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ARTICLE INFO ABSTRACT

Handling editor: P Rioual Although Lake Sevan is the largest freshwater reservoir in the Caucasus, no paleohydrological or paleoenvir-

onmental investigations have been carried out on profundal sediments so far. Here we present high-resolution

Keywords: sedimentological results from a 141 cm-long sediment core covering the past 487071%0/ 545 cal a BP. The

Lacustr¥ne sediments chronology is based on a combination of *3’Cs/?'°Pb and radiocarbon dating supported by paleomagnetic secular

ialeO,CllmatOIOgy variation stratigraphy, providing new inclination and declination data for the Caucasus. The time frame covered
noxia

by this sequence is characterized by a long-term lake level rising trend superimposed by smaller-scale hydro-
logical variations which is in agreement with the rest of the Lake Sevan basin. In the presented sedimentary
sequence, the superimposed hydrological variations seem to be coherent with the Hallstatt and Eddy cycles.

A distinct shift towards wetter conditions is observed between 2500 and 2000 cal a BP resulting in a very high
lake level. An artificial lake level drop of about 20 m in the 20th century led to anoxic conditions similar to the
ones during a low lake level at 487071°%/ 45 cal a BP. This study shows that under natural conditions Lake Sevan
was able to recover from this oxygen deficit when the lake level increased, implying that this would also happen

Hallstatt cycle
Lake level rise
Paleomagnetic secular variations

to the artificially lowered lake today if the lake level were raised.

1. Introduction

Large lakes in high mountainous areas are the basis of life for the
local population (Vardanyan et al., 2018). They are important ecosys-
tems providing invaluable ecosystem services (Mischke, 2020) and
economic resources (e.g., fishery or tourism). Therefore, such lakes are
vital for the stable economic development of these regions (Vardanyan
et al., 2018). Although Lake Sevan, as one of the largest freshwater
reservoirs in Eurasia, is considered a natural and cultural treasure and of
major importance for the population of Armenia (Gevorgyan et al.,
2022), it is also an example for severe ecosystem degradation caused by
anthropogenic impact. Suffering from excessive nutrient input, biodi-
versity loss, overfishing, water abstraction, and habitat degradation, it is
one of the most degraded freshwater ecosystems worldwide (Gabrielyan
et al.,, 2022). Consequently, the recovery of natural environmental
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conditions is a top environmental priority of the Republic of Armenia
(Jenderedjian et al., 2012).

Currently situated at an elevation of 1900.4 m asl (Avagyan et al.,
2023), Lake Sevan experienced drastic lake level changes during the
recent past: In ~50 years, the lake level has decreased artificially by >
19 m due to water abstraction but ecological consequences were not
considered (Gabrielyan et al., 2022). Before the lake level lowering
during the early 20th century, the lake level showed great oscillations of
90 cm in 1906 CE (Loewinson-Lessing, 1929). In 1927 CE it was between
1915.54 (Gabrielyan et al., 2022) and 1916.20 m asl (Wilkinson, 2020)
with annual lake level variations of 42-60 cm. At that time Lake Sevan
was oligotrophic in its natural regime and water loss occurred pre-
dominantly by evaporation (Wilkinson, 2020). The depth during the
early 20th century proved to be sufficient to form a thick hypolimnion
during summer with an oxygen content of 8 mg I'' (>80% saturation)
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(Legovich et al., 1973).

In 1933 CE, the outflow, River Hrazdan, was dredged and a tunnel
below the lake surface, which opened in 1949 CE, was constructed to
provide more water from Lake Sevan for hydroelectric power and irri-
gation. As a result, the water level dropped by ~1 m per year in the
1950s (Hovanesian and Bronozian, 1994; Jenderedjian et al., 2012;
Wilkinson, 2020) i.e., 13.7 m by 1959 CE (Gulakyan and Wilkinson,
2002). During the 1960s, the water level stabilized at ~18 m below the
early 20th century water level but continued to fall reaching its lowest
level at 1896.32 m asl resulting in a water level almost 20 m below the
one of the early 20th century (Gabrielyan et al., 2022). To counteract the
low lake level, the Arpa-Voratan extension of the Arpa-Sevan Tunnel
was built to transfer water from other catchments into Lake Sevan. In the
following, the lake level started to increase again in 2003 CE and by
2014 CE the water level had risen by 3.84 m from 1896.32 to 1900.16 m
asl or 1900.12 m asl in 2015 CE (Wilkinson, 2020). Since 2013 the water
level has remained relatively stable with annual fluctuations of about
only 5-30 cm (Gabrielyan et al., 2022).

The lake level decrease resulted in the destabilization of all hydro-
ecological processes and has changed the system from being oligotro-
phic to eutrophic (Ulyanova, 1993; Hovanesian and Bronozian, 1994;
Gulakyan and Wilkinson, 2002) causing anoxic bottom-water condi-
tions. However, increased anoxic conditions are not only related to
eutrophication. The main responsible factor is the reduction of the hy-
polimnion and its oxygen reserve (Legovich et al., 1973). The volume of
the hypolimnion of Small Sevan (northwestern basin, Fig. 1) decreased
by five times and completely disappeared in Big Sevan (southeastern
basin, Fig. 1) (Hovanesian and Bronozian, 1994). This resulted in
seasonally anoxic conditions (1-4 months) near the bottom of the pro-
fundal zone (Hovanesian and Bronozian, 1994; Jenderedjian et al.,
2012; Wilkinson, 2020) of Small Sevan, while sediments in the shallow
parts are predominantly oxidized. As depth increases, the silt therefore
becomes darker and finally black. During the stagnation period (fall),
silts are covered by a white layer of precipitated chalk (Jenderedjian
et al., 2012) because CaCOs precipitation increased with the shift from
oligotrophic to mesotrophic conditions (Ulyanova, 1993). In Lake
Sevan, several factors contribute to an increase in CaCO3 precipitation
with a lake level lowering: (I) a change in the morphometry of the lake
warms up deeper water masses, (II) increased productivity, especially
blue-green algae, promotes a reduction of CO3 and phosphorous, and
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(III) an increased number of particles in the water including terrigenous
contributions act as mass centers for crystallization (Ulyanova, 1993).

The climatic history of the entire Lesser Caucasus on longer time
scales is still poorly understood (Sherriff et al., 2019) and only few
studies investigated the Holocene history of Lake Sevan concluding that
the water level varied considerably (Wilkinson, 2020): Indirect infor-
mation for the Late Holocene development of Lake Sevan exists from the
Vanevan peat bog (Robles et al., 2022) and the Tsovinar-1 peat section
(Hayrapetyan et al., 2023) which are located close to the southern shore
of Lake Sevan (Fig. 1). More direct information is available from out-
crops and archaeological sites exposed after the modern anthropogenic
lake level lowering at Norashen and Lchashen (Aslanian, 1984) as well
as from the Artanish peninsula (Avagyan et al., 2023; Hovhannisyan
et al., 2023) (Fig. 1).

The question of when Lake Sevan developed into the lake system
known before the artificial lowering is still debated. While there is a
consensus that it developed by a damming of the outflow Hrazdan River
by lava flows (Aslanian, 1984; Avagyan et al., 2020), the timing is less
clear. Some place this development simply to the Holocene (Avagyan
et al., 2020) whereas others date it somewhat more precisely to the Early
Holocene (Gorbatov et al.,, 2019), between 900 and 800 BCE
(Hovhannisyan et al.,, 2023) or to 2000 a BP (Wilkinson, 2020).
Nevertheless, lacustrine sediments of Holocene age at 1934 m asl at site
Sevan 1 (Fig. 1) suggest a lake level at least 18 m above the level before
the artificial lowering at some point during the Holocene (Sherriff et al.,
2019).

Up to now, only limited information exists about more distal pro-
fundal sediments from Lake Sevan providing continuous information. In
Big Sevan, 3-4.5 m-long undated vibra cores were retrieved along four
profiles in 1960 CE (Sarkisyan, 1962); three were close to the shoreline
and only one was oriented NNE-SSW across Big Sevan (Satian and
Chilingaryan, 1994). In Small Sevan, it appeared impossible to recover
cores or collect samples below 20 m water depth (Karakhanyan et al.,
2017). Most studies, that have been carried out so far, focused on
micropaleontological investigations such as ostracods (Wilkinson et al.,
2005; Wilkinson and Gulakyan, 2010) or volcanic ahes (Satian et al.,
1968). Chemical investigations, let alone multi-proxy approaches, have
rarely been done, although already at the end of the last millennium, it
became clear that the Holocene history of Lake Sevan is of great interest
(Aslanian, 1984) and there is a great need to study the present-day
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Fig. 1. Left: Location of Armenia within the Caucasus region (inset). Map of the research area showing locations mentioned in the text: Vanevan (Robles et al., 2022),
Tsovinar-1 Peat Section (Hayrapetyan et al., 2023), Artanish Peninsula (Hovhannisyan et al., 2023), Kalavan Red Lake (Joannin et al., 2022), Lchashen (Aslanian,
1984), Sevan 1 (Sherriff et al., 2019), Dzknaget (Sayadyan et al., 1974; Aslanian, 1984; Vardanyan et al., 2018; Gorbatov et al., 2019), Shenkani Mire (Cromartie
et al., 2020), Zarishat Fen (Joannin et al., 2014). Underlying base map: Digital Elevation Model based on CGIAR-CSI SRTM (Jarvis et al., 2008). Right: Bathymetry of
Small Sevan based on Shikhani et al. (2021). SEV21-6 was recovered from the central basin at a water depth of 65 m.
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conditions of sediment accumulation in lakes in order to understand
their history and to determine their future status (Alekin and Ulyanova,
1994). To understand the history of Lake Sevan, causes for changes and
their consequences are crucial to accurately predict its future state
(Hayrapetyan et al., 2023).

Here we present sedimentological data from gravity cores from the
distal profundal zone of Lake Sevan, which has never been accessed for
paleoenvironmental reconstructions. Subsequently, we will set this data
in context with existing investigations around this important ecosystem.

2. Site description

Lake Sevan is located in the Gegharkunik Province, 60 km to the
north of the capital of Armenia, Yerevan (Fig. 1). With a length of ~70
km, a width of ~50 km at an elevation of 1900 m asl, it is one of the
largest freshwater high-mountain lakes, surrounded by peaks rising to
3598 m asl (Wilkinson, 2020). The W, SW, and S of Lake Sevan are
dominated by the Gegham and Vardenis volcanic highlands while the
north-eastern shore of the lake is an ophiolitic structure (Karakhanyan
et al., 2017; Avagyan et al., 2020).

The lake itself is structured in two parts: the larger southern part
called Big Sevan has a maximum water depth of 35 m whereas the
northern smaller part called Small Sevan has a water depth of 65 m in
the center and a maximum water depth of 83 m close to the northern
shore (Fig. 1) as a result of active tectonics. Lake Sevan has 28 inflowing
rivers (four into Small and 24 into Big Sevan) and is also fed by two large
springs but has only one outflow in the northern part of the lake called
the Hrazdan River (Gulakyan and Wilkinson, 2002; Avagyan et al.,
2020; Wilkinson, 2020).

Lake Sevan’s and Armenia’s climate in general is dominated by dry
and cold air masses from the Siberian High in winter. If these air masses
are weak, they are replaced by the Westerlies associated with the North
Atlantic Oscillation. In summer, a warm and dry climate is related to the
Arabian subtropical high pressure in the west and the Asian depression
in the east (Joannin et al., 2014; Robles et al., 2022). The lake experi-
ences an annual precipitation of 400-800 mm (Acopian Center for the
Environment, 2018), a negative water balance with an evaporation of
800 mm a'l, and a turnover rate of 50 years (Leroyer et al., 2016; Robles
et al., 2022).

3. Materials and methods

To explore the potential of sediments from Lake Sevan, 16 gravity
cores (51-141 cm length) were recovered from both parts of the lake in
October 2021 using a 63 mm diameter UWITEC gravity coring system
with a hammering device (www.unitec.at). Sediment cores were trans-
ported to the Physical Geography department of the University of
Greifswald where they were stored in dark and cool conditions at 4 °C
until further processing. Due to its length of 141 cm, for transport
sediment core SEV21-6 had to be split into two sections at 42 cm sedi-
ment depth. In the laboratory, sediment cores were cut lengthwise using
a modified manual core splitter (Ohlendorf et al., 2011) and processed
according to standard protocols of the laboratory of the Physical Ge-
ography department of the University of Greifswald. This includes sep-
aration of the two core halves with two sharpened blades, digital
imaging, lithological descriptions and measurements of magnetic sus-
ceptibility using a Bartington MS2E point sensor in 5 mm resolution.
XRF-scanning was carried out in a 2-mm resolution at GEOPOLAR
(Geomorphology and Polar Research), University of Bremen, first with a
Cr-tube and later with a Mo-tube using an ITRAX system. Subsequently,
results from the individual elements with >100 pa were compared be-
tween the two datasets (Cr and Mo), and only the dataset yielding higher
values was considered for center-log ratio transformation which was
carried out separately for the Cr and Mo datasets. Correlations within
the Cr and Mo datasets were calculated using Excel. Fe/Mn-ratios were
calculated using non-transformed Mo data.
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Destructive analyses focused on sediment core SEV21-6
(40.53016°N, 45.12067°E, Fig. 1) from the central part of Small
Sevan. To remove carbonates and organic material for grain size ana-
lyses, subsamples were treated with 2 ml hydrochloric acid (HCl, 10%)
and 5 ml hydrogen peroxide (HyO3, 10%). Residues were dispersed
overnight with 5 ml tetrasodium pyrophosphate (Na4P>07 * 10 H20, 0.1
M) in an overhead shaker. Subsequently, samples were measured in
several runs using a Laser Diffraction Particle Size Analyzer (Fritsch
Analysette 22) until a reproducible signal was obtained. The first
reproducible run was used to calculate grain-size statistics using GRA-
DISTAT 9.1 (Blott and Pye, 2001).

For Total Inorganic Carbon (TIC) determination in a 1-cm resolution,
subsamples were freeze-dried. Prior to measuring Total Carbon (TC)
using a CNS elemental analyzer (EuroEA, Eurovector), dried samples
were ground in a mortar and homogenized. For determination of Total
Organic Carbon (TOC), subsamples were treated with 3 and 20% HCI at
80 °C to remove any carbonates and then measured with the same device
again. TIC was calculated as the difference between TC and TOC.

Dating by 2!°Pb and !*7Cs was carried out on parallel sediment core
SEV21-5 (Table 1). Sub-samples were analyzed for 210Pb, 226Ra, and
137Cs by direct gamma assay in the Liverpool University Environmental
Radioactivity Laboratory, using Ortec HPGe GWL series well-type co-
axial low background intrinsic germanium detectors (Appleby et al.,
1986). 21%pb was determined via its gamma emissions at 46.5 keV, and
226Ra by the 295 keV and 352 keV y-rays emitted by its daughter
radionuclide 2'*Pb following three weeks of storage in sealed containers
to allow radioactive equilibration. >’Cs was measured by its emissions
at 662 keV. The absolute efficiencies of the detectors were determined
using calibrated sources and sediment samples of known activity. Cor-
rections were made for the effect of self-absorption of low energy y-rays
within the sample (Appleby et al., 1992). Supported 210pp activity was
assumed to be equal to the measured 22°Ra activity, and unsupported
210p} activity was calculated by subtracting supported 2!°Pb from the
measured total 21°Pb activity. Ages were then transferred to sediment
core SEV21-6 using lithological marker layers and magnetic
susceptibility.

For radiocarbon dating, bulk samples from sediment core SEV21-6
were sent to Beta Analytic (Table 2). Age-depth modelling was carried
out with the R software package ‘rbacon’ (Blaauw and Christen, 2011)
using the IntCal20 calibration data set for radiocarbon ages (Reimer
et al., 2020). In the following, ages are reported as 'rbacon’-derived
mean ages and the uncertainty is based on the upper and lower limits of
the 95 % confidence interval. Radiocarbon ages published in earlier
works were recalibrated with the same calibration data set in the online
version of the Calib 8.2 software (Stuiver et al., 2020). In the following
conventional radiocarbon ages will be labeled as ‘a BP’ whereas cali-
brated radiocarbon ages will be labeled ‘cal a BP’. To check the quality
of the chronology, a u-channel was extracted from SEV21-6 and trans-
ported to the GFZ German Research Centre for Geoscience, Potsdam. To
measure natural remanent magnetization (NRM) a cryogenic 2G En-
terprises 755 SRM long-core magnetometer was used. The NRM was
alternating field (AF) demagnetized in steps of 0, 5, 10, 15, 20, 30, 40,
50, 65, 80, and 100 mT. Inclination and declination were calculated
using the characteristic remanent magnetization (ChRM) determined by
principal component analysis (PCA) (Kirschvink, 1980) executed in an
in-house GFZ software. The median destructive field (MDF) and
maximum angular deviation (MAD) values were calculated with the
same software package. To take the edge effect into account, the up-
permost and lowermost 5 cm of each data set were plotted in grey also
accounting for the edge effect between the two sections of SEV21-6. For
the same reason, the age at the top of plots begins at 0 cal a BP (1950
CE). Declination data are relative and centered to zero since the azimuth
could not be controlled during coring.

Time series analysis was carried out in the R computation environ-
ment using the ‘astrochron’ package (Meyers, 2014; R Core Team,
2024). A Taner filter (Taner, 1992) was used for extracting frequency
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Table 1
Fallout radionuclide concentrations and 2!°Pb chronology of Lake Sevan sediment core SEV21-5.
Sediment Depth Total Error Unsupported Error Supported Error 137¢s Error Dry Age Error
(cm) 210py, (+ Bq kg 210py, (+ Bq kg 210py, (£ Bq kg (Bq kg (+ Bq kg Density (year (a)
(Bgkgh b (Bqkgh) Pl (Bqkg™) H D Pl (g em™) CE)
0.5 441.2 24.7 424.3 25.0 16.9 4.5 24.7 3.3 0.0 2021 0
2.5 501.7 19.4 483.5 19.6 18.2 3.4 60.2 3.1 0.12 2019 1
4.5 228.0 17.2 207.6 17.6 20.4 3.9 73.6 3.6 0.53 2011 2
6.5 210.7 14.0 188.2 14.3 22.5 2.7 82.4 3.3 1.03 2003 2
7.5 169.6 13.5 148.3 13.9 21.3 3.4 96.1 3.4 1.53 1996 2
8.5 146.0 15.1 125.4 15.4 20.6 3.3 157.2 4.2 1.79 1992 2
9.5 126.1 12.2 104.2 12,5 21.8 2.6 139.6 3.6 2.06 1989 2
10.5 126.2 10.7 104.9 10.9 21.3 2.2 134.4 3.4 2.34 1986 3
12.5 116.9 10.0 96.3 10.2 20.6 2.0 60.7 2.3 2.63 1983 3
14.5 106.9 13.8 89.4 14.4 17.5 4.1 64.1 3.5 3.15 1978 3
16.5 93.8 12.9 74.0 13.3 19.8 3.4 76.9 3.1 3.61 1973 3
18.5 119.7 12.4 97.9 12.8 21.8 3.3 91.7 3.2 4.04 1969 3
20.5 111.9 13.2 86.1 13.6 25.8 3.4 16.1 2.4 4.47 1963 4
22.5 84.2 10.2 56.9 10.5 27.3 2.8 7.4 1.6 4.88 1956 5
24.5 37.6 17.6 9.7 18.2 27.9 4.7 2.7 2.6 5.31 1949 7
26.5 20.6 13.6 -35 13.9 24.1 2.9 0.0 0.0
28.5 23.3 9.6 1.9 9.8 21.4 2.1 2.7 1.7
30.5 22.8 11.4 2.9 11.8 19.9 3.1 0.0 0.0
32.5 20.7 11.6 0.7 12.1 20.0 3.2 2.8 2.0
35.5 28.4 11.3 8.7 11.7 19.7 3.1 0.0 0.0
bl hiatus in the sediment record at around this depth.
;a d‘e 2 b determinati i . SEV21.6 The '%7Cs record has two distinct peaks (Fig. 3). The more recent,
adlocarbon age determinations on sediment core -0.
8 between 8 and 11 cm, most probably records fallout from the 1986 CE
Sediment  Conventional Error  813C  Material Laboratory Chernobyl accident. The earlier feature, between 17 and 20 cm, may
1 0
z:’;h Zangcarbon Age @ (o) Number record the early 1960s fallout maximum from the atmospheric testing on
nuclear weapons. Traces of 2*'Am, also a product of nuclear weapons
0 1410 30 297 Bulk Beta - fallout (Appleby et al., 1991), were observed in the 18-19 cm sample.
Organic 611062 PP eby P
Matter Dates calculated using the CRS 2'°Pb dating model (Appleby and
47 1380 30 261  Bulk Beta - Oldfield, 1978) place 1986 within the 8-9 cm slice, which is in good
Organic 611064 agreement with the 1986 CE '*7Cs date. However, 1963 CE is placed
Matter within the 14-15 cm slice, significantly higher than the corresponding
97 3350 30 NA Bulk Beta - 137 . .
Organic 611063 depth suggested by the “’Cs record. The discrepancy might be due to
Matter loss of a significant part of the 21°Pb inventory geli(l)lsed by the potential
139 4280 30 -25.3  Bulk Beta - hiatus in the record below 20 cm. Corrected “*“Pb dates have been
Organic 611065 calculated by applying the CRS in a piecewise way using the 137¢s dates
Matter

components from time series.
4. Results and interpretation
4.1. Lithology

The 141 cm-long sediment record SEV21-6 from the deepest part of
Small Sevan can be divided in five lithological units (Fig. 2). Unit A
(141-125 cm) consists of thick alternating white and brown laminae in
mmb-scale. Unit B (125-97 cm) is similar to unit A but laminae are thinner
in a sub-millimetric-scale. Above sediments consist of several cm-thick
rather homogenous brownish sections which are lighter in unit C (97-
75 cm) and darker in unit D (75-13 cm) before thick white layers in cm-
scale followed by a distinctly thinner lamination occur at the core top in
Unit E (13-0 cm, Fig. 2).

4.2. Chronology

4.2.1. 13¢Cs/?1%ph ages

Total 21%Pb activity (Fig. 3) reached equilibrium with the supporting
226Ra at a sediment depth of ~25 cm (Table 1). Unsupported 21°Pb
declined irregularly with depth and concentrations fell steeply in the
uppermost 9 cm of the core but then remained relatively constant down
to a sediment depth of ~20 cm. Below 20 cm, a very abrupt decline to
values close to the limit of detection in the 24-25 cm sample suggests a

as reference points (Appleby, 2001).

4.2.2. Radiocarbon ages

A radiocarbon age of 1410 + 30 a BP at the sediment surface
(Table 2) indicates that either strong reworking occurs today or that
Lake Sevan suffers from a hard water effect. We attribute the age offset
at the surface to reworking of older sediments resulting from the lake
level low stand in recent years, because i) the age of 1380 + 30 a BP at
47 cm is younger than the overlying age and ii) the sedimentation rate is
rather constant in the lower part of the record despite distinct variations
in the lithology, approximately tying 21°Pb ages if a straight line is
drawn through the three remaining radiocarbon ages (Fig. 3). This is in
accordance with observations that material, which was previously
deposited subaquatically, is readily eroded today. In addition to that,
radiometric ages of wood (1010 + 250 a BP) and shells of mollusks (940
+ 220 a BP), which were sampled in a 10 cm sediment interval in an
outcrop at the so-called Dzknaget I section (western part of Lake Sevan,
Fig. 1) (Aslanian, 1984), match very well also pointing to the absence of
a reservoir effect. Therefore, a hardwater effect seems to be negligible,
although major parts of the catchment consist of carbonate rocks.
However, limestones at the north-eastern shore are fissureless and
impermeable and runoff after rain or snowmelt forms small intermittent
streams that instantly drain the area instead of weathering the limestone
in underground reservoirs (Ginsberg, 1929). A somewhat higher ca-
pacity for storing water is found in limestones on the north-western
shore of Lake Sevan with well-expressed latitudinal fissures, but due
to their slight thickness, the outflow of water is negligible (Turtsev,
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1929). Although the surface of the northern shore is composed of
weathered limestones, water descending the slope begins to be raised to
surface by capillary action and subsequently evaporates (Zavalishin,
1929). Consequently, measured values of the water hardness of springs
were 0.9, 1.9, 2.1 and 5.4 °dH at the western shore (Kazakov, 1929) and
0.8-2.0 °dH at the north-western shore (Turtsev, 1929).

4.2.3. Paleomagnetic secular variations and chronology

Additional support for the presented chronology comes from paleo-
magnetic analyses. NRM intensities range from 0.7 to 33.1 mA m™! and
MDF values from 11.4 to 40.5 mT. ChRM inclination and declination
show distinct changes (Fig. 4). Inclination ranges from 54 to 77°N and
intersects the one expected, based on a geocentric axial dipole model
(GAD = 59.68°), several times. Declination stretches over 47°, which in
general is typical for paleomagnetic secular variations (Haberzettl et al.
2015, 2021). Well-preserved and stable single-component magnetiza-
tion is indicated by low MAD values (Stoner and St-Onge, 2007) that are
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generally below 4.3°, except for the uppermost 7 cm of the record
(Fig. 4).

Although being located at a great distance, inclination and declina-
tion data from Lakes Issyk-Kul (Gomez-Paccard et al., 2012) and Baikal
(Peck et al., 1996) show similar patterns (Fig. 4), supporting the dating
approach for SEV21-6. Surprisingly paleomagnetic variations measured
in a closer distance but only to the (south-)west of Lake Sevan show
almost no similarities at all and hence have not been plotted in this
comparison. This discrepancy might be caused by an influence of the
Levantine Iron Age geomagnetic Anomaly (LIAA), which spanned the
first half of the first millennium BCE and is not yet well understood
(Rivero-Montero et al., 2021) especially as far as the geographical extent
is concerned (Ertepinar et al., 2020). Analyses suggest that the source of
the LIAA is located in the Levantine region vanishing to the north, west
and east (Rivero-Montero et al., 2021). In addition to this, predictions of
global geomagnetic field models are dominated by these records to the
(south-)west and have therefore also not been considered for
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Fig. 4. Upper panel: Inclination, declination, maximum angular deviation (MAD) angles and median destructive fields (MDF) from principal component analysis as
well as natural remanent magnetization (NRM) for sediment core SEV21-6 from Lake Sevan plotted on a depth scale. Please note that declination data are relative

since the azimuth could not be controlled during coring.

Lower panel: Comparison of inclination and declination from Lake Sevan with records from Lakes Baikal (Peck et al., 1996) and Issyk-Kul (Gomez-Paccard

et al., 2012).
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comparison. Similar observations were recently made at archaeological
sites in the Eastern Mediterranean where directions show significantly
larger swings than existing field models leading to the conclusion that
these models require substantial revision in this region (Ertepinar et al.,
2020). Following this line of reasoning, it can be concluded that a
reservoir effect cannot be postulated from our data, and that the chro-
nology for the SEV21-6 record is robust resulting in a basal age of
4870“90/_245 cal a BP (Fig. 3). The sedimentation rate in the radio-
carbon dated lower part of the record is relatively low (0.2-0.4 mm ah
whereas in the uppermost part, the 137Cs/2°Pb dated section, it is rather
high reaching up to 3.4 mm a™. Assuming a hiatus between the two parts
(as suggested by the 1%Cs/?1%Pb data), the output of the chronological
model suggests a hiatus of ~30 years with overlapping errors (43172%/.45
to 15*1%/.1g cal a BP) which is not detectable in the graphs presenting
the measured parameters because of the short duration (e.g., Fig. 2).

4.3. Sedimentology and geochemistry

4.3.1. Indicators for environmental variations

Usually, minerogenic input to lacustrine systems is reflected by
ideally inert elements such as Ti (Haberzettl et al. 2005, 2006). As in
various other studies (Niemann et al., 2009; Ahlborn et al., 2015), here
we also use Magnetic Susceptibility as well as K. As these minerogenic
input indicators are often associated with fluvial input and hence pre-
cipitation (Kasper et al., 2021), they will be interpreted in this study
accordingly, although other processes supplying minerogenic matter
cannot be ruled out completely (Adolph et al., 2024). In addition to that,
dilution processes cannot be excluded, i.e., dilution of minerogenic
input by carbonate precipitation or vice versa (Kastner et al., 2010;
Haberzettl et al., 2019). To check for this, we compared the correlation
coefficients of minerogenic input indicators Ti and K with Ca (Table 3),
which is representative for carbonates as it shows a similar pattern to
quantitatively measured TIC in the individual lithological units (Fig. 2).
High correlation coefficients are observed in laminated units A, B and E,
which have high Ca and TIC values, whereas low correlation coefficients
are found in units C and D where lower Ca and TIC predominate
(Table 3). This indicates a dependency of one parameter on the other in
laminated units A, B and E whereas this is not the case in non-laminated
units C and D. Therefore, we assume that during units A, B and E the
intensive carbonate precipitation dilutes the minerogenic input signal to
a certain degree whereas in units C and D it can directly be used to
reconstruct hydrological variability in the catchment. Although mag-
netic susceptibility is not compositional data and therefore not directly
dependent on variations in Ca, calcite is a diamagnetic mineral and
increased carbonate deposition will therefore also yield lowered mag-
netic susceptibility values (Haberzettl et al., 2010).

However, carbonate precipitation itself represented by Ca and TIC is
also supposed to reflect lake level changes because increased deposition
of CaCOs has been observed during and after the artificial modern lake
level lowering of Lake Sevan (Alekin and Ulyanova, 1994). This can be
observed in unit E of sediment core SEV21-6 (Fig. 2). An increased
warming of the water, a lower evaporation rate and accelerated
photosynthesis resulting from the increased abundance of diatoms,
blue-green algae and green algae, decreased the concentrations of dis-
solved CO, and phosphate while increased terrigenous and autochtho-
nous suspended matter caused centers of crystallization leading to a

Table 3
Determination coefficients of Ti/Ca and K/Ca for all lithological units.
Unit Ti/Ca (R%) K/Ca (R?)
E 0.61 0.45
D 0.42 0.14
C 0.28 0.03
B 0.60 0.37
A 0.82 0.52
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rapid carbonate precipitation (Alekin and Ulyanova, 1994). This car-
bonate precipitation is peaking in whiting events, which nowadays
typically occur in October (Ulyanova, 1993). However, the top of unit E
in SEV21-6 consists of much finer layers than the bottom of unit E
(Fig. 2) potentially as a result of lake level stabilization and the slight
rise of Lake Sevan after 2003 CE. Considering this mechanism, which
occurs today during an anthropogenically induced lower lake level, we
assume a similar mechanism under naturally lower lake level conditions
in the past. We therefore suggest that a higher carbonate content reflects
lower lake levels in general with thicker laminae representing a lake
level lowering or lower lake level and thinner laminae a lake level
stabilization.

Similar analogies between recent and past lake level lowerings are
assumed for redox variations. In summer and fall, a cold water dome
forms in Lake Sevan. In fall, the thermocline is deepening towards the
bottom and the hypolimnion of the dome is isolated from the mixed
water layers, which results in hypoxia (oxygen content <2 mg 1)
(Gabrielyan et al., 2022). This is mirrored in the preservation of a
lamination in some parts of the sediment sequence SEV21-6 and by a
high Fe/Mn-ratio (Haberzettl et al., 2007). The dissolution of Mn com-
pounds occurs if the redox potential (EH) decreases below 600 mV
because of the reduction of Mn*" to Mn?" whereas the critical EH for the
reduction of Fe>* compounds to more soluble Fe?™ compounds is 100
mV (Sigg and Stumm, 1996). Therefore, if the redox potential drops to
values between 100 and 600 mV, Fe/Mn-ratios will increase which can
hence indicate reducing conditions (Haberzettl et al., 2007). Although it
cannot be excluded that EH never dropped below 100 mV, the high
correlation coefficient between the inert element Ti and Fe (r = 0.92)
indicates that this is not the case. Consequently, a high Fe/Mn-ratio is
interpreted as being indicative for reducing conditions. Of course, these
mechanisms are amplified by modern anthropogenic effluents but
already started when anthropogenic pollution was on a much lower
level.

Grain sizes in such large lake systems have previously been inter-
preted to reflect paleoshoreline proximity with coarser grains repre-
senting a closer shoreline and therefore a lower lake level under natural
conditions (Kasper et al., 2012). Similarly, lake level variations seem to
be reflected by sedimentation rate. Sedimentation rate is assumed to be
high during times of a closer shoreline resulting from a lower lake level
enabling a reworking of easily erodible material, which was previously
deposited subaquatiously. In addition to that, an increased carbonate
precipitation during low lake levels adds to an increased sedimentation
rate.

4.3.2. Environmental reconstruction

4.3.2.1. Unit A (141-125 cm/4870%1%0/ 545 — 4420*32°/ 36 cal a BP).
High contributions of sand confirmed by coarse mean grain size values
indicate a relatively close paleoshoreline and therefore a rather low lake
level. This is supported by a high sedimentation rate (although the
chronology is only based on few ages, Fig. 2). Alternations between dark
and light-colored layers detected in the lithology are confirmed by
(high-resolution) sedimentological data showing rapid high amplitude
variations especially in established minerogenic input indicators such as
Ti or k (dark layers) as well as in parameters representing carbonate
precipitation such as Ca (light layers) (Fig. 2). This indicates the absence
of bioturbation due to anoxic conditions similar to those observed at
lower lake levels today. Such anoxic conditions are confirmed by rela-
tively high Fe/Mn-ratios (Fig. 2). The lowest values in minerogenic input
indicators (k, Ti, K) of the entire record might be the result of very dry
conditions resulting in less fluvial input, although, a dilution by car-
bonate precipitation has to be considered. Due to the similarities with
the lake level lowering, which occurred recently at Lake Sevan, we as-
sume a lowering or low lake level during this unit.
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4.3.2.2. Unit B (125-97 cm/4420%32%/ 360 — 3570+13%/ 115 cal a BP).
Finer laminae as well as higher frequency variations in almost all pa-
rameters coupled with redox indicator Fe/Mn-ratio still indicating
anoxic conditions (Fig. 2), point to a persisting low lake level with at
least temporary anoxia in the hypolimnion. A low lake level is supported
by still rather high carbonate contributions indicated by high Ca and TIC
values and coarse grain sizes pointing to a close paleoshoreline (Fig. 2).
Nevertheless, rising minerogenic input indicators might point to
increased minerogenic input to a stabilized system potentially indicating
somewhat more humid conditions in the catchment.

4.3.2.3. Unit C (97-75 cm/3570"13%/ 115 — 2560"°7°/ 425 cal a BP). The
absence of a distinct lamination together with partially lower Fe/Mn-
ratios (Fig. 2) indicates more oxic bottom water conditions. Although
minerogenic input indicators fluctuate on a similar level as in Unit B,
carbonate indicators Ca and TIC are on a somewhat lower level and
grain sizes (mean and sand) as well as sedimentation rate as paleo-
shoreline indicator decrease. This indicates wetter conditions with more
erosion in the catchment and potentially a rising lake level.

4.3.2.4. Unit D (97-13 cm/25607°7%/ 655 — -197/ 4 cal a BP = 1969+%/.
4 CE). Low sedimentation rates and fine grain sizes (Fig. 2) point to a
considerable increased shoreline distance of the coring location. The
darker brown sediment color in this unit is mirrored by distinctly lower
carbonate (Ca, TIC) precipitation. Ca and TIC show even a distinct low-
value-interval around 64 cm (66-62 cm/21607%35/ 535 to 19807°%0/ 490
cal a BP), which is not expressed in the other measured parameters, but
might be related to the higher minerogenic input (especially k) starting
at the bottom of unit D (2560°7%/ 435 cal a BP) (Fig. 2). The high water
supply indicated by minerogenic input might have resulted in a lake
level rise and consequently in a first overflow of the lake system, which
occurred frequently or continuously from that time on. At 52 cm sedi-
ment depth (1530%2%0/ 590 cal a BP) highest values in all minerogenic
input indicators are observed generally being on a higher level there-
after (especially k) (Fig. 2). This points to a very wet interval followed by
generally moister conditions keeping the lake level high.

4.3.2.5. UnitE (13-0 cm/-19%%/4cal a BP—-71 cal a BP = 1969*%/_4 CE
— 2021CE). Unit E seems to be dominated by the results of anthropo-
genic impact. Due to the artificial lake level lowering, carbonate pre-
cipitation shifts to an wunprecedented level distinctly diluting
minerogenic input (Fig. 2). Considering the previous grain size history,
coarser grains would have to be assumed. However, this is not the case
and in contrast to previous observations grains become even finer
(Fig. 2). This is probably due to the fact that during the lake level low-
stand in units A and B, the sediment cover of the exposed areas was not
thick enough and coarser grains could be eroded during that time. In
contrast, now in unit E, exposed areas have been water-covered for an
extended time (at least unit D, potentially also unit C) and previously
accumulated sediments can be reworked and transported into more
distal parts of the lake. Nevertheless, as expected with a lower lake level,
sedimentation rate increases drastically and bottom water becomes
anoxic as indicated by the highest Fe/Mn-ratios of the record and the
formation of laminae (Fig. 2). Although the lake level lowering started in
the 1930s, sedimentological evidence only starts in 1969+4/_4 CE. This
might be due to larger uncertainties than expected in the chronology, a
hysteresis of the lake system or a threshold that needed to be passed.

In summary, the sediment sequence SEV21-6 records a long-term
lake level rise of Lake Sevan with light fluctuations from the bottom of
the record at 487071%%/ o5 cal a BP to the 1930s when the lake level was
lowered artificially. These modern lower lake level conditions can be
used as a modern analog for older intervals of the sequence.

4.3.3. Cyclic behavior of minerogenic input indicators
In addition to the rhythmicity visually observed in units A and B
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triggered by carbonate precipitation, minerogenic input indicators show
longer periodicities. While these do not reach statistical significance
probably due to a combination of a short record and an imperfect age
model, we discuss these here. A 2600 to 2200 year periodicity (Fig. 5)
might reflect the Hallstatt oscillation with a periodicity of 2500 to 2100
(Scafetta et al., 2016), about 2200 (Steinhilber et al., 2012), ~2400
(Usoskin et al., 2016) or 2310 + 304 years (Fletcher et al., 2024). The
origin of the Hallstatt cycle is still debated and may be related to solar
activity (Usoskin et al., 2016; Usoskin, 2023), changes in the dipole
moment of the magnetic field (Dergachev and Vasiliev, 2019) or an
astronomic origin (Scafetta et al., 2016). Here, two Hallstatt cycles may
be observed, which is not enough for a robust analysis due to the
shortness of the time interval of this study.

Considering uncertainties in the chronology, a shorter periodicity of
~1000 to 600 years in SEV21-6 (Fig. 5) is similar to Eddy cycles (Abreu
et al., 2010) with a periodicity of 1050 to 900 (Scafetta et al., 2016),
around 1000 (Steinhilber et al., 2012), 980 (Abreu et al., 2010) or 976
+ 53 years (Fletcher et al., 2024). As the sun is not the only driver of the
climate system other forcing factors and complex interactions might
have changed the effects on climate (Steinhilber et al., 2012). However,
similar to our study, Eddy cycle variations in other studies are unstable
and not statistically significant either (Biswas et al., 2023; Usoskin,
2023). Other studies also highlight that amplitudes of cycles have varied
in time (Fletcher et al., 2024).

The maximum of the Hallstatt cycle in radiocarbon data (minimum
total solar irradiance) corresponds to about 1645 CE, namely the
beginning of the Maunder Minimum (1645-1715 CE) (Scafetta et al.,
2016). This is contemporaneous to a reduced minerogenic input to Lake
Sevan, which characterizes the minimum in the 2600- to 2200-year filter
as well as the 1000-600-year filter, indicating that these periodicities
may have amplified each other at this point in time. This is supported by
the fact that grand solar minima and maxima occurred intermittently
clustering near lows and highs of the Hallstatt cycle (Usoskin et al.,
2016). However, the mechanism behind the detailed relationship of
minerogenic input to Lake Sevan and solar variations has to be explored
in future studies on longer timescales.

5. Discussion

Hydrological variations as indicated in the parameters from sedi-
ment core SEV21-6 are supported by various investigations in the
catchment of Lake Sevan. Outcrops (e.g., Dzknaget or Norashen, Fig. 1)
(Vardanyan et al., 2018; Gorbatov et al., 2019) and archaeological re-
mains exposed after the modern artificial lake level lowering on the
Artanish peninsula (Hovhannisyan et al., 2023) testify previous lake
level high- and low stands. In addition to that, investigations on peat
bogs such as the Vanevan wetland (Robles et al., 2022) or Tsovinar
(Hayrapetyan et al., 2023) in the southeastern part of Lake Sevan (Fig. 1)
show a similar hydrological history (Fig. 6).

5.1. Unit A (141-125 cm/487011%0/ 545 — 44207320/ 350 cal a BP)

A lake level low stand as indicated in the parameters from sediment
core SEV21-6 between 4870719/ 545 and 44207320/ 540 cal a BP is
supported by cultural anthropogenic horizons with archaeological re-
mains above a lacustrine section indicative for a high lake level dated to
7170+250/.270 cal a BP (6270 + 110 BP, MGU-215, Table 4) in the
Norashen outcrop (Vardanyan et al., 2018; Gorbatov et al., 2019) (see
Fig. 1 for location). These archaeological horizons have been dated to
the 3rd and the middle of the 2nd millennium BCE (Vardanyan et al.,
2018) supporting the interpretation of a low lake level for units A and B.
Additional support for a low lake level of Lake Sevan after 4800 cal a BP
comes from the Vanevan wetland (Robles et al., 2022) for which a
drying phase (decrease in precipitation) is recorded between 5100 and
4800 cal a BP, transforming a lacustrine environment to a peatland at
4800 cal a BP. This trend agrees with records in Georgia and Central Asia
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which also show decreasing precipitation (Robles et al., 2022). The
water level remains low in the Vanevan peat until 4500 cal a BP when
semi-aquatic vegetation developed (Robles et al., 2022) which is in line
with somewhat more humid conditions in SEV21-6 at the transition from
unit A to unit B at 4420732%/ 5, cal a BP.

5.2. Unit B (125-97 cm/4420"32°/ 560 — 3570*%3%/ 115 cal a BP)

The generally still low lake level at Lake Sevan in unit B coincides
with archaeological findings in the Lchashen section dated to 39507285/
305 (3630 + 100 a BP, MGU-OAN-29) and 377O+305/_280 cal a BP (3500
+ 100 a BP, MGU-OAN-30, both Table 4) testifying a low lake level
(Aslanian, 1984). A still rather low water level is also found at the
Vanevan wetland. Although, this phase is associated with the 4.2 ka arid
event lasting from 4200 to 3700 cal a BP there (Robles et al., 2022).

5.3. Unit C (97- 75 cm/3570%1%°/ 115 — 25607°7%/ 6,5 cal a BP)

The wetter conditions and a lake level rise in Unit C are supported by
a radiocarbon age of 3390%319/ 355 cal a BP (3180 + 130 a BP, MGU-
251, Table 4) in lacustrine sediments some centimeters above an
archaeological horizon in the Norashen outcrop (Vardanyan et al., 2018;
Gorbatov et al., 2019). This is in contrast to a stone with cuneiform
dating to 2735-2710 cal a BP (note that original age is given as 785-760
BC and was recalculated to cal a BP for comparison with other data)
found during excavations at Lchashen (Aslanian, 1984). This either
implies that the stone with the cuneiform was either at a higher eleva-
tion still above the lake level at that time or a lake level lowering
occurred again after 33907319/ 45 cal a BP. Both would be conceivable
according to our data. However, according to archaeological data from
the Artanish peninsula a lake level rise is inferred between 29401115/ ¢
and 2580713/ g4 cal a BP (recalibrated 2837 =+ 22 and 2943 + 21 a BP,
MAMS 43487 and MAMS 43488, Table 4) (Avagyan et al., 2023; Hov-
hannisyan et al., 2023) which would indicate centennial-scale lake level
variations.

Although the median age of 37107129/ 55 cal a BP (3450 + 35 a BP,
P0z-52,962 (Joannin et al., 2022), Table 4) for the formation of neigh-
boring Kalavan Red Lake is somewhat older than the beginning of unit C,
the error of the chronologies/datings are clearly overlapping. The
landslide forming this lake is related to a combination of slope steepness,

tectonic activity, and water saturation in the substratum (Joannin et al.,
2022), the latter perfectly matching a shift toward wetter conditions in
unit C. However, the water level of the Vanevan wetland south of Lake
Sevan remains low at the beginning of unit C.

5.4. Unit D (97-13 cm/25607°7%/ ¢55 — -19%%/ 4 cal a BP = 196974/ 4
CE)

Similar to the results from sediment core SEV21-6 a high lake level is
testified by radiocarbon ages in lacustrine sediments in the Norashen
section dating to 2060%243/.5 (2090 + 70 a BP, MGU-244) and
1970%3%0/ 560 cal a BP (2020 + 120 a BP, MGU-245, Table 4)
(Vardanyan et al., 2018) as well as an age on wood of 940*425/,410 (1010
+ 250 a BP, MGU-IOAN-178) and shells of 880" %%/ 335 cal a BP (940 +
220 a BP, MGU-55) in lacustrine sediments distinctly above alluvial
material in the Dzknaget outcrop (Sayadyan et al., 1974; Gorbatov et al.,
2019).

South of Lake Sevan, the water level rises at 2300 to 1800 cal a BP at
Vanevan (Robles et al., 2022) and from 2050 to 1750 cal a BP (100 BC to
AD 200 in the original publication) at Tsovinar (Hayrapetyan et al.,
2023). Subsequently, the water level stayed high at Tsovinar
(Hayrapetyan et al., 2023) which is in agreement with our record. Un-
fortunately, after 2300 cal a BP a modified vegetation structure due to
human activities influences the paleoclimate reconstructions at the
Vanevan wetland. Therefore, according to the authors of this study
climate reconstructions for this period are not reliable (Robles et al.,
2022) and cannot be compared to our reconstructions. Nevertheless, the
water level rise from 2300 to 1800 cal a BP at Vanevan is contempo-
raneous with the Ca minimum between 66 and 62 cm (21601535/ 555 to
19801599/ 49 cal a BP) and the preceding minerogenic input in SEV21-6
indicating a freshwater pulse during this time. Roughly at the same time
(2000-1600 cal a BP) erosive activity returned to the catchment of
Kalavan Red Lake (Joannin et al., 2022) potentially also pointing to an
intensified precipitation interval around 2000 cal a BP.

5.5. UnitE (13-0 cm/-19"*/4 cal a BP - -71 cal a BP = 1969"*/.4 CE -
2021 CE)

The input of smaller grains to Unit D is confirmed by observations in
the littoral areas where sandy-oozy matter, that accumulated before the
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Fig. 6. Lake level reconstructions from Lake Sevan: From top to bottom: Lake level reconstructions from outcrops (Sayadyan, 2000) and archaeological artifacts
(Hovhannisyan et al., 2023) (note that the two ages shown from Hovhannisyan et al. (2023) are recalibrated median ages of the 2-sigma distribution (Table 4)), water
depth variations from Vanevan peat bog (Robles et al., 2022), Magnetic Susceptibility (k) as indicator for minerogenic input reflecting hydrological variations in the
catchment (this study), center-log-ratio transformed XRF-scanning based Calcium (Ca.r ¢;) measured with a Cr-tube (this study) reflecting lake level variations and
lake level reconstruction from Tsovinar-1 peat section (Hayrapetyan et al., 2023).

decrease of the lake level, is subjected to intensive erosion. This has
increased the supply of minute oozy fractions into the water masses
(Legovich et al., 1973) and ultimately to the distal site of SEV21-6.

Potentially additional climate variations occurred as described in
other studies from Armenia (Joannin et al., 2022). However, if present,
these variations were not severe enough to influence the distal sedi-
ments from Small Sevan or were overprinted by the artificial lake level
lowering.

5.6. Lake level reconstruction for the past 5000 years

Unfortunately, it is not possible to determine exact water level ele-
vations in our study or for most archaeological remains found in liter-
ature. Nevertheless, more recent studies tried to quantify lake level-
variations (Hayrapetyan et al., 2023). Those studies often obtained

10

different magnitudes of change but trends mostly coincide and result in a
coherent picture for the catchment of Lake Sevan (Fig. 6).

As other studies (Vardanyan et al., 2018; Gorbatov et al., 2019;
Avagyan et al., 2023) suggest a distinctly higher lake level of Lake Sevan
(at least at a similar elevation as before the anthropogenic lowering in
modern times) before the time slice covered by sediment core SEV21-6,
we suggest a climatic control on lake level variations rather than geo-
morphologic/tectonic processes. This supports the conclusions of Gor-
batov et al. (2019) and Hayrapetyan et al. (2023) that the main factor
determining the fluctuations in the level of Lake Sevan in the Holocene is
climatic although tectonic influences cannot be excluded. This would
shift the timing of the damming of the Hrazdan River to a time frame
before 48707190/ 45 cal a BP.

Interestingly, studies beyond the catchment further to the northwest
as for example the mire site of Shenkani (Cromartie et al., 2020) or
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Table 4
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Recalibrated radiocarbon ages mentioned in the text (Sayadyan et al., 1974; Aslanian, 1984; Vardanyan et al., 2018; Gorbatov et al., 2019; Hovhannisyan et al., 2023)
using the SHCal20 calibration data set (Hogg et al., 2020) in the online version of the Calib 8.2 software (Stuiver et al., 2020).

Site Conventional Error  Median Error Error Material Laboratory Reference
Radiocarbon Age (a) calibrated + - Number
(a BP) age (a) (@
(cal a BP)
Norashen 6270 110 7170 250 270 Mollusk shells of Limnaea stagnalis (L.), Radix ovate =~ MGU-215 Gorbatov et al., (2019),
(Drap.), Planorbis planorbis (L.), Gyraulus laevis Vardanyan et al.,
(Alder), Pisidium casertanum (Poli), Succinea (2018)
obionga (Drap.)
Norashen 3180 130 3390 310 385 Mollusk shells of Limnaea stagnalis (L.), Radix MGU-251 Gorbatov et al., (2019),
suricularia (L.), Valvata piscinalis (Mull), Planorbis Vardanyan et al.,
planorbis (L.) Pisidium casertanum (Poli), Succinea (2018)
putris (L.)
Norashen 2020 120 1970 340 260 MGU-245 Gorbatov et al., (2019),
Vardanyan et al.,
(2018)
Norashen 2090 70 2060 245 215 MGU-244 Gorbatov et al., (2019),
Vardanyan et al.,
(2018)
Dzknaget 1010 250 940 425 410 Wood MGU-IOAN- Gorbatov et al., (2019),
178 Sayadyan et al., (1974)
Dzknaget 940 220 880 400 335 Mollusk shells of Planorbis planorbis (L.), Limnaea MGU-55 Gorbatov et al., (2019),
auricularia, L. glutinosa, L. stagnalis Sayadyan et al., (1974)
Lchashen 3500 100 3770 305 280 Chariot wood MGU-OAN- Aslanian (1984)
29
Lchashen 3630 100 3950 285 305 Chariot wood MGU-OAN- Aslanian (1984)
30
Artanish 2837 22 2940 115 75 Human bone MAMS 43487  Hovhannisyan et al.
(2023)
Artanish 2493 21 2580 135 90 Human bone MAMS 43488  Hovhannisyan et al.
(2023)

Zarishat fen (Joannin et al., 2014), do not show a similarly coherent
picture. Reasons for the differences between these sites and the Lake
Sevan catchment will have to be further explored in the future.

5.7. Future

Model calculations from the 90s indicate that the lake level of Lake
Sevan which was at 1897 m asl at that time should be raised at least by 6
m (1903 m asl) to restore the hypolimnion and the oxygen regime
(Hovanesian and Bronozian, 1994). This is in the same range as earlier
estimates of 7 m to 1906 m asl (based on a lake level at an elevation at
1899 m asl) which were assumed to bring back its previous oligotrophic
state (Legovich et al., 1973). Although the lake level already increased
somewhat since that time, this would require an additional lake level
rise of 3-6 m based on today’s level at 1900 m asl. These results are
confirmed by our investigations on SEV21-6 showing that under natural
conditions anoxic conditions caused by lake level low stands can vanish
if the lake level is rising.

6. Conclusions

With respect to hydrological variations, the here presented first in-
vestigations on distal sediments from Lake Sevan reveal a coherent
picture with investigations in the immediate surrounding of the lake but
with the advantage of a much higher resolution. Taking advantage of the
“modern analog” of the artificial 20th-century lake level lowering, a
preceding naturally induced lake level lowering could be reconstructed.
Sediments of core SEV21-6 reflect a reflooding of the Sevan basin from
4870“90/_245 cal a BP onward until the beginning of the artificial
lowering. A distinct shift towards wetter conditions is observed between
2500 and 2000 cal a BP resulting in a very high lake level.

This study shows that under natural conditions the lake can recover
from an oxygen deficit if the lake level rises. Superimposed on this long-
term lake level rise, variations in minerogenic input indicate additional
hydrological variations which might be attributed to the Hallstatt and
Eddy cycles. However, processes and causes for this relationship need to
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be further explored on longer time scales in future. Paleomagnetic
secular variation data from Lake Sevan agree well with distant sites to
the northeast but disagree with sites closer to the southwest. This might
be due to an influence of the Levantine Iron Age geomagnetic Anomaly
(LIAA) but also here details need to be further explored in the future.
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