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ABSTRACT

The Seymareh landslide is the largest rock slope failure (44 Gm®) ever recorded on the exposed Earth surface. It
detached at ~10 ka from the northeastern flank of the Kabir-Kuh anticline (Zagros Mountains, Iran) creating a
natural dam responsible for the formation of a lake system that persisted for ~3 kyr during the early and mid-
Holocene before its emptying phase caused by overflow. The chronology of its demise and connection to the
Holocene climate variations have been barely studied. To reconstruct the influence of local vs. regional envi-
ronmental changes upon the lake history and unravel their contribution on the lake overflowing phase, we
analyzed 13 samples extracted from a 30-m-thick lacustrine succession belonging to Seymareh Lake. We per-
formed grain size analysis, carbon and oxygen stable isotopes of carbonate-bearing sediments, and X-ray
diffraction analysis of clay minerals, in addition to the geomorphological analysis to reconstruct the lake system
morphoevolution. Main results highlight that the lake infilling phase was characterized by a first period (from
9.73 4+ 0.13 to 7.37 £ 0.73 ka) with a median sedimentation rate of ~2 cm yr’1 and a second period (from 7.37
+ 0.73 to 6.98 + 0.39 ka) marked by an increased sedimentation rate up to ~10 cm yr~!. The age of 6.98 + 0.39
ka is here considered as the termination of lacustrine sedimentation and the beginning of lake emptying and new
valley entrenchment. Stable isotope and X-ray diffraction analyses confirm a stable humid interval after the
early-mid Holocene arid to humid transition, consistent with other regions of the Middle East. During this
transition, rainfall seasonality and its inter-annual irregularity may have prevented the development of a
widespread vegetation cover that likely favored the increase of denudation rates on hillslopes and sediment
supply along connected channels network. Therefore, the sedimentation rate increased within the downstream
lake basin. However, in the late infilling phase from ~7.6-7.32 ka, local high energy hydroclimatic events,
characterized by high sand content and low §'%0 concentration, were recorded more frequently. This could
justify a sudden increase in the tributaries' discharge that culminated at ~7.3 ka because of the complete
overflow of Jaidar Lake into Seymareh Lake likely causing the overflowing of the entire Seymareh landslide-dam
lake system.

1. Introduction

for establishing hillslope instability conditions (Crozier, 2010; Huggel
et al., 2012; Wu et al., 2020), the potential development of valley-

Environmental variability is recognized worldwide as a fundamental
factor for generating disequilibrium conditions in geomorphic systems,
including hillslopes, and connected channel networks (Collison et al.,
2000; Crozier, 2010; Huggel et al., 2012; Alvioli et al., 2018; Harrison
et al., 2018; Panek, 2019). The morphodynamics of the hillslope-
channel system during environmental changes is extremely relevant
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blocking landslides (Clague and Evans, 2000; Korup, 2002; Hermanns
et al., 2004; Costa and Diaz, 2007; Fan et al., 2020) as well as the evo-
lution and extinction of associated landslide-dam lakes (Ermini and
Casagli, 2003; Savelli et al., 2013; Stefanelli et al., 2016; Heidarzadeh
et al., 2017; Zhong et al., 2021).

Lake overflowing is largely accepted as the main response to
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Fig. 1. Regional topography of the Zagros and the Iranian Plateau showing the proxy data from available literature (blue star: lacustrine deposit; yellow circle:
speleothem) and location of the study area. Climate chart of Poldokhtar village (685 m a.s.l.) for the period 1990-2019 based on data from Harris et al. (2020) in the
inset A whose location is reported in the map (A). HZ: High Zagros, SFB: Simply Folded Belt, MFF: Mountain Front Fault, HZF: High Zagros Fault, MZRF: Main Zagros
Reverse Fault, and BF: Balarud Fault. The coordinate system is WGS84 UTM 38 N (EPSG: 32638).

variations in water discharge and sediment supply (Costa and Schuster,
1988; Ouimet et al., 2007; Fan et al., 2020) that depend on spatial and
temporal changes of environmental conditions. In this regard, environ-
mental transitions, i.e., from arid to humid conditions, can cause an
increase of sediment supply from hillslopes and/or water discharge
along the channel network, predisposing the downstream lake basins to
overflow events (O'Connor and Costa, 2004). Nevertheless, local vs.
regional contributions, as well as short- vs. long-term climate changes
likely affect the stability of landslide dams and deserve more in-depth
analysis. For this reason, lacustrine records offer ideal sedimentary ar-
chives for unravelling the evolution of lake basins in response to climate
changes, including the evolution of hillslopes and channel networks.
In this paper, we focused on Seymareh Lake, which was generated at
~10 ka by the largest rock slope failure (44 Gms) ever recorded on the
exposed Earth surface, known as the giant Seymareh landslide (Watson
and Wright, 1969; Roberts and Evans, 2013; Shoaei, 2014; Delchiaro
et al., 2019, 2020; Rouhi et al., 2019, 2022). The Seymareh landslide
(33°0333.13"N, 47°39'52.87"E) detached from the northeastern limb
of the Kabir-Kuh anticline (Zagros Mountains, Iran) creating the natural
dam responsible for the formation of a three-lake system consisting of
Seymareh, Jaidar, and Balmak lakes, with areas of 259, 46, and 5 km?,
respectively. The endorheic lake system persisted for ~3 ka during the

Holocene before its emptying phase caused by overflow (Delchiaro et al.,
2019, 2020). Shoaei (2014) suggested that the Seymareh landslide dam
overflow was caused by the high discharge of the Kashkan River into the
smaller reservoir of Jaidar Lake that led the latter to drain into Seymareh
Lake. In this context, the purpose of this work is to define local vs
regional climatic and environmental contributions to the morphoevo-
lution of the Seymareh landslide-dam lake system during early and mid-
Holocene times, providing new insights into the impact of climate and
environmental changes on the lake and connected hillslope-channel
systems before the overflow event.

To achieve the objective, we analyzed a 30-m-thick lacustrine suc-
cession from Seymareh Lake with a conventional geomorphological
approach aimed at reconstructing the Seymareh landscape evolution by
means of the local succession of fluvial terraces, the latter being already
studied and chronologically constrained by Delchiaro et al. (2019,
2020). The lacustrine sedimentary succession was studied by a multi-
method approach consisting of grain size analysis and statistics, car-
bon and oxygen stable isotopes of carbonate-bearing sediments, and X-
ray diffraction analysis of clay minerals. The main results are discussed
in relation to the early and mid-Holocene climate changes and their
effect on Earth surface processes in the Middle East.
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Fig. 2. Geological map of the study area in the Lorestan Province. The hatched area refers to the landslide debris. The geological data are from the National Iranian
0il Company (NIOC) at a scale of 1:100,000 (Llewellyn, 1974; Macleod, 1970; Macleod and Fozoonmayh, 1970; Macleod and Roohi, 1970). The stratigraphic column
and main detachment layers in the Lurestan region are taken from Casciello et al. (2009) and Sherkati et al. (2006).

Table 1

Samples, dating method, elevation, and age used to constrain the chronological model of the lake infilling phase and overflow.
Sample Dating method Description Elevation (m a.s.l.) Elevation above river (m) Age (ka) Error (ka)
SEY6" OSL Pre-lacustrine alluvial deposits 570 2 17.9 +1.50
SEYS8® OSL Lacustrine deposits (Lac) 560 20 10.4 +0.90
SEY4" OSL Lacustrine deposits (Lac) 590 22 7.37 +0.73
TO-13445" 4c Lacustrine deposits (Lac) 540 35 9.73 +0.13
SEY9" OSL III order strath terrace 570 120 6.59 +0.49
SEY5" OSL 1 order fill terrace (Qt1) 607 37 4.49 +0.48

2 Delchiaro et al. (2019).
b Roberts and Evans (2013).

2. Regional tectonic and climatic setting

The Seymareh drainage basin (Fig. 1) is located within the north-
western part of the Zagros belt, which resulted from the collision of
continental blocks of Arabia and Eurasia and the consequent consump-
tion of the Neotethys since the late Cretaceous (Boutoux et al., 2021;
McQuarrie, 2004; Mouthereau et al., 2012; Stampfli and Borel, 2002;
Talbot and Alavi, 1996). Its drainage network dissects most of the
Lorestan region (e.g., Vergés et al., 2011), crossing several tectonic units
of the mountain range, which are oriented from NE to SW: the Sanandaj-
Sirjan Zone (SSZ), the High Zagros zone (HZ, named also Imbricate
zone), the Simply Folded Belt (SFB) and the continental Mesopotamian
Foreland (Agard et al., 2005, and references therein). These tectonic
units are bounded by regional faults such as the Main Zagros Reverse
Fault (MZRF), the High Zagros Fault (HZF), and the Mountain Front
Fault (MFF). The SSZ comprises deformed and metamorphosed Paleo-
zoic to Mesozoic rocks intruded by Upper Cretaceous to Paleocene
plutons (Vergés et al., 2011, and references therein). The HZ consists of
imbricated tectonic slices involving radiolarite-ophiolite complexes,
Mesozoic, and Cenozoic sedimentary and volcanic rocks, and thrust
sheets from the SSZ (e.g., Agard et al., 2005). The SFB is characterized by
a folded 12-14-km-thick sedimentary cover deposited on the north-
eastern continental border of the Arabian plate (e.g., Bigi et al., 2018).
The sedimentary succession is composed of Upper Paleozoic to Upper

Cretaceous passive margin deposits, and late Cretaceous to present
foreland deposits (Casciello et al., 2009; James and Wynd, 1965; Vergés
et al., 2011). The 3-4-km-thick Mesozoic succession in the Lorestan
province, is dominated by large carbonate platforms and shallow basin
lithostratigraphic units made up of limestone, marls, shales, and marly
limestones interbedded with episodic plugs of evaporites (Fig. 2). The
succession includes the carbonates of the Bangestan Group (Garau,
Sarvak and Ilam-Surgah formations), two clastic wedges separated by
the early-middle Miocene carbonate of the Asmari Formation (Casciello
et al., 2009; Vergés et al., 2011): the proto-Zagros foreland sequence
(Paleocene-Early Eocene - Amiran, Taleh Zang, and Kashkan forma-
tions) and the Mesopotamian foreland succession (Miocene-early Pleis-
tocene — Gachsaran, Agha Jari and Bakhtiari formations).

The climatic conditions in the Zagros Mountains are mostly
controlled by three different climate regimes: (i) the Mediterranean in
the west, (ii) the monsoon in the south, and (iii) the continental in the
eastern and northern sectors. The area corresponds to the easternmost
sector of the ancient Near East Fertile Crescent, where rainfall occurs in
winter because of cyclogenesis in the Arabian Sea, Persian Gulf, Red Sea,
and northern Indian Ocean (Evans and Smith, 2006; Andrews et al.,
2020). The modern Iranian climate is mainly characterized by arid and
semiarid conditions, especially in the Iranian plateau where the Caspian
and the Mediterranean basins are bounded by the Alborz and Zagros-
Bitlis Mountains, respectively. Therefore, the mean annual
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Fig. 3. Map of the lacustrine and fluvial terrace sequences and the most significant landforms characterizing the valley morphoevolution after the emplacement of
the Seymareh landslide (modified after Delchiaro et al., 2019). Sampling location from this study (green circle) and from available literature (white and red circles)
used for the chronological model of lake infill and overflow are reported (see Table 1 for details). The permeability zonation of the landslide debris proposed by Rouhi
et al. (2022) is reported. The grey-scale map indicates elevation, which is derived from the 30-m SRTM (Farr et al., 2007). The coordinate system is WGS84 38N
(EPSG: 32638). The 2000 m wide swath profile shown in the map is also reported.

precipitation clearly shows a pronounced latitudinal and longitudinal temperature of the coldest month (i.e., January) is 4.4 °C and the
gradient that decreases eastward (Kehl, 2009), causing a cold semiarid average summer temperature is above 24 °C, with a peak of 29.5 °C in
climate (BSk) following the Koppen (1900) climate classification. July.

Observing the climate chart of Poldokhtar village in the Lorestan

province (Iran) for the period 1990-2019 (Harris et al., 2020) (Fig. 1),

autumn and winter are the wettest seasons, with highest precipitation in

March (77.6 mm), while summer is dry and hot. The average
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Table 2

Grain size analysis results and grain size parameters for the Seymareh lacustrine succession.
Sample Elevation (m a.s.l.) Grain size analysis (%wt.) Mean size (®) Mean size (mm) Standard deviation Skewness Kurtosis

Gravel Sand Silt Clay

s1 610 0 1 44 55 8.19 0.0034 1.6682 —0.2697 0.6250
S2 608 0 0 45 55 8.14 0.0035 1.7115 —0.2890 0.6092
S3 607 0 49 23 28 5.76 0.0184 2.9656 0.4631 0.6092
S4 605 0 0 36 64 8.62 0.0025 1.4488 —0.5180 0.6798
S5 604 0 0 41 60 8.62 0.0025 1.4488 —0.5180 0.6798
S6 598 0 86 7 6 2.68 0.1553 1.5011 0.3788 3.4002
S7 595 0 46 32 23 5.63 0.0201 2.8888 0.3786 0.6999
S8 592 0 33 45 22 5.85 0.0173 2.8422 0.2421 0.7484
S9 589 0 18 43 40 6.92 0.0082 2.5687 -0.1171 0.5410
S10 585 0 0 42 58 8.36 0.0030 1.5675 —0.3466 0.6335
S11 583 0 25 56 19 5.85 0.0173 2.5119 0.3741 0.9250
S12 582 0 0 47 53 8.12 0.0036 1.6844 —0.2054 0.6142
S13 580 0 1 44 55 8.18 0.0034 1.6737 —0.2584 0.6204

3. The Seymareh landslide and chronological constraints for the
valley morphoevolution

The morphoevolution of the Seymareh valley during the early and
mid-Holocene, after the emplacement of the valley-blocking landslide,
can be reconstructed and chronologically constrained using several
available ages (Table 1). Roberts and Evans (2013) dated charcoal
fragments yielding an uncalibrated radiocarbon date of 8.71 + 0.08 ka
(TO-13445, Table 1). The corresponding calibrated date using Calib
5.0.2 (Stuiver et al., 1998) is 9.73 + 0.13 ka. Based on the interpretation
of three individual radiocarbon ages provided by Griffiths et al. (2001),
aradiocarbon bracket age for the landslide event was suggested between
9.8 and 8.7 “C ka. Delchiaro et al. (2019) identified different genera-
tions of fluvial terraces that were used as geomorphic markers (sensu
Burbank and Anderson, 2011) for reconstructing the local valley
evolutionary stages after the emplacement of the valley-blocking land-
slide (Fig. 3). Geomorphic markers are distributed upstream and onto
the landslide debris and include: (1) a suite of four generations of fill
terraces (named Qt1-Qt4 from the ancient ones) hanging at different
heights on the present talweg and entrenched in the terraced lacustrine
deposit (Lac); (2) a suite of three strath terraces shaped onto the land-
slide debris along the Seymareh River gorge.

Upstream of the landslide debris, Delchiaro et al. (2019) dated three
sediment samples (SEY6, SEY8, and SEY4 in Table 1) by Optically
Stimulated Luminescence (OSL). The age of 17.9 + 1.5 ka (SEY6) from a
fluvial deposit exposed at the base of the lacustrine sediments predated
by ca. 7 ka the emplacement of the Seymareh valley-blocking landslide,
according to the time constraints for landslide emplacement provided by
Roberts and Evans (2013). The lacustrine deposits were dated at two
different stratigraphic levels located at 560 and 590 m a.s.l., which
provided consistent OSL ages of 10.4 + 0.9 ka (SEY8) and 7.37 + 0.73
ka (SEY4), respectively.

Moreover, three levels of strath terraces hanging at different heights
on the landslide debris along the Seymareh River gorge represent key
geomorphic markers for understanding the development of the landslide
dam. Delchiaro et al. (2019) dated the third, lower strath terrace level

obtaining a permeability zonation consistent with the statistical model.
It showed that the high permeability values (PC permeability class) are
associated with secondary zones and low values (PA and PB perme-
ability classes) with primary ones (Fig. 3).

4. Materials and methods

A 30-m-thick lacustrine succession from Seymareh Lake was
analyzed (samples S1-S13). Samples were collected from 580 to 610 m
a.s.l. (Fig. 3 and Supplementary material 1). A multi-proxy analysis has
been conducted on the lacustrine sediments, including grain size and
scanning electron microscope (SEM) analyses, carbon and oxygen stable
isotopes, and X-ray diffraction. A chronological model based on an Age-
Elevation plot completes the multi-proxy analysis.

4.1. Grain size and SEM analyses

The grain size analysis was performed to extract information about
the energy of the depositional system. During the sampling, particular
attention was given to preventing the samples from being contaminated
by recent deposits. In this regard, once the site for sampling was iden-
tified, it was important to carefully clean off the slope.

Laboratory analysis was carried out following ASTM (2007) recom-
mendations at the Geotechnical Laboratory of Earth Sciences Depart-
ment of Sapienza University of Rome for interpreting the energy of the
sedimentary system. The ASTM 200 sieve passing was characterized
with X-ray sedigraphy using SediGraph III by Micromeritics coupled
with a multisampler (MasterTech 52) interfaced by management
software.

Cumulative curves were built with the results of the grain size
analysis. The size is expressed both in mm and in ®, where ® = log, (size
in mm).

From the cumulative curves the following grain size parameters were
obtained (Folk and Ward, 1957):

Pis + Pso + Pgy

(SEY9; Table 1), which yielded an age of 6.59 + 0.49 ka constraining the Mean Size = 3 @
initial stage of the lake emptying. Finally, an OSL age of 4.49 + 0.48 ka
from the first generation of the fill terraces (i.e., Qtl fluvial terrace) Standard deviation = M+M )
(sample SEY5 in Table 1) provided a further chronological constraint for 4 6.6
the lake emptying phase and ongoing valley entrenchment (Delchiaro St _ D6t Psa — 2050 | Ps + Pos — 2950 3)
etal, 2019). e = 2(@ss — Pi6) 2(os — Ps)

Recently, Rouhi et al. (2022) proposed a zonation of the landslide

bris b ial statistical h wh i iginal -

debris based on a spatial statistical approach where primary (original) Kurtosis — —_#95 = ®s @

and secondary (modified) regions, respectively, attributed to the orig-
inal shape of the landslide debris and the one reshaped by fluvial
erosion, are distinguished. Permeability tests performed on soil samples
taken from the debris surface allowed the authors to validate the model

2.44(pss — Pos)

where the subscript for ¢ indicates the cumulative percentile values, i.e.,
the grain size at which the indicated percentage of the grains are coarser.
The Mean Size expresses the average width of the grains. The
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Fig. 4. Results of the grain size analysis plotted against elevation: a) simplified
stratigraphic column of lacustrine succession; b) grain class distribution; c)
mean size distribution; d) standard deviation distribution; e) skewness distri-
bution; f) kurtosis distribution. Acronyms: S = coarse sand; SS = sandy silt; SC
= silty clay; Sa = sand; Si = silt; C = clay.

Standard Deviation defines the variability or spread of a size class, and it
is inversely proportional to the degree of sorting. The Skewness expresses
the degree of symmetry in the distribution of the grains at the various
dimensions. When the distribution is perfectly symmetric the Skewness is
equal to 0, positive values are obtained when the slope of the cumulative
curve towards the finer fractions is lower than the slope towards coarser
grain size fractions, while it is negative in the opposite case. Finally, the
Kurtosis is the ratio between the slope of the cumulative curve in its
central part and the slope towards its ends. It therefore expresses the
prevalence of the intermediate grain size fractions with respect to the
extreme ones.

Based on the computed grain size parameters, high resolution images
were also obtained with backscattered electrons at Electron Microscopy
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and Microanalysis Laboratory of Earth Sciences Department of Sapienza
University of Rome using a SEM FEI Quanta 400 with EDAX Genesis
microanalysis system on selected samples to study grain morphology in
relation to the transport process.

4.2. Oxygen and carbon stable isotopes

The oxygen and carbon stable isotope analysis of carbonate-bearing
sediments were performed to provide information about the environ-
mental conditions of the area surrounding the lake. As reported by
Talbot (1990), in short-residence-time open lakes, carbonate and oxygen
isotopic compositions are rather constant and strongly correlated to the
bulk isotopic composition of inflow waters.

For this reason, changes in lake carbonate §!°C values generally
result from changes in biogenic productivity (e.g., Li and Ku, 1997).
Because '2C is preferentially partitioned into lake organic matter, an
increase in biogenic productivity leads to a relative increase of 1>C in
dissolved CO,, which is taken up by carbonates that precipitate from
lake water. Therefore, an increase of 8'3C values generally reflects an
increase of lake biogenic productivity. Furthermore, higher §'%0 values
are associated with increasing evaporation, because '°0 is preferentially
removed from the water during evaporation (e.g., Meijers et al., 2020).

Carbonate samples were powdered and analyzed on a Kiel III Car-
bonate Device coupled to a Finnigan Delta Plus isotope ratio mass
spectrometer at the IsoLab of the University of Washington. Measured
values were corrected to the V-PDB scale using a suite of internal
reference materials that have been calibrated to and span a similar range
of NBS19, NBS18, L-SVEC, and IAEA-603; details of the data acquisition
protocol are available in Tobin et al. (2011).

4.3. X-ray diffraction of clay minerals

X-ray diffraction (XRD) analysis of clay minerals was performed to
evaluate changes in environmental conditions in Seymareh Lake. It is
well known how the clay mineral assemblage in sedimentary basins
depends on several factors: (i) composition of the source rock (Chamley,
1989), (ii) chemical and physical alteration depending on latitude and
climate (Thiry, 2000), (iii) diagenetic overprint as result of sedimentary
and tectonic burial (Aldega et al., 2018, 2021), and (iv) vertical move-
ments of adjacent continental areas and water level changes (Adatte
etal., 2002). In fact, they can be used as a proxy for determining climate
and paleoweathering conditions of continental areas (Thiry, 2000;
Aldega et al., 2020). Since the clay mineral assemblage in the Seymareh
lacustrine basin has not been overprinted by post-depositional events
and considering that the time scale of our observations does not allow
for large vertical movements, the observed mineral assemblage provides
insights into the composition of the sediment source area, as well as the
climatic and environmental conditions.

The analysis was carried out at the Academic Laboratory of Basin
Analysis (ALBA) of Roma Tre University with a Scintag X1 system (CuKo
radiation). The tube current and the voltage were 30 mA and 40 kV,
respectively. The <2 pm grain size fraction was separated from the bulk
rock by centrifuging and sedimented on glass slides producing a thin
aggregate of at least 3 mg of clay per cm?. Such highly oriented samples
were air-dried at room temperature overnight and then saturated in the
ethylene-glycol atmosphere at 25 °C for 24 h. Air-dried and ethylene-
glycol solvated specimens were scanned under the same conditions
(step size of 0.05° 20 counting time of 4 s per step) but with a different
scanning range. The former was X-rayed from 1 to 48°20, the latter from
1 to 30°26. Quantitative estimation of clay minerals was performed by
calculating peak diffraction areas and using mineral intensity factors as
calibration constants (Moore and Reynolds, 1997). Non-clay minerals
such as quartz, calcite, dolomite, albite, and hematite, observed in the X-
ray patterns, were not converted into mineral concentrations, thus the
semiquantitative analysis refers only to sheet silicate minerals.
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S4

Fig. 5. High resolution backscattered electron images of S4, S6, S9 and S11 samples.

Table 3 Table 4
Oxygen and carbon stable isotope results for the Seymareh lacustrine succession X-ray semiquantitative analysis of the Seymareh lacustrine succession. Acro-
(see also Fig. 4). nyms: Plg = palygorskite; I = illite; C-S = mixed layers chlorite-smectite; Kln =

Sample 5% s13C kaolinite; Chl = chlorite.

Mean vs VPDB StdDev vs Mean vs VPDB StdDev vs Sample Plg <2 pm grain-size fraction (%wt.)
(permil) VPDB (permil) (permil) VPDB (permil) 1 C-S Kin Chl

S1 —-5.21 0.03 -3.13 0.02 S1 18 30 22 14 15

S2 —4.86 0.09 -3.69 0.04 S2 17 36 20 11 17

S3 —6.05 0.02 -3.19 0.02 S3 25 40 13 9 13

S4 —5.19 0.04 -3.21 0.02 S4 15 34 21 12 18

S5 —5.08 0.02 —3.43 0.03 S5 22 38 11 14 15

S6 —4.70 0.04 1.27 0.02 S6 15 34 20 14 17

S7 —5.99 0.05 —3.83 0.02 S7 20 34 22 11 13

S8 —5.74 0.03 —2.86 0.02 S8 14 32 26 12 16

S9 —5.27 0.06 —3.45 0.02 S9 17 36 18 13 16

S10 —4.97 0.02 -3.55 0.03 S10 17 32 16 12 24

S11 —6.14 0.03 -3.08 0.02 S11 18 33 21 13 16

S12 —4.83 0.03 —3.04 0.02 S12 17 37 18 8 20

S13 —5.25 0.03 -3.67 0.02 S13 18 29 15 18 21
4.4. Chronological model emptying of Seymareh Lake was carried out by using available published

chronological data (Table 1). The age and the related elevation of
A reconstruction of landscape evolution during the infilling and lacustrine samples TO-13445 (9.73 + 0.132 ka, Roberts and Evans,
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Fig. 6. Projection of chronological constraints from Table 1 along the longitudinal profile of the Seymareh River defining landforms and sedimentary deposits used as
geomorphic markers (modified from after Delchiaro et al., 2019). The black dotted line refers to the reconstructed geometry of the basal contact of the lacustrine
deposits, while the black dashed lines mark the intermediate and top lacustrine levels. The benchmarks of the basal contact of the Quaternary deposits on the
bedrock, the projection of points joined by the red line corresponding to the top of the Seymareh landslide debris, and the upstream and downstream limits of the

landslide are also reported.

2013), SEY8 (10.4 & 0.90 ka, Delchiaro et al., 2019), SEY4 (7.37 + 0.73
ka, Delchiaro et al., 2019) as well as the age of the III order strath terrace
(SEY9: 6.59 + 0.49 ka, Delchiaro et al., 2019) were used to build an Age-
Elevation model.

The dated lacustrine levels are in the lower part of the lacustrine
sequence between 540 and 590 m a.s.l. (TO-13445 and SEY4 respec-
tively), while the top of the sequence at 630 m a.s.l. remains uncon-
strained. In this study we collected samples at elevations ranging from
580 to 610 m a.s.l. This stratigraphic interval overlaps with the dated
sample at 590 m a.s.l. (7.37 £ 0.73 ka). Regarding the strath terrace
sequence, the first and the second levels are not dated, while the third
one at 570 m a.s.l. records the minimum age of the overflow event at
6.59 + 0.49 ka. Then, the overflow age can be associated with the
deposition of the top the lacustrine deposit at 630 m a.s.l., whose age is
between 7.37 £ 0.73 and 6.59 =+ 0.49 ka. For this reason, we can assume
that the overflow age can be approximated to the average age of samples
SEY4 and SEY9, which is equal to 6.98 + 0.39 ka, where the error refers
to the half of the temporal range between SEY4 and SEY9.

To build the chronological model, pre-lacustrine and lacustrine
samples were projected along the longitudinal profile of the present
trunk stream providing useful constraints to reconstruct the geometry of
the basal surface of the lacustrine deposits, whose age is referred to SEY8
(10.4 £ 0.90 ka, Delchiaro et al., 2019). Then, median, maximum and
minimum sedimentation and incision rates for the lake infilling and
emptying phases respectively were obtained by computing four series of
linear regressions of the elevation and the temporal ranges between two
consecutive samples. From the Age-Elevation plot it was then possible to
extrapolate the chronology of the lacustrine succession and the related
errors based on the field of existence of the linear regressions. All the
aforementioned assumptions are based on extensive field observations
of the lacustrine sequence that allowed us to confirm the continuity and
flatness of lacustrine layers in the study area (in the Supplementary
material 1 photos of the lacustrine location in correspondence of the
sampling point are reported).

5. Results
5.1. Grain size and SEM analyses

The stratigraphic column as well as grain size analysis results are
shown in Table 2 and Fig. 4, while the grain size distribution curves are
available in the Supplementary material 2.

The overall grain size distribution shows a total absence of gravel
and a variable proportion of sand, silt, and clay throughout the section.
The sand percentage is generally very low (1 % or <1 %) except for
samples S3 (607 m a.s.l.), S6 (598 m a.s.l.), S7 (595 m a.s.l.), S8 (592 m
a.s.l.), S9 (589 m a.s.l.) and S11 (583 m a.s.l.) where it is >18 %. The
sand amount reaches its maximum value of 86 % in S6 (598 m a.s.1.). The
average silt aliquot is about 39 %, with a minimum value of 7 % in S6
(598 m a.s.l.) and a maximum value of 56 % in S11 (583 m a.s.l.). The
average clay content is about 41 %, with a minimum value of 6 % in S6
(598 m a.s.l.) and a maximum value of 64 % in S4 (605 m a.s.l.).

The maximum Mean Size is 0.15 mm (2.68 ¢) in S6 while the lowest
value of 0.0025 mm (8.62 ¢) was found in S4 and S5. From S10 to S6
there is a progressive increase of mean size from 0.003 mm (8.36 ¢) to
0.15 mm (2.68 ¢). The Standard Deviation ranges from 1.50 ¢ to 2.97 ¢.
A progressive increase of standard deviation is recorded from S10 to S7
with values between 1.56 ¢ to 2.88 ¢. The Skewness is positive in S11,
S8, S7, S6 and S3 with a maximum value of 0.46. It is negative in the
remaining samples with the lowest value of —0.52. A progressive in-
crease of Skewness occurred from S10 to S6, with values increasing from
—0.12 to 0.38. Finally, Kurtosis reaches its maximum value of 3.4 in S6
and its minimum value of 0.54 in S9. A progressive increase occurred
from S9 to S6 from 0.54 to 3.4.

From the stratigraphy reported in Fig. 4 as well as from the param-
eter analysis reported in Table 2, it emerges that our dataset is charac-
terized by extremely different depositional conditions. Hence, four
samples (5S4, S6, S9 and S11) were selected for SEM observations, as the
most representative of such differences.

From the comparison of high-resolution SEM images in Fig. 5, the
difference among grains between S6 and other samples is particularly
evident. In fact, S6 is characterized by coarse and subangular grains with
size >100 pm. S4 is characterized by the finest particle size with
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Fig. 7. Age-Elevation plots for the Seymareh Lake area related to the infilling (a) and the emptying (b) phases. Sedimentation rate (c) and incision rate (d) calculus
models related respectively to the infilling and emptying phases. Chronological constraints are from OSL and *C ages reported in Delchiaro et al. (2019) and Roberts
and Evans (2013) in Table 1.

Table 5

Samples elevation and extrapolated ages with associated errors of the analyzed
portion of the Seymareh lacustrine sequence. The linear extrapolation was

performed considering the Age-Elevation model reported in Fig. 7.

Lake samples Elevation (m a.s.l.) Extrapolated age (ka) Error (ka)
S1 610 7.18 0.56
S2 608 7.19 0.58
S3 607 7.20 0.59
S4 605 7.22 0.60
S5 604 7.23 0.61
S6 598 7.29 0.66
S7 595 7.32 0.69
S8 592 7.35 0.71
S9 589 7.42 0.72
S10 585 7.61 0.67
S11 583 7.70 0.65
S12 582 7.75 0.63
S13 580 7.84 0.61

numerous grains smaller than 50 pm to which clay minerals are adhered.
Finally, S9 and S11 show quite similar characteristics, highlighting
numerous grains with a size >50 pm to which clay minerals are adhered.
Fossils and microfossils have been not observed in the samples.

5.2. Oxygen and carbon stable isotope

Oxygen and carbon stable isotope results are shown in Table 3 and in
Fig. 9b and c, with further details available in the Supplementary ma-
terial 3. The overall 5'%0 values span from —6.14 %o to —4.70 %o. The
5180 distribution displays two consecutive negative trends from S10
(585 m a.s.l.) to S7 (595 m a.s.l.), where values decrease from —4.97 %o
to —5.99 %o, and from S5 (604 m a.s.l.) to S3 (607 m a.s.l.), where values
decrease from —5.08 %o to —6.05 %o. These trends are separated by the
highest recorded 5180 values in S6 (598 m a.s.l.) with —6.05 %o. The
overall 8'3C values of the Seymareh lacustrine succession span from
—3.83 %o to +1.27 %o. The 8'3C value distribution shows small scale
variations ranging from —3.83 %o to —2.86 %o, except for S6 (598 m a.s.
1.) where the value is positive (+1.27 %o).
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chlorite-smectite; Kln = kaolinite; Chl = chlorite.

5.3. X-ray diffraction of clay minerals

X-ray semiquantitative results of the investigated lacustrine succes-
sion are shown in Table 4 and in Fig. 9d. Illite is the most abundant clay
mineral with amounts ranging from 29 % to 40 % (average value 34 %).
Palygorskite content increases slightly from <20 % in samples S13-S6
(580-598 m a.s.l.) up to 25 % in samples S5-S1 (604-610 m a.s.l.). The
percentage of mixed layers chlorite-smectite ranges from 11 % to 26 %
whereas kaolinite varies from 8 % to 18 %. Finally, chlorite ranges from
13 % to 24 % with an average of 17 %.

5.4. Chronological model

As shown in Fig. 6 the dated geomorphic markers reported in
Table 1, as well as the undated geomorphic features are projected along
the longitudinal profile of the Seymareh River.

Fig. 6 also shows the maximum water level at about 690 m a.s.l.
produced by the swath topographic profile of Fig. 3. Indeed, no shore-
lines or similar landforms are preserved in the Seymareh area making it
impossible to reconstruct the evolution of the water level during the
infilling phase in relation to the deposition of the lacustrine sediments.
In addition, although the persistence of the lake system suggests it can be
considered endorheic, it is difficult to estimate the amount of ground-
water that infiltrated into the landslide debris before overflowing. For
this reason, the maximum elevation likely reached by the water during

10

the overflow was extracted by considering the minimum elevation in the
primary zone of the landslide debris where no fluvial erosion reshaped
the landforms. Indeed, as can be seen in the swath profile of Fig. 3, at
least four steps in the minimum elevation can be recognized. These
correspond to the strath terrace sequence and the maximum water
elevation reached during the overflow event.

Based on the chronological model of Fig. 7, it was possible to
extrapolate the ages and associated errors of the lacustrine succession
(Table 5). A linear extrapolation of the sample ages and associated errors
was computed considering the elevation, the minimum, mean and
maximum ages of TO-13445 and SEY4 samples and the inferred over-
flow age and elevation, as reconstructed from the Age-Elevation model
of Fig. 7.

From the model, it is evident that the lake infilling phase was char-
acterized by an increase in the median sedimentation rate from 2.12 cm
yr~1, between 9.73 + 0.13 and 7.37 + 0.73 ka, to 10.26 cm yr~ ! be-
tween 7.37 + 0.73 and 6.98 + 0.39 ka. Similarly, the overflow event
that triggered the emptying phase can be subdivided into two stages:
from 6.98 + 0.39 to 6.59 + 0.49 ka where the median incision rate was
15.38 cm yr~ !, and from 6.59 = 0.49 ka to the present where the median
incision rate decreased to 1.82 cm yr .

However, the uncertainty of the model shows a considerable vari-
ability in the different morpho-evolutionary stages. In fact, in the first
infilling stage a minimum rate of 1.55 cm yr~! and a maximum of 3.33
cm yr~' was computed, while in the second infilling stage only the
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Focus of the 5!%0 curves in the period from 8 to 7 ka.

minimum rate of 2.65 cm yr ' can be extracted. The maximum rate,
here, is impossible to define because the maximum age of the end of the
infilling stage is older than that the minimum age of the start of the same
stage (Fig. 7a and c). Regarding the emptying phase, the first stage has a
minimum incision rate of 1.81 cm yr~! and a maximum rate impossible
to define because the minimum age of the beginning of the phase is
younger than the maximum age of the end of the same phase (Fig. 7b
and d). Finally, in the second stage of the emptying phase, a minimum
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incision rate of 1.69 cm yr ' and a maximum rate of 1.97 cm yr~* were
computed. The level of uncertainty is mainly because of the temporal
overlap of the errors of the ages of the different samples and is strictly
dependent on the dating method.
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5.5. Grain size, stable isotope and mineralogical trends during the lake
infilling phase

The multi-plot of Fig. 8 shows that the analyzed portion of the
lacustrine succession (§1-S13 samples) covers the period from 7.84 +
0.61 to 7.18 + 0.56 ka, likely recording the increase of the sedimenta-
tion rate starting at 7.37 + 0.73 ka.

In the early-stage of the infilling phase, the sand content in the
samples is low and only two samples (S11 - 7.70 + 0.65 ka and S9 - 7.42
+ 0.72 ka) show higher sand amount (Fig. 8a). The 5'%0 distribution
displays that the negative trend from S10 (7.61 + 0.67 ka) to S7 (7.32 +
0.69 ka), where values decrease from —4.97 to —5.99 %, is between the
two lake infilling periods (Fig. 8b). The distribution of §'3C values
illustrated in Fig. 8c is constant and the percentage of palygorskite in the
early stage of the lake infilling phase oscillates around 18 % (Fig. 8d).

In the late stage of lake infilling, the increase of lacustrine sedi-
mentation rate to a median value of 10.26 cm yr~! is associated with
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high input of sand. In detail, samples S9-S6 (7.42 + 0.72 ka-7.29 +
0.66 ka) show an exponential increase in sand contents with sample S6
having the highest percentage of the whole dataset (Fig. 8a). The 5'80
distribution displays part of the negative trend from S10 (7.61 + 0.67
ka) to S7 (7.32 £ 0.69 ka), and another from S5 (7.23 £ 0.61 ka) to S3
(7.20 + 0.59 ka), where values decrease from —5.08 to —6.05 %o
(Fig. 8b). These trends are separated by the highest recorded §'%0 value
in S6 (7.29 + 0.66 ka) with —4.7 %o. Considering the samples enriched
in sand and the corresponding value of 6180, we noticed that S11, S8, S7,
and S3 have more negative values. The evolution of §'3C illustrated in
Fig. 8c is constant except for sample S6 (7.29 + 0.66 ka) whose value is
1.27, much greater than the others. This spike correlates with the
highest content of sand found in the lacustrine succession. Finally, the
percentage of palygorskite amounts of in the late-stage phase increases
to values up to 25 % (S3 - 7.20 £ 0.59 ka) (Fig. 8d).

6. Discussion
6.1. Regional paleoclimatic evolution (10-7 ka)

The dataset of the present study covers a short but crucial period
(from 8 to 7 ka) and is here discussed in a broader temporal and
geographical setting. Specifically, we compared our results with the
main datasets available for the Zagros and the Anatolian-Iranian plateau
to have a regional perspective for our interpretations on the past envi-
ronmental conditions at Seymareh Lake. In Fig. 9 a synoptic view of the
main Holocene 880 based climatic reconstructions is shown.

During the early Holocene (~10-9 ka), when the emplacement of the
Seymareh landslide formed the dam lakes (Roberts and Evans, 2013;
Shoaei, 2014; Delchiaro et al., 2019, 2020), dry climate conditions
prevailed in the Middle East, as demonstrated by the 5'80 curves re-
ported in Fig. 9 (Stevens et al., 2001; Wick et al., 2003; Stevens et al.,
2006; Cagatay et al., 2014; Andrews et al., 2020). In addition, Griffiths
et al. (2001) proposed that the early Holocene low-level phase in Mir-
abad Lake, located on the surface of Seymareh landslide debris, where
shallow-water ostracods were detected, was related to the increase in
water temperature and the abundance of winter precipitation. This is
compatible with a continental regime characterized by one rainy season,
as demonstrated also by pollen records for the Mirabad (Stevens et al.,
2006), Zeribad (Stevens et al., 2001) and Van (Wasylikowa, 2005;
Wasylikowa et al., 2006; Litt et al., 2014) lakes.
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Fig. 11. §'80 vs 8'3C plot in which Seymareh Lake (this study) result and those of the carbonate source formations in the Seymareh River basin (Al-Aasm et al., 2009;
Navidtalab et al., 2016; Kalanat and Vaziri-Moghaddam, 2019; Jafari et al., 2020; Razmjooei et al., 2020a,b, 2021) are reported.
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At the end of the early Holocene (~9-8.5 ka), the continental dry
conditions progressively shifted towards a wetter climate regime typical
of the Mediterranean area, as recorded by more negative 5'80 values
from Mirabad, Zeribad, Van and Katalekhor (Fig. 9; Stevens et al., 2001;
Wick et al., 2003; Stevens et al., 2006; Cagatay et al., 2014; Andrews
et al., 2020). However, during this period, pollen records (Stevens et al.,
2001; Wasylikowa, 2005; Stevens et al., 2006; Wasylikowa et al., 2006;
Litt et al., 2014) still highlight dry conditions, showing the delayed
vegetation response to the climatic transition. Indeed, the highly
drought tolerant pistacia prevailed over oak until 7 ka.

During the Mid Holocene (~8.5-7 ka), the Seymareh §'80 values are
similar to those observed in Zeribad (Stevens et al., 2001; Roberts et al.,
2008), Mirabad (Griffiths et al., 2001; Stevens et al., 2006), Van (Wick
etal., 2003; Cagatay et al., 2014) and Katalekhor (Andrews et al., 2020),
indicating wetter climate conditions. Indeed, stable isotope values and
clay mineral percentages from this study highlight a quite uniform and
wet environmental context. Nevertheless, the abundance of benthic and
shallow warm water assemblages of the ostracods from Mirabad Lake
between 8 and 7 ka (Griffiths et al., 2001) suggests an unsteady climatic
interval, consistent with the inference of the delayed vegetation
response.

Afterwards, since 7 ka, the 5180 curves of Zeribad (Stevens et al.,
2001; Roberts et al., 2008), Mirabad (Griffiths et al., 2001; Stevens et al.,
2006) and Van (Wick et al., 2003; Cagatay et al., 2014) lakes, and
Katalekhor cave (Andrews et al., 2020), indicate a regional wet to dry
climate transition. This is especially true for Mirabad and Zeribad lakes
(Stevens et al., 2001, 2006), and Katalekhor stalagmite (Andrews et al.,
2020), which recorded an increase of the heaviest isotope 520 in
response to enhanced evaporation. Also, Van Lake (Wick et al., 2003;
Litt et al., 2014) records an increase of 6180, but just for the 7-6 ka
period. Accordingly, Wick et al. (2003) pointed out that the transition
towards drier climate conditions at Van Lake could be likely more
influenced by the Siberian high-pressure prevalence.

6.2. Paleoclimatic and depositional energy conditions in the Seymareh
Lake area (8-7 ka)

The 5'80 vs 813C plot of Fig. 10 shows a positive covariance between
O and C isotopes that indicates a closed basin hydrology (Leng and
Marshall, 2004; Meijers et al., 2020) for the Zeribad (Stevens et al.,
2001) and Van (Cagatay et al., 2014) lakes.
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According to the lake basin classification of Carroll and Bohacs
(1999), a closed lake is characterized by limited surface or underground
outflow, meaning that most water exits the lake through evaporation.
Under such circumstances, lake levels respond to fluctuations in the
amount of riverine input and evaporation.

Conversely, our dataset does not show any covariance likely because
of its short time interval (i.e., 800 yr). However, our 5'%0 values
compared to 5'80 of the other datasets within the same period (8-7 ka)
highlights a quite stable wet phase, characterized by low 580 values. In
detail, our 880 values are consistent with 5'80 values of Zeribad Lake
(Stevens et al., 2001), while 5180 divergence of Van Lake can be likely
caused by many factors, such as latitude, vapor source, elevation, car-
bonate mineralogy and in particular seasonality (Cagatay et al., 2014).
Regarding carbon isotope, our dataset is characterized by low and ho-
mogenous values between —3.69 and —2.86, excepting for S6.

In this regard, we compare the 5'%0 vs 5'°C results with oxygen and
carbon isotope data of the lacustrine carbonates deposited in the Sey-
mareh River basin (Al-Aasm et al., 2009; Navidtalab et al., 2016; Kalanat
and Vaziri-Moghaddam, 2019; Jafari et al., 2020; Razmjooei et al.,
2020a,b, 2021) (Fig. 11), and the 5'80 concentrations with the grain
classes (sand, and clay) (Fig. 12). Importantly, our stable isotope data
are different from available data of Meso-Cenozoic marine limestones
exposed in the catchment of the Seymareh basin (Fig. 11). This indicates
that the isotopic signature from the Holocene lacustrine deposits is most
likely primary and not affected by detrital components of the source
area. Therefore, stable isotope data could record the climatic and
environmental conditions at the time of deposition. The only exception
is represented by sample $6, whose §'0 vs §'3C values closer to the
bedrock ones suggest a detrital origin likely caused by an increase in the
sediment supply from sediment transport during surface runoff.

Although our dataset describes a stable wet phase between 8 and 7
ka, the lake infilling history indicates a gradual increase of the deposi-
tional system energy after 7.37 + 0.73 ka.

In fact, as the sedimentation rate increases from a median value of
2.12 cm yr’1 to 10.26 cm yr’1 at 7.37 £+ 0.73, sand content increases
(S8, S7, S6, S3). Observing the relationships in Fig. 12, the sand class is
inversely proportional to 5'%0 content, while the clay class is directly
proportional, suggesting that the high energy system prevails during the
wetter phases (i.e., lower 5'80), where sand content is higher than the
clay content (Ballato and Strecker, 2013). It means that after 7.37 +
0.73 ka, local climate variations, characterized by a minor variability in
the 5180, enhanced sediment mobilization from the hillslopes to the lake
system.

6.3. Effects on hillslope-lake system of local vs regional and short vs long
term climate changes

Fig. 13 represents a schematic reconstruction of the hillslopes sur-
rounding the Seymareh Lake system and their interactions with the lake
water table until the overflow event. During the early Holocene (~10-9
ka), dry climate conditions favored regolith formation mainly by phys-
ical weathering, presumably because of the barren vegetation that
partially covered the hillslopes (Fig. 13a) (Roberts, 2014). The low
sediment input might be related to the occurrence of one-rainy season
rainfall distribution that limited the sediment mobilization (Maltman
and Bolton, 2003). The lake water level can be supposed to be low
because of the dry climate conditions, as confirmed by the stable isotope
composition of Mirabad Lake located close to the Seymareh Lake area
(Stevens et al., 2006).

The transition to wetter climate conditions from ~9-7.4 ka led to an
initial increase in the sediment supply from the hillslopes mobilized by
the increase of precipitation amount and different distribution during
the year (two rainy seasons) (Garcin et al., 2017; Tofelde et al., 2017).
However, as the vegetation cover became denser over the hillslopes, the
sediment supply is expected to be stabilized (Fig. 13b) (Gray, 1995;
Garcin et al., 2017; Lobmann et al., 2020). During this period, the lake
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Seymareh overflow.

water level likely increased as the wetter conditions prevailed, as
demonstrated also by the isotopic composition of the Mirabad Lake
(Stevens et al., 2006) as well as the main datasets available for the
Zagros and the Anatolian-Iranian plateau (Stevens et al., 2001; Wick
et al., 2003; Cagatay et al., 2014; Andrews et al., 2020).

During the Mid Holocene (~7.4-7 ka), although the regional cli-
matic conditions were explicitly wetter (two rainy seasons), pollen data
from Zeribad Lake (Stevens et al., 2001; Wasylikowa, 2005) indicate a
drastic reduction of shrubs (i.e., Pistacia) in conjunction with a slow
appearance of woodlands (Quercus) resulting in the reduction of the
vegetation cover percentage, with a sparse distribution over hillslopes.
The decrease of the vegetation cover percentage allowed the previously
formed soil to be easily mobilized through sheet and rill erosion (Gray,
1995; Lobmann et al., 2020), especially along the steep valley network.
However, an unexpected increase of the median sedimentation rate from
2.12 cm yr ! to 10.26 cm yr~! occurred starting from ~7.4 ka. In this
regard, local high energy events, characterized by high sand supply and
low 5'%0 concentration, were recorded more frequently (also observed
in the grain size statistical analysis) where the increase of sand content
between the S10 and S7 samples (~7.6-7.32 ka) is associated with poor
sediment sorting, then becoming better sorted in S6 (~7.3 ka). In the
same range, the asymmetry varies from a finer (S9) to a coarser distri-
bution (S8-S6), while the kurtosis value indicates that the prevalence of
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the intermediate classes increases greatly at sample S6, whose value is
much higher than for the entire dataset. In this phase, the increase of
lake water level remained the same as the previous phase but since the
basin accommodation space decreased as the sediment supply increased,
the maximum threshold elevation of 690 m a.s.l. was reached by the lake
water level.

This is consistent with the hypothesis proposed by Shoaei (2014),
that the Seymareh landslide dam overflow was caused by a domino ef-
fect: the overflow of Jaidar Lake into Seymareh Lake before the overflow
of the latter. Because the Kashkan River flowed with high discharge into
the smaller reservoir of Jaidar Lake, it led Jaidar Lake to overflow into
Seymareh Lake.

Indeed, the high energy events from ~7.6-7.32 ka could justify a
sudden increase of the tributaries' discharge that culminated at ~7.3 ka
because of the complete overflow of Jaidar Lake into Seymareh Lake
(Fig. 13¢).

In this regard, we defined such high energy events as extreme hy-
drological events (sensu Gregory et al., 2006) of high magnitude related
to the hydrological cycle (e.g., rainfall, runoff, snowmelt, flood, water
recharge). Furthermore, the frequent occurrence of local high energy
events from ~7.6-7.32 ka could be related to the progressive decrease of
mid Holocene winter precipitation and a marked seasonal and inter-
annual variability of rainfall (Andrews et al., 2020), that together with



M. Delchiaro et al.

the sparse vegetation on the hillslopes (Stevens et al., 2001; Wasyli-
kowa, 2005), favored both Jaidar overflow and the lacustrine sedi-
mentation of Seymareh Lake.

Finally, Benito et al. (2015) observed a significant spatial and tem-
poral clustering of Holocene flooding episodes in the period 7.8-7.15 ka
across the eastern Mediterranean region, reflecting different flood
sensitivity to centennial-scale hydro-climatic changes. This bracket age
is consistent with the Seymareh Lake overflow event highlighting it as a
possible marker of the local effect of regional climate variations.

7. Conclusions

Overflowing of landslide-dam lakes is generally accepted as the main
response of lake systems to variations in water discharge and sediment
supply. In particular, the transition from dry to wet climate conditions
enhances sediment mobilization along hillslopes and connected channel
networks until the vegetation became denser, reducing the sediment
supply. However, an unexpected increase of the median sedimentation
rate from 2.12 cm yr~! to 10.26 cm yr~! occurred from ~7.4 ka in the
Seymareh Lake area. In this regard, local high energy events related to
the hydrological cycle were recorded more frequently. Progressively,
the increased sedimentation rate produced a decrease in the accom-
modation space within the downstream lake basins that led to the
overflow of Jaidar Lake into Seymareh Lake and to a further increase of
the lake infilling that justifies the Seymareh overflow. Seymareh Lake
provided new evidence of the combined influence of local vs. regional
contributions, as well as short- vs long-term Holocene environmental
changes on the timing of the evolution of landslide dammed lakes.

Overall, our multi-proxy analysis represents a suitable approach for
identifying short- and long-term environmental changes occurred dur-
ing the Holocene. Specifically, we showed how grain size distributions
record the energy of the geomorphic system and hence represent a proxy
for determining local and short-term environmental changes, while
stable isotopes and X-ray diffraction analysis of clay minerals are useful
tools for detecting regional and long-term climate changes. Finally, the
3000-yr-long sedimentary record of Seymareh Lake can be considered a
geological archive documenting the Holocene environmental changes in
the Middle East, and in turn, offering a suitable piece of information to
untangle high-resolution environmental reconstructions.
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