very
close areas (Lopez-Moreno and Garcia-Ruiz, 2024).

The time of construction of this BM formation is after c. 84 ka up to c.
37 ka, as indicated by the age of the last deposits of the MD formation
and that of the main ridge of these moraines. This means that this
evolutionary stage could have lasted from the MIS5e or MIS4 to the end
of MIS3, i.e., more than 40 ka.

Although more attenuated, the changes initiated in the previous
stage continue, allowing the progressive definition of the glacial tongues
and their corresponding moraines in front of the ice sheets and block
fields. The glacial retreat initiated in the previous stage leaves some
walls free of ice, favouring decompression processes (debuttressing) and
a notable increase in supraglacial debris. This process involved the
construction of large lateral moraines and valleys, which were increas-
ingly better defined by glacial excavations that constricted and chan-
neled the ice masses.

— (IL.4) Onset of Last Deglaciation or Termination I on Mount Aragats
(TI). Major retreat.

Although there are no numerical data for this evolutionary stage,
based on the morpho-stratigraphic succession, deducing its position and
evolutionary context is possible. The previous stabilization stage ended
with an abrupt change of trend and the beginning of a new glacial
retreat, which caused the ice masses to decrease, leaving them
embedded in the valleys limited by the moraines of the BM formation.
This process occurred through a sequence of pulsations interrupted by
short stages of stabilization, which allowed the formation of minor
moraines attached to the BM that constitute the ILM formation.

Given that the ice masses would no longer reach the previous ex-
tensions, this stage can be considered the beginning of deglaciation or TI
on Mount Aragats. According to chronologies obtained, this evolu-
tionary stage can be limited between the c. ~37 ka (age of MB, previous
formation) and the c. ~17 ka (age of HAIM, subsequent formation) and
spanning the end of MIS3 and most of the MIS2. Considering chronol-
ogies proposed for the onset of global TI (c. 19 ka; MIS2, GS-2.1b) (see
Palacios et al., 2023; Denton et al., 2010; Clark et al., 2020), Mount
Aragats show a notable asynchronicity compared to the equivalent
global estimates (Schaefer et al., 2006).The potential glacier demise
process in the Mount Aragats region is in line with archaeological data
indicating a notable change in human activity occurred in the area be-
tween 24 and 20 ka within MIS2 (Malinsky-Buller et al., 2024; Wolf
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et al., 2022, 2024).

— (IL5) Second stage of TI. Limited readvance followed by a large
retreat with rapid ablation.

Two samples of boulders from the moraines HAIM have provided
ages of c. ~17 ka (ARG-22) and ~15 ka (ARG-08). Therefore, this
evolutionary stage can be placed in the context of the Oldest Dryas
stadial or Heinrich Event 1 (c.17-14.5 ka; MIS2, GS-2.1a). This chro-
nology is equivalent to that obtained by Ciner et al. (2015), Altinay et al.
(2024), and Sarikaya et al. (2025) in the Central Taurus Mountain Range
and Davraz (Turkey), respectively, applying 36CI-CRE on
hummocky-type formations like Mount Aragats.

Great activity on the slopes gives rise to debris-covered glaciers that
slightly advance over the previous formations. Rapid retreat and for-
mation of hummocky-type ablation moraines (HAIM formation) that, in
some areas, overlap and fossilize moraines of the prior stage (ILM). Due
to this activity on the slopes and the progressive disconnection of the ice
masses, the development of some rock glaciers attached to the slopes
started at this stage (talus rock glacier-type; see Ballantyne, 2024).

— (IL.6) Third and final stage of TI. Minors readvance, stabilization and
disappearance of the glaciers in the valleys.

There are no quantitative chronologies for this evolutionary stage
either, but in this case, it is possible to deduce its position and evolu-
tionary context from the morphostratigraphic succession. This stage
begins with the final consolidation of the hummocky moraine and a
slight recovery of the ice masses that quickly gives way to a general
retreat and disappearance of the glaciers in the valleys, remaining
limited to the cirques. Both stages can correlate with the Older Dryas
cold pulse (c. 14-13.9 ka; MIS1, GI-1d) and the Allerod interstadial
(13.9-12.8 ka; MIS1, GI-1a-1b-1c). The ice continued to retreat in some
glaciers, giving way to small nivation hollows and cirque rock glaciers.
However, in others, the ice stabilized and even experienced a notable
recovery, forming the arcuate moraines (RIM formation) indicative of a
cold stage of glacier readvance that can correlate with the Younger
Dryas stadial (c. 12.8-11.6 ka; MIS1, GS-1).

5.2.3. Post-Glacial Period (PGP) in Mount Aragats (stage III)
— (II1.1) End of glaciation and Neoglacial advance.

There is no clear evidence of Neoglacial glacier activity in Mount
Aragats. The most recent quantitative age obtained in this area is c. ~10
ka (ARG25) post-glacial (MIS1; Early Holocene). However, it corre-
sponds to a boulder of the HAIM formation very far from the head of the
valleys and presents a discrepancy with the morphostratigraphic
sequence defined in this work due to possible distortions in the dating by
post-glacial toppling of the boulder or erosion of its surface, so it must be
considered as an outlier (Figs. 3 and 6, Table 4).

As previously discussed, there is currently no data available to
establish the precise age of the onset of TI on Mount Aragats. However, a
date obtained by '*C dating of the sediments of Unroy glacial lake close
to the headwall of Mount Aragats indicates that large glaciers would
have already disappeared about 7000 years ago (Sapelko et al., 2019;
Sevastyanov et al., 2021).

The remarkable increase of ice-free terrain in this evolutionary stage
resulted in a significant expansion of peri- and paraglacial processes
activity originating in remarkable debris talus and mantles, as well as
protalus and talus rock glaciers. During the Holocene cold pulses, rock
glaciers were developed in the bed of cirques, néve moraines and
arcuate moraines of residual cirque glaciers. The latter was especially
significant in the Fernau or Little Ice Age pulse and persisted until the
second half of the 20th century as firn basins, which have been
considered the last glaciers observed on Mt. Aragats (Davoyan, 1971;
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Tsomaya et al., 1983; Boynagryan, 2020, 2021) (Figs. 4 and 11).
— (II1.2) Current stage. Significant retreat of snow cover.

Current observations allow us to establish a total retreat of snow and
perennial ice (firn basins). However, there are active rock glaciers, some
néve moraines and great activity of slope processes such as debris flow
and debris slides (Figs. 4 and 11).

6. Conclusions

According to our research, centrifugal-type plateau glaciers were
developed during the Middle and Upper Pleistocene (from MIS6e to
MIS1) on Mount Aragats with valley radiating from the summits to the
piedmonts, in two configurations: icecap type in the western area with
flat-topped topography and icefield type in the eastern region with
sharp-topped topography. During the Maximum Ice Extent (MIE) in the
Mounts Aragats area, 19 glaciers have been identified with a total length
(tongue and cirque) of up to ~17 km, characterized by tongues with ice
thicknesses of up to ~350 m and some glaciers that descended from
about 3900 masl to 2040 masl (Fig. 3, Table 5).

Multiple moraines were identified, generally forming accretion se-
quences and exceptionally superimposed sequences. These moraines
indicate stages of ice advance, stagnation or stabilization and retreat.
The materials forming these moraines are massive diamictons, and oc-
casionally structured, comprising the three basic types of till deposits:
supraglacial melt-out, subglacial melt-out and lodgment.

According to morpho-stratigraphic succession of the moraines, ab-
solute chronologies and regional correlations, the chrono-evolutionary
sequence of these glaciers can be established in three cycles (Fig. 11):
(I) the Penultimate Glacial Cycle (PGC; MIS6), (II) Last Glacial Cycle
(LGC; MIS5d-MIS1) and (III) the Post-Glacial Period (PGP, Holocene,
MIS1).

(I) The PGC is indicated by the Marginal Deposit Formation (MD)
and comprises (1) the early stages of glaciation of Mount Aragats
from the onset to the Maximum Ice Extent or absolute Glacial
Maximum on Mount Aragats (AGM; c. 180 ka, MIS6e); (2) minor
oscillations around the MIE-ARGM position and retreat with
potentially five pulses from c. 180 ka to c 142 ka (c. 177 ka, c. 168
ka, c. 164 ka, c. 160 ka, c. 153 ka; MIS6e to MIS 6a); and (3) the
onset of deglaciation or Termination II (after c. 142 ka, MIS6a).
The LGC during the period of glaciation includes: (1) from the
onset to Maximum Ice Extent (LGC-MIE; c. 111 ka, MIS5d); (2)
minor oscillations around MIE position, readvance c. 84 ka
(MIS5a) followed by limited retreat pulse (prior to c. 36 ka,
MIS3a); and (3) second LGC-advance and major stabilization
stage (c. 36 ka, MIS3a). Stages 1 and 2 are indicated by the
outermost deposits (MD formation) and three by large lateral
moraines (BM formation).

The LGC during the period of deglaciation includes: (4) a first
stage of deglaciation and major retreat indicated by minor in-
ternal lateral moraines (ILM formation; after to ¢ 36 ka and prior
to 17 ka; between MIS3a and MIS2); (5) a second stage of
deglaciation and limited readvance (second readvance post MIE
or third LGC-advance) followed by a large retreat with rapid
ablation indicated by the hummocky-type ablation internal mo-
raines (HAIM formation; c. 17 ka, MIS2 correlated to Oldest Dryas
Stadial); (6) a third and final stage of deglaciation, general retreat
and the onset of ice-free conditions after a short stage of read-
vance indicated by arcuate recessional internal moraines (RIM
formation; after to c. 17 ka and estimated before transition to the
Holocene).

The PGP is represented by active rock glaciers, some arcuate
moraines of residual glaciers, néve moraines and great activity of
slope processes such as debris flow and debris slides.

(ILA)

(IL.B)

(1)
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Finally, it can also be concluded that the evolution of the glaciation
of Mount Aragats is comparable with those described in the Mediterra-
nean Region: here, too, the penultimate (PGC) and last (LGC) glacial
cycles and several LGC-advances prior to the LGM have been identified.
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