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Abstract :

A revision of the data used to build the Caspian Sea level curve over the last 2200 years BP has been
made based on a combination of geological and archaeo-historical data, using only those for which
sufficient metadata were available. This compilation is completed by new sedimentological and
palynological data from the south-east corner of the Caspian Sea, especially close to the known termini
of the Sasanian Gorgan and Tammisheh Walls. A new calibration of the radiocarbon dates was used, i.e.
with a freshwater offset reservoir of 351 + 33 years. A literature survey of the Derbent lowstand indicated
that this term has different definitions, depending on authors; it is thus to be used with caution. Here we
therefore prefer to distinguish the mid-Sasanian lowstand and the later Medieval moderate lowstand. The
“2600 years BP highstand” has not been found, mostly due to the calibration or recalibration of the
datapoints used; data are indeed lacking at that time. Instead, a younger Parthian highstand (around
50 BCE-50 CE) is clearly defined. The maximal amplitude and speed of change of the Caspian Sea level
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were respectively of >15m and 14 cm per year. Compared to last century, the latter rate is 25% higher,
but the amplitude is more than five times larger. The climatic causes of the Caspian Sea level changes
are discussed. Itis far from a simple case of temperature forcing; temperature forcing may result in several
effects, that may impact the Caspian Sea level variations in opposite ways. Moreover, human intervention
on river diversion and natural hazards were likely, for several time periods.

Highlights

» Revision of Caspian Sea level datapoints over last 2200 years with new points » Geological and
archaeo-historical dara with new calibration of radiocarbon dates » Derbent lowstand & 2600 yr BP
highstand revised, and newly named Parthian highstand » Ambiguous forcing by temperature, re-
inforced role of river diversions » Amplitude and rate of changes both larger than in the last century

Keywords : Caspian Sea level, radiocarbon date calibration, climatic change, river diversion, human
intervention, palynology



Introduction

The coastal zones are the most densely populated regions of the world. It is thus
of crucial importance to understand how and why water levels are changing, not only
along marine coasts, but also along the shores of large lakes. The Caspian Sea is
the largest inland body worldwide. Its south and south-western coasts have the
largest urban concentrations with several towns of > 800,000 inhabitants
(Kurtubadze, 2020). In the last century, the water levels of the Caspian Sea have
changed dramatically at a scale close to 3 m, with di*ec. impact on oil and gas
infrastructure as well as agricultural and urban develpi.2ent along the coast (Fig. 1a,
b and c) (e.g. Kakroodi et al., 2014a).

The Caspian Sea levels (CSL) are mostly d2pcndent on the main inflowing river,
i.e. the Volga River whose drainage basin is ‘n .niddle and northern Europe (Leroy et
al., 2020). It brings, depending on tr = vzar, between 80 and 90% of the water. The
Volga discharge on its own thus ex,lains a large portion of the CSL variability (Arpe
and Leroy, 2007). Over time. fui*b2r prominent factors are evaporation and wind
direction (Arpe et al.,, 202C' aid the presence of other important inflowing rivers
such as the Amu Darya ai.4 "luman intervention (Naderi Beni et al., 2013; Haghani et
al., 2016; Leroy et ai., 2u19a, 2020; Sala, 2019) (Fig. 1). Natural hazards and human
activities have repeatedly modified the course of the Amu Darya and Syr Darya in
their deltas near the Aral Sea, causing several river diversions from the Aral Sea to
the Caspian Sea leading to rather sudden CSL rises and falls in the last 2500 years
(Sala, 2019) (Fig. 1a).

Over the last millennium, the levels may have changed by >9 m, perhaps even
by as much as 19 m (Naderi Beni et al., 2013). Over the Late Pleistocene-Holocene

period, CSL amplitude reached more than 100 m (Svitoch, 2012; Maksaev et al.,



2015; Bezrodnykh and Sorokin, 2016). It has recently been shown that, via an
impact on the width of the coastal plain at the foot of the Alborz Mountains (Fig. 1),
the CSL have had a direct impact on the diet of Mesolithic and Neolithic populations
(Leroy et al., 2019b). When sea levels were high, seal, deer and water bird bones
were found in coastal caves, whereas when sea levels were low, the coastal plain
significantly enlarged providing hunters with access to a wide range of herbivores
(Leroy et al., 2019b). From a geomorphological point of view, fluctuations of river
base levels have been shown to modify river course< ai.d river downcutting far
inland (>400 km in the Kura Basin) (Ollivier et al, 2116) (Fig. 1b). Avulsions of
Caspian rivers have taken place repeated:’ !'agoons have appeared and
disappeared, often driven by CSL changes (Hoxge~rdoorn et al., 2005; Kroonenberg
et al., 2007; Leroy et al., 2011; Haghani a:ia = 2.0y, 2016).

These changes in the level ar.d t'ie size of the Caspian Sea have had an
influence not only on the regional -~limate but also, by teleconnections, worldwide
(Arpe et al., 2019; Koriche et ~l., 2J21); hence the importance to understand CSL
drivers in order to better pre,»are mitigation plans.

Despite over a centiry of research, the CSL curve is still poorly known even for
the last millennia (Le.qy et al., 2020). The methods used for the reconstructions in
these recent times often combine radiocarbon dating of geological sequences with
archaeological and historical information. Unfortunately, the CSL curves of
Varushchenko et al. (1987), Karpychev (2001), Hoogendoorn et al. (2010) and
Svitoch (2012), are not only different but often contradictory. Figure 6 in Naderi Beni
et al. (2013) publication illustrates well this difficulty for the last millennium with data
from Brickner (1890), Varushchenko et al. (1987) and Karpychev (1998, 2001)

displaying overlapping and criss-crossing curves.



Metadata are often incomplete or even absent, such as radiocarbon dates in
Svitoch (2012), in the Volga Delta study of Hoogendoorn et al. (2010) and the
various sites of Rychagov (1977). When some metadata for each point on the curve
are available, such as in Varushchenko et al. (1987) and Karpychev (1993, 2001)
allowing adjusting CSL curves with a new radiocarbon calibration, it remains
nevertheless hard to obtain a meaningful synthesis, as essential information such as
either elevation or coordinates are not available. These problems highlight the need
of providing clear metadata and to calibrate — and recalir:2te when progress is made
— radiocarbon dates to combine these with the usufily more precise archaeological
and historical data. Without this, the combination ~t c2lendar and non-calendar dates
is misleading. Difficulties occur in integrating >la ‘sometimes with large standard
deviations) and more recent datasets. 1Mc.2~ver, calibration of the Caspian Sea
radiocarbon dates has been so far .nore difficult than calibration of dates from the
sea or lakes due to its fluctuating s:ate between sea and lake over geological times
(Hoyle et al., 2021). This is de fac*2 slowing down relative sea-level reconstructions
such as those already mcle n the Mediterranean Sea combining geology and
archaeology (e.g. Marrine, =" 1d Morhange, 2006).

The well-cited CCl. curve of Rychagov (1997) is lacking data points between
approx. 2600 and 800 years ago, i.e. a gap of ca 1800 years shown by a dashed
line. This is only partially filled by the compilation by Naderi Beni et al. (2013) with a
starting point at ca 1000 yr ago. This period without data is of great interest to
archaeologists and historians, especially for the regions inhabited in the past around
the Caspian Sea, i.e. in general the south, south-west and south-east coasts. An
outstanding feature are the long walls built to defend the Persian empire’'s

inhabitants from northerners in the Late Sasanian era (5M-6" century AD)



(Kudrjavcev and Gadziev, 2002; Aliev et al., 2006; Sauer et al., 2013), with several
walls reaching the Caspian Sea. Most of them were built between the Caspian
coastline and a relief, such as the Alborz or Caucasus Mountains when the sea level
was lower than at present (Fig. 1b and c).

A compilation of data including new information is presented here with the aims
of:

1. Reconstructing palaeoenvironments (mostly by pollen and dinocysts
analyses) and CSL at the end sections of the Ger2ar, and Tammisheh Walls,
built during a period of lowstand in the Sasa.na.» era, an era spanning from
AD 224 to 651 (sections 1.1, 1.2 and 1.3} u.cluding the Gorgan Wall project
and other previous ones in the region.

2. Filling in the sea level curve gip bztween the published “2600 yr BP
highstand” and the CSL cL-ve covering the last 1000 years, compiling
geological (sections 1.4 and - 5) and archaeo-historical data (part 2).

3. Finally, discussing a m~ve ~umplete sea level curve for the last 2200 years
based on the comki nation of geological and archaeo-historical data and
searching for water [~el drivers (part 3).

Additionally, the 1ccent release of the new calibration curve IntCal20 (Reimer et
al., 2020) and the use of a new freshwater reservoir offset correction lends to an in-
depth reassessment of published and unpublished radiocarbon dates (Stuiver et al.,
2021) with the possibility to either recalibrate them or, even for some, to calibrate

them for the first time.

Setting
The Caspian Sea is a large lake (386,400 km? in 2017), located between

geographical Europe and south-western Asia (Fig. l1a). It is divided in three sub-



basins (Leroy et al., 2020). The northern one has a maximal depth of 25 m, the
middle one 788 m, and the southern one 1025 m. Its drainage basin (~3,500,000
km? with its eastern drainage) extends between 36 and 62° latitude North. The water
salinity is close to 13 psu in the south and middle basins, whereas it decreases to
nearly zero in the northern basin, especially close to the large Volga and Ural river
mouths. Due to the latitudinal extension of the water body, it is surrounded by
various climates from subtropical humid in the south to desertic in the east and north
and becoming temperate in the northern part of its d~>inc.je basin (Leroy et al.,
2020).

The focus area under investigation is along thc SE coast of the Caspian Sea
(Fig. 1c). The south coast is rather narrow as i* av''ts the Alborz mountains with its
diverse Hyrcanian forest. On the contrery, ~a the east coast, is the fairly large
Gorgan Plain that extends from the / ‘hc.z Mountains to the Karakum Desert (Fig. 1b
and c). It is used for agriculture, v<poecially rice, wheat, barley and cotton. In the
south-east corner lies the shali>»v Gorgan Bay, that is a semi-closed lagoon
protected from the Caspia. Sea by a spit, the Miankaleh Spit. The sea is very
shallow not only in the hay kut also in the whole of the SE Caspian Sea, making the
whole area sensitve 1w vertical changes as it translates into large horizontal
changes. A palaeo-delta was found at the eastern end of the spit that closes the bay,
where the current main outflow of the bay is located (Kakroodi et al., 2014b). The
former Hassan Gholi (Esenguli or Lagoon of Hassan) in the north of the Gorgan
Plain straddles the border between Iran and Turkmenistan (Fig. 1c). It is separated
from the Caspian Sea by a sill that protects it from the sea (Kakroodi et al., 2012;
Naderi Beni et al., 2014), and is fed by the Atrek River from the north and by

seasonal rivers from the east. The elevation of eastern parts of the lagoon is around



28 m below mean sea level (m bsl) and thus currently at the same level than the CS.
However today this lagoon is almost dry due to the superimposition of human
intervention and upstream overexploitation of water over fluctuating CSL (Kakroodi
et al., 2012).

The region is known for ancient Palaeolithic, Mesolithic and Neolithic human
occupations (Leroy et al., 2019b) and for its many archaeological and historical sites.
The development and collapse of some of the settlements may clearly be linked to
CSL changes. Of the several Sasanian Walls, at least th~e carry on under water, as
they were built at a time when the CSL was lowver. Other towns and harbours
appeared and disappeared as the coastline rhaiqged throughout the centuries.
Because of the economical and demographic7l nportance of the region, several

ancient writers have recorded these chan¢e. =.g. in Naderi Beni et al., 2013).

Material and methods

Elevations

Elevations are given in me:res below sea level with regards to the Baltic 1977
datum at the Kronstadt tile pauge (Kouraev et al., 2011). The Caspian Sea was at a
-27.45 m on 10 O~..~ber 2016 when the GW16 cores were obtained as part of the
Gorgan Wall project (Hydroweb, 2021). In 2021, it had already fallen below -28 m
following a trend that started in 1995. Elevations for geological data used here are
usually minimal water level elevations as they indicate the elevation of the water-
sediment interphase and not the elevation of the water surface that is higher.

Archaeo-historical informations usually indicate a maximal water level.



Sites

The Gha core was taken at the SE corner of the Gorgan Bay near the village
of Gharasoo (Leroy et al., 2019b) (Fig. 1c). The GW16V4 (N 37° 7° 25.98, E 54 °© 03’
24.72) and GW16V5 cores (for short V4 and V5) were taken between the coast and
the surmised western terminus of the Gorgan Wall (Leroy et al., 2022) (Fig. 1c). The
GW16V3 core (for short V3) was taken on a small ditch close to the Sasanian kiln T
along the Gorgan Wall (Leroy et al., 2022). The TM core was obtained from a small
elevation at the SE corner of the Hassan Gholi, Go nisi an district (Leroy et al.,
2013a; Kakroodi et al., 2015; Fig. 1c). All these sites were chosen as they contain
sediment deposited along the coast of the Caspan Sea or in lagoons, under varying

water depths.

New and old sequences

New analyses were made o.” four of these five cores. For the top of the Gha
core in Gharasoo (Fig. 1c), the lit ciogy was provided in Leroy et al. (2019b), while
palynology (pollen and dinc-vsts) is presented here for the first time. The lithological
description and magnetic <usceptibility of core V4 are new data. Details of the
lithology and the niagneuc susceptibility measurements for core V5 (west of Gorgan
Wall’'s westernmost point detected to date; Fig. 1c) may be found in Leroy et al.
(2022) where the curves of only a couple of pollen and dinocyst taxa were included.
For the current publication, further palynological work was thus applied to this core,
i.e. increased sampling resolution and first presentation of the full spectra.
Additionally, the top of the nearby TM core (Leroy et al., 2013a) is used for

comparison (Fig. 1c). While the pollen spectra of this core remain those already
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published, it was necessary to provide new dinocyst data for preparing a diagram fit

for comparison, by increasing the sums of the dinocyst spectra.
Magnetic susceptibility and palynology methods

For the new data presented in this publication, the following methods were
used. For magnetic susceptibility (MS) measurements of the GW16 cores, a
Bartington MS2 susceptibilimetre was used with a MS2E surface probe at 2 cm
resolution directly on the freshly split core surface.

The palynological sample volume was between 1 «nd 2.5 ml. Initial processing
of samples involved the addition of sodium py.op..usphate to deflocculate the
sediment. Samples were then treated with co. hydrochloric acid (10%) and cold
hydrofluoric acid (32% or for some 58-62%,) then hydrochloric acid again. The
residual fraction was screened throuyn 122 (or 200 pm) and 10 pm mesh sieves.
Final residues were mounted ~n shuz2s in glycerol and sealed with varnish.
Lycopodium tablets were addec 74 e beginning of the process for concentration
estimation in number of pelicn and spores per ml of wet sediment (without non-
pollen palynomorphs or NPF®

The taxonomy an tke ecological preferences of the Caspian dinocysts have
been detailed in MuciZ et al. (2017) and in Leroy et al. (2018). An additional form
with a morphology between Galeacysta etrusca and Spiniferites cruciformis A was
found. The diagrams were plotted using psimpoll with a 10x exaggeration curves and
black dots for values lower than 0.5% (Bennett, 2007). In the pollen diagram, the
spores, the aquatic pollen and the NPP and in the dinocyst diagram, the
foraminifera, are expressed in percentages of the terrestrial pollen and dinocyst

sums respectively.
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Lingulodinium machaerophorum process lengths were measured in core TM
following the method described in Mertens et al. (2012). All measurements were
made using a Zeiss Axioskop 2 equipped with an AxioCam MRc5 digital camera
(Axiovision v. 4.6 software) and 100x objective. For each sample, the average of the
length of the three longest visible processes and the largest body diameter of 30
cysts per sample were measured, when possible. Measuring 30 cysts vyields
reproducible results (Mertens et al., 2009); average process length per sample for L.
machaerophorum is reproducible within ~1 um. The l2nqu: of each process was
measured from the middle of the process base to the process tip. It is important to
note that no cysts without processes (i.e. “zero” r-ac~ss length) were included in the
analysis, because of the difficulty of species identification associated with these
forms and the desire to exclude observer i=s from the measurements. For each
cyst, three processes could alway. br. found within the focal plane of the light
microscope. Fragments representn.> less than half of a cyst and cysts with mostly
broken processes were not me~oured. The use of the equation SSSgummer =
0.026*PL? - 0.0145*PL + 12.136 (R®* = 0.91) of Mertens et al. (2012) allows
reconstructing average <u,~r.1er salinity at the sea surface.

Twenty-three < miples (two of them barren) in core Gha and 39 samples (13
barren) in core V5 were treated for palynology. The average terrestrial pollen sum is
343 (in between 283 and 483) for the Gha sequence and 329 (in between 110 and
567) for the V5 sequence. The average dinocyst sum is 339 (in between 84 and
1561) for the Gha sequence and 488 (in between 29 and 1302) for the V5 sequence.

The dinocyst sums of the TM core was increased to a minimum of 80.

12



Water level indicators

Estimation of palaeowater depths is derived from a range of combined
sedimentological and palynological observations. Firstly, we used fairly basic
sedimentological indicators. A fine-grained sediment is mostly deposited in a deeper
and quieter environment than a sandy one. Oxydised sediment is usually considered
as formed in high energy waters, thus shallower water than grey one. Hiati are clear
signs of erosion and low water levels (outside human i'itervention). High magnetic
susceptibility values show detrital input and thus oftun high energy aquatic
environments. Broken shell layers are often due i\~ wave action, thus formed at
shallow water depth.

Secondly palynological indicators are diverse. For example, the presence of
fern and moss spores, Concentricystes (NPP) and high reworked palynomorph
percentages are reflecting river input. ™ he dinocyst Lingulodinium machaerophorum
may reflect warm and/or nutrie.. nch waters. The P/D ratio is the ratio of the
concentration of pollen on thac o. dinocysts (McCarthy and Mudie, 1998). When it is
high the environment is mJore continental than when it is low. Absence of
palynomorphs is usua'iy ('ie to syn- or post-deposition oxidation. Only a selection of
water-level indicators i shown in the three palynological diagrams (full diagrams are

provided in SI).

Radiocarbon calibration

Since the Caspian Sea is not part of the global ocean, for calibration of
radiocarbon ages, it is more appropriate to use an atmospheric calibration curve with
a correction for the ‘freshwater reservoir offset (FRO) rather than the marine

calibration curve with a AR value, as previously done (e.g. Leroy et al., 2007, 2011,
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2019a and b). The FRO for the Caspian Sea is not straightforward given the large
size and depth of the water body; but it may be approximated by using known age
shells and paired lacustrine/terrestrial samples.

For known age samples (e.g. from museum collections), the FRO is
calculated from the difference between the measured shell/organism age and the
atmospheric age taken from the calibration curve. However for terrestrial samples
collected since AD 1850, we have to correct for the **C decline in the atmosphere
due to fossil fuel CO, input. We estimate the fossil fuel cz rection from the difference
in a production-driven model and the measured tr:e-ing **C (Stuiver and Quay,
1981). But instead of using a simple exponential inc, ~ase in the contribution of fossil
fuel to the atmosphere from the endpoints, we us> the Stuiver-Quay model with a
correction of 0 *C yr for AD 1860 increac s, to 126 **C yr by AD 1950 with an
uncertainty of 16 **C yr. We use m.~a<ured *C values of shells and a seal bone
published by Kuzmin et al. (200 and Olsson (1980) (Table 1). One sample
collected in 1953 has a mucbk 'ov'<r FRO than the other samples, especially after
correcting for fossil fuel. It ‘s pussible that this sample included **C from nuclear
weapons testing and se we.< not used in the weighted mean FRO.

Two paired lacu_trine/terrestrial samples — a charcoal and shell pair from a
trench at site S2 (Leroy et al., 2022) and a peat and shell pair from the Agrakhan
sand bar are available (Karpychev, 2001) (Fig. 1b and c; Table 2). The FRO for the
paired material is calculated from the difference between the measured radiocarbon
age of the lacustrine sample and the terrestrial sample. The pair from site S2
resulted in an FRO of only 6 + 40 **C yr. It is likely that there is either an ‘old wood’
effect giving the charcoal an apparent older age or that the pair are not really

contemporaneous. The S2 pair was thus omitted. The weighted mean of all the
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accepted samples thus gives a FRO of 351 + 33 C yr (Table 3). This FRO value
was used to correct the measured radiocarbon ages before calibration for all the
samples with IntCal20 (Reimer et al., 2020). It is noteworthy that the new FRO
calibration is actually not far from a calibration with a marine correction that is usually
400 *C years for the last millennia (Heaton et al., 2020).

Forty-one dates were thus collected and calibrated. Most were made on shells,
with the exception of one bulk sediment and five on selected organic material such
as charcoal, leaves or woody rootlets. To distinguish r2lib, ated radiocarbon dates
from uncalibrated radiocarbon dates and historical d7«te. the former are indicated as
cal BC or cal AD while uncalibrated radiocarbon ~atw.< are given as BP and historical

dates as BC or AD.

Part 1: New geological nicta and compilation

In order to increase the number o, sequences addressing the question of CSL
over the last 2200 years, the r=slts of four sequences in the S-E corner of the
Caspian Sea are presented *or v e first time and/or have been updated: i.e. cores
Gha, V4, V5 and TM (parts ".1, 1.2 and 1.3).

Then, geological dawl with radiocarbon dating from the S-E corner of the
Caspian Sea are comp .ed (part 1.4), as well as from other parts around the Caspian
Sea (part 1.4). In part 1.5, some general trends in highstand and lowstand are

proposed based on these dates over the last 2200 years.

1.1 Gorgan Bay: Top of the Gharasoo sequence

The details of the lithology of the top of the Gha core were published in Leroy et al.
(2019b) without palynological data and with only two out of the three radiocarbon

dates that are now available. In brief, above a sandy silt layer horizon (336—-318 cm
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depth) interpreted as a hiatus, a clayey silt sediment occurs until sharp change at
185 cm depth, where a massive dark olive clayey silt occurs (Fig. 2). From another
sharp change at 155 cm, the sand fraction increases until the top. The sediment is
generally brown except for the lower sandy silt (336—-318 cm) and the clayey silt at
230-200 and 185-160 cm that are olive grey. Three radiocarbon dates were
obtained on shells at 310, 199 and 152 cm depth, with a median probability of 1550
cal BC, cal AD 170 and finally cal AD 1550 respectively (Table 4a).

Pollen zone GhP-8 (336-178 cm): The arboreal p<'ei. (AP) % are high with a
strong occurrence of Alnus, Quercus, Parrotia persiv.a, terocarya, Juglans, Ulmus-
Zelkova and Vitis (Fig. 3 and Sl 1). Amaranthace=e ~each a minimum at 12%, while
Artemisia are as low as 5%, before a small increase at the end of this zone.
Polygonum aviculare-bistorta-t. is frequert. ‘Aonolete psilate spores increase in the
middle of this zone, while trilet> ‘ssilate spores are continuously present.
Concentricystes and Azolla-Salvinic. femains (massulae and microspores) are nearly
continuously present. Pollen 70.,< GhP-9 (178-94 cm): In comparison to the
preceding zone, AP value: drop significantly, especially Alnus and Pterocarya.
Artemisia reaches a mini»*m. Amaranthaceae and Liguliflorae increase. The fern
spores increase, anu reworked elements are high. Fungal spores are very high.
Concentricystes is still regularly present.

Dinocyst zone GhD-8 (336-153 cm) (Fig. 3 and Sl 2): The assemblages show
dominant and increasing values of Impagidinium caspienense. Lingulodinium
machaerophorum are abundant. Spiniferites cruciformis and Brigantedinium sp. are
frequent. Occasional foraminifera are present. Concentration increases across this

zone, despite some sharp fluctuations. Dinocyst zone GhD-9 (153-94 cm): |.

16



caspienense values fall, while L. machaerophorum increases. Brigantedinium sp. are
high in the last sample. Foraminifera are frequent.

The date at 310 cm depth (median probability of 1550 cal BC, or 3580-3440 cal
BP) was obtained in a sample rich in L. machaerophorum and close to the sharp
lithological change at 336-318 cm depth (Fig. 2, 3 and Sl 1). One may question the
validity of the date as this dinocyst has been shown to appear and develop in core
TM only from a recalibrated date at 3250 cal BP (median probability) (Leroy et al.,
2013b) (Fig. Sl 7), thus it is difficult for this taxon to be r:r~se1t in an older sediment.
It is however not impossible that the dated shells fcund' on the hiatus belong to the
sediment below the hiatus (and the occurrencec o: .. machaerophorum belong to
the overlying sediment) (Leroy et al., 2013b).

The interpretation of the Gha seaJe.'~~ above 336 cm depth is as follows.
The hiatus (336—318 cm) comes ju.t e.ter a sediment layer dated as 1550 BC or
older. It is followed by a lagoonal 1cies. The forest of the Late Parthian period (an
historical period from 247 BC *~ A™ 224, just before the Sasanian era), rich in trees
from humid areas (Pteroc.-va and Alnus) is well recorded (zone GhP-8) with a
clearly-marked human imp 2, demonstrated by the presence of Juglans (cultivated),
Vitis (cultivated) ana 2oiygonum aviculare-bistorta-t. (ruderal). The lagoon is widely
connected to the open waters of the Caspian Sea in zone GhD-8. A strong
continental influence is marked by river and erosional indicators (Concentricystes,
psilate fern spores, reworked palynomorphs) (zones GhP-9a and GhD-9). Finally,
the top of the sequence (barren in palynomorphs) ends with an oxidised, more
sandy/silty and shell-rich unit, indicating a filling up of the lagoon in this location,
which is now a wasteland, on the western edge of Gharasoo village, separated from

the Caspian Sea by intermittent saltpans. The median probability of the calibrated
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age range of cal AD 1550 at 152 cm, just above the hiatus at 155 cm, indicates a
lack of sediment for perhaps as much as 1400 years. Deposits of the Gorgan Bay
(e.g. Bagho outcrop and others) usually contain a sediment attributed to the “2600 yr
BP highstand” (see revised age below). To explain this absence, we need to invoke,
beyond low levels for part of the time, important management of the landscape
during the Sasanian period. This has already been noted at the possible northern
terminus of the Tammisheh Wall in cores GW16L1 and L2. Alternatively some
erosion might have occurred due to the proximity to th2 ti.alweg of the Qareh Su

(Gharasoo river) (Fig. 1) (Leroy et al., 2022).
1.2 Western terminus of the Gorgan Wall: Cures GW16V4 and GW16V5

The lithology of cores V4 (new) and V5 (~.dapted from Leroy et al.,, 2022) and
radiocarbon dates (two published, or: .>ew) (Fig. 4) are provided below. Core V3A
and B described and interpreted in Leioy et al. (2022) are shown in fig. 4 for
comparison). The cross-correle icn oetween cores is based on visual sediment
description (such as colour en.' grain size) and magnetic susceptibility values.

Core V4 is 370.5 ~m .>ng (Fig. 4). Very dark brown silty sand occurs from the
base to 346.5 cm. 't i. fol owed, after a sharp change, by a grey silt until 308.5 cm,
interrupted briefly by = orown silt horizon at 325.4-321.5 cm. Brown silt extends then
from 308.5 to 148 cm. After a sharp change, a 6 cm layer of brown finely broken
shell mash occurs. A greyish silt is deposited after another sharp change at 142 cm
(only interrupted once by a brownish grey layer), and continues to the top. MS is 40
10 SI from 308.5 to ca 142 cm depth. It is low from 346.5 to 308.5 and from 148 to
142 cm. No radiocarbon dates were obtained. Core V5 is 480.5 cm long (Fig. 4). The
lowermost part of this core, i.e. below 409 cm is a dark brown silty sand, as at the

base of core V4. The lower part of core V5 (from 409 to 195 cm) consists of brown
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silt, except at 323.5-298.5 cm where the silt turns light olive grey. Sharp limits occur
at 409 and 323.5 cm. Olive grey silt occurs from 195 to 184 cm, then the sediment at
184-176 cm is a brown sandy layer with sharp boundaries and shells at its base.
The sediment is grey silt from 176 to 127 cm. Then an olive grey shell and silt layer
is detected at 127-123 cm. Afterwards, an olive grey shell layer occurs at 126 cm
and brown silt at 123-96 cm. The upper part of the core is an olive silt from 96 cm
upwards. The MS varies from 10 to 80 10 Sl with strong fluctuations. The MS
variations of cores V4 and V5 do not seem to fit the oxiZ2tiLn state of the sediment
but are more likely related to changes in the detrita! in.ut. Three radiocarbon dates
were obtained at the depth of 309.5, 184.5 and 7?6 ~m, with a median probability of
respectively cal AD 460, 1210 and 930 (Table Za). The calibrated age ranges of the
last two dates do not overlap and are in a 'e.2rsed sequence.

In core V5, ten samples barre.” ir palynomorphs were documented below 200
cm depth (Fig. 2 and 5). Three furtr,.or samples are barren in pollen but unexpectedly
produced good dinocysts assemb.~ges (200, 119 and 114 cm). Concentrations are
strongly fluctuating overall rcflecing varying states of sediment oxidation.

In pollen zone V5p-1 \?1,0-124 cm), Amaranthaceae dominate the spectra (Fig.
5 and SI 3). Arternis.? are abundant too. In the arboreal pollen, Quercus has the
highest percentages. Pterocarya are scarce. Reworked pollen percentages and
concentration are fluctuating in opposite phase. Two samples between 124 and
104.5 cm are barren. In pollen zone V5p-2 (104.5-42.5 cm), the tree pollen is now
very abundant with a strong development of Carpinus betulus and Alnus, alongside
more moderate occurrences of Quercus and Fagus. Pterocarya percentages have
picked up slightly. Amaranthaceae values have considerably dropped, while

Artemisia retained the same values. Monolete and trilete spores are regularly
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present. Many indeterminable grains have been recorded. Botryococcus are
abundant. In pollen zone V5p-3 (42.5-25 cm), Amaranthaceae values are extremely
high, i.e. up to 95%. This has led to extremely high concentration values of nearly
138,000 pollen and spores/ml. Polygonum aviculare-bistorta-t. is present.

The dinocyst spectra are dominated by I. caspienense and L. machaerophorum
B (Fig. 5 and Sl 4). Small fluctuations between these two main taxa define four
zones. Dinocyst zone V5d-1 (200-181.5 cm) has slightly more I. caspienense than L.
machaerophorum B. A discrete but continuous occurrence of S. cruciformis/G.
etrusca is noticed. Dinocyst zone V5d-2 (181.5-156.50 «m) has higher concentration
values. The dominance of L. machaerophori'm R characterises this zone. S.
cruciformis A and L. machaerophorum ss are re juiorly present. Dinocyst zone V5d-3
a and b (156.5-136.5 cm and 136.5-131 5 cm) is characterised by sharply
fluctuating dinocyst concentration ve '1e. More |. caspienense are seen at the start
of this zone (zone 3a) and more L. machaerophorum B later (zone 3b). In dinocyst
zone V5d-4 (104.5-25 cm), a ~'an.'r.ance of |. caspienense, with less instances of S.
cruciformis, was recorded. Caspidinium rugosum is regularly observed as well as the
bulbous form of L. machac~phorum. A slight increase of S. cruciformis/G. etrusca is
detected. Concentrau™n rorms a bell-shape curve. The P/D ratio is very high at the
end of this zone, i.e. at 25 cm depth.

In the lower meters of the V4 and V5 cores, two periods of emersion and hiatus
(red lines in Fig. 4) are probable. They occur below a median age probability of cal
AD 460. This is followed by a period of sediment deposition that is unfortunately too
oxidised to preserve palynomorphs. It is only above 200 cm depth that palynological
diagrams are possible in core V5. Based on palynomorph preservation, it is

proposed that two periods of presence of water are recorded. During the first period,
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the landscape is very open and the soils probably rich in salts. With caution, a
possible age may be proposed although the two dates are inversed and do not
overlap: perhaps centered over the first half of the eleventh century. Then a second
high phase occurs, this time with the return of the natural coastal and highland
forests in the plain and in the Alborz Mountains. It is attributed to the Little Ice Age
highstand. The topmost samples indicate a deep degradation of the forest and the
local redevelopment of desert conditions with a progressive shallowing and filling in
of the site. The relatively fine-grained sediment fr2ies suggests a lagoonal

environment for both cores.

1.3 SE of the Hassan Gholi: top of core TM

We focus here on the top 660 cm o *ae long core TM, in order to assess
environmental changes in approximatzy the last 2200 years. Lithology, radiocarbon
dates and pollen were first published 1. Leroy et al. (2013a) and Kakroodi et al.
(2015); but for the dinocyst couits,, cums were increased over the whole 27.5 m of
the sequence to allow building a separate dinocyst diagram (Fig. Sl 7), as done for
the other sequences of corex V5 and Gha.

In brief, the lithnalcay i a dark to grey clay and silt becoming a mottled silt from
660 to 495 cm depth {_eroy et al. 2013a; Kakroodi et al. 2015). After a sharp change
at 495 cm, the sediment becomes a very brown to reddish fine sand and sandy silt,
with mottling. It is followed between 400 and 250 cm depth by three dark clayey silt
units, with erosional features at the top of each of them with, in between them, fine
silt to fine sand bearing signs of oxidation. Two radiocarbon dates are available, one
at 475 cm with a median probability of cal AD 400 and one at 250 cm of cal AD 910

(Table 4a).
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Pollen details (16 samples) have already been provided in Leroy et al. (2013a). In
brief (Fig. 6 and SI 5): In zone TMp-7a and b, the landscape is very open with high
amounts of plants from the desert and saline soils (most likely Chenopods in the
family of the Amaranthaceae) and plants from the steppe. However, in zone 7b, a
slight increase of Quercus is noticeable to the detriment of Alnus and Carpinus
betulus. At the end of zone 7a, a very large peak of reworked elements is
remarkable. It is derived from a sample taken in the reddish sands at 495—400 cm. In
zone TMp-8, Pinus and Quercus increase. This mayv he due to a very recent
plantation programme to re-afforest the region south o1 the Gorgan Plain. Also in the
same zone, monolete and trilete spore perr~n.ges increase, illustrating the
progressive infilling of the area by river sedimen’.

The dinocysts results for the top 660 ci.* =re as follows (Fig. 6 and Sl 6). In the
last sample of zone TMd-4, at 660 ~m (for the rest of this zone see fig. S| 6), the
percentages of |. caspienense dom.. ate the spectrum. L. machaerophorum, i.e. form
B and ss, co-occur. High value~ ¢ B3rigantedinium sp. are observed. Relatively high
values of S. cruciformis, C-10%, are noted. In zone TMd-5, 623.5-370 cm, I.
caspienense percentane_ stabilise around 40-50%. L. machaerophorum B
continues rising but i1.2are slowly. After a progressive increase, L. machaerophorum
ss, culminating in a peak at 19%, suddenly drops to 1% from subzone 5a to 5b. A fall
of Brigantedinium sp. is noted across this zone. The P/D ratio fluctuates but is falling.
In the last sample of this zone, a peak of foraminifera linings is observed, already
present in low quantities from the base of zone 5a. Zone TMd-6, 370-20 cm, is
characterised by a maximum of L. machaerophorum B (49%). While L.
machaerophorum form B remains high, form ss remains low. Brigantedinium sp. are

qguasi absent. S. cruciformis is still present. The P/D ratio is low to very low. The
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reconstruction of the sea surface salinity for summer suggests during the interval
between 660 and 535 cm, a SSSgymmer Of 12.5-12.7 psu, thus higher than later in the
sequence, and a progressive return to current conditions of 12.3 psu at the depth of
20 cm (Fig. 6 and SI 7).

The interpretation of the top 660 cm of the TM sequence indicates an increased
salinity in comparison to below this depth, with the maximum of SSSgymmer at 660 and
535 cm and the progressive increase of L. machaerophorum ss up to a maximum of
salinity at 460 cm (sample in the sand at 495—400 cm). Tre _and itself is a clear sign
of emersion, a probable beach. This horizon contai.is many reworked elements. A
shell taken close to its base indicates an age rf co! AD 328-537. Just above the
sand comes the three dark clayey silt horizcas attributed to lagoons. Only one
sample was taken in it, which displays h’gr. v<lues of foraminifera. The last meters
reflect the lagoon infilling locally. Tt.=~ iricrease in river indicators in the pollen and

spore assemblages fit well with a snoht decrease of SSSeummer-

1.4 Transects and radiocarbcn dates from other places

A west to east fran.~ct, reaching the westernmost known section of the
Gorgan Wall consists f fcur cores, i.e. V5, V4 and V3A and B (Fig. 4). Visually, it is
clear that the sand le*'zls at 184-176 cm in core V5 and at 148-142 cm in core V4
correlate. The grey silt above a sharp lithological in core V5 at 323.5-298.5 cm
correlate well to 321.5-308.5 cm in core V4. The correlation of the parallel cores
V3A and V3B is clear owing to a thick sand layer devoid of shells around 300-200
cm depth dating to the Late Parthian-Early Sasanian lowstand and owing to a gully
filled in with a lacustrine greenish silty clay around 120 cm depth dating from the 15™
century (Leroy et al., 2022). It seems that the sediment deposition (lagoon facies)

observed in core V5 between cal AD 348-550 and around the 9" to 13" century did
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not reach far inland, as absent in cores V3. In cores V3A and B, furthest inland, only
high highstands are indeed recorded, i.e. before the Sasanian lowstand, most likely
a highstand in the Parthian period (the age of the whole Parthian period is 247 BC to
AD 224) and a second highstand in the Little Ice Age (LIA).

A transect from the edges of the Gorgan Bay to the SW corner of the Hassan
Gholi, passes through core V5 (Fig. 2). Based on lithological signs of hiatus and/or
emersion, the Sasanian surface (the surface on which the walls were built; see Leroy
et al., 2022) is located at 155 cm depth in core Gha, =* 523.5 cm in core V5 and
between 495 and 400 cm in core TM. The TM sand (cc responding to the Sasanian
surface) is poorly dated at AD 328-537 and the r~tu:n of water is dated immediately
afterwards at cal AD 348-550 in core V5.

Below the Sasanian surface, the sau ™z2nt shows a period of highstand with
many fluctuations in cores Gha ana \/&, but more stable in core TM in the Hassan
Gholi. After the Sasanian surface, scveral periods of highstands are noted.

The sites in the Hassar i i area (cores V5, V4, TM and cores C3 and C6
from Naderi Beni et al. (1015, 2014); Fig. 1c) indicate higher elevations than
expected. This can be exrliined by the lagoon being at times separate from the
Caspian Sea and inn.enced by the Atrek River and other freshwater inflow. These
sites should therefore be discussed separately from CSL and are thus shown in blue
and bold in Fig. 7 and tables 4a and b. The sediment of core TM is oxidised from 495
cm upwards suggesting shallow waters. A hiatus at 323.5 cm in core V5, already
correlated in the transect with the sand of core TM. The group of dates (Fig. 7)
shows that during the Sasanian lowstand and the Medieval period, the lagoon

remained filled with water.
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A lagoon and barrier complex has been studied in detail in Turali (Dagestan)
with radiocarbon dates and precise elevations (Fig. 1b). Five dates (recalibrated) fall
between 158 cal BC and cal AD 207, for elevations above the present, i.e. -24 to -
26.5 m (Kroonenberg et al., 2007) (Table 4b). One additional earlier date at 360-50
cal BC indicates slightly lower elevation at -28 m (Kroonenberg et al., 2007) (Table
4b).

In Well 3 of the Kura Delta, a transgressive surface TS2 follows a shell-rich
horizon (dated at AD 580, median probability) interrup*~q massive clays and silts
(Table 4b) (Fig. 1b). With the support of inferencer, nom other cores in the same
study, it was suggested that this lowstand reached -2 to -37 m (Hoogendoorn et al.,
2005). This lowstand was attributed to the De’be.t lowstand (Derbent in Russian,
Darband in Persian) (Rychagov, 1997).

The Mazgah mire, along the cnat, is a coastal wetland mostly isolated from
the sea (Ramezani et al., 2016) (o 1b). Tree leaves dated at 20 cm above a thin
lagoonal horizon provided ar ag< of 47 cal BC—cal AD 128 (Table 4b). The
arguments for a lagoonal |.:7hsiand are some indicators of changes from an alder
carr to a slightly brackisr =avironment (e.g. with foraminifera) and slightly deeper
water. This is followed by a progressive regression.

Cores taken in the Langarud wetland, > 11 km from the current coastline,
contain a terrestrial record interrupted by a brackish level (dinoflagellate cysts in an
otherwise terrestrial context; Haghani et al., 2016) (Fig. 1b). Three **C dates suggest
that the CSL rose to -25 and to -24.4 m in the 14™ century and at the beginning of

the 15" century respectively (Table 4b).
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1.5 Geological data and Caspian Sea levels

Thirty radiocarbon dates (with error bars lower than £ 50 yr) were collected in
a rather restricted geographical area of 125 km W-E by 50 km N-S in the SE corner
of the Caspian Sea (Table 4a; Fig. 7), to which another eleven dates from other
areas may be added (Table 4b).

At the start of the Parthian period, a site indicates elevations around -28 m
(Turali) (Fig. 1b). In the middle of the Parthian periori, quite clearly many sites
suggest a highstand, with Bagho showing the higes. elevations and largest
penetration inland: -22.06 m (Fig. 7, tables 4a an.' b) Then the water level falls
relatively quickly, reaching perhaps already leveis v eiow the present before the end
of the Parthian Period. In the Early Sasania~ neriod, this fall probably carries on, we
have no sites, except one in the Hasscn Gholi at quite a low elevation. Clearly
though in the mid-Sasanian period, .''e levels are very low. Hoogendoorn et al.
(2005) have suggested that the I~ 2l ,2ached -37 to -42 m. But two caveats need to
be taken in consideration: 1) "nhe “Yati in Well 3 and Piston Core 5 of the Kura Delta
can be interpreted as an ern:<ersion feature below a transgressive surface (TS2)
(coastal to onshore se.uny; Hoogendoorn et al., 2005), if a mass movement linked to
a sea level drop can )e excluded; and 2) a reasonable estimations of the water
column is difficult to make at the scale necessary to fine-tune to historical evidences,
as it is hard to distinguish between 5-10 and 15-15.5 m. At the end of the Late
Sasanian period or shortly after, the levels re-increase abruptly and reach -29 to -
28.5 m. In the Medieval period, hardly any geological information is available,
perhaps due to low levels and absence of sedimentation along the coasts. One
sample, at the end of this period in core L2A, shows a level at a minimum of —28.1 m

in cal AD 1149-1274. In the early LIA, the levels have clearly re-increased as shown
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by several sites, reaching at least -23.7 m. The increase might have been sharp at
cal AD 1350 (median probability) as three sites spread from -27.5 to -23.9 m. Then

the levels may have fallen again to -27.3 m or even -28.5 m.

Part 2: Archaeo-historical data

2.1 Introduction

Over 35 historical datapoints (Table 5 and Fig. 8) were used; they were taken
from the 2013 curve (Naderi Beni et al., 2013), verified orie Yy one and completed by
additional reading.

The last 2200 years are divided in four pencds. Two periods are named here
according to Persian history, i.e. Parthian (247 BC *u AD 224) and Sasanian (AD 224
to 651) periods because, for a large part cf .he: time concerned, the south Caspian
basin, including up to part of Dageste.1 (I idule basin of the Caspian Sea), was under
the dominion of Persia. Then the “Medieval’ term is used, corresponding to the Arab
Conquest, in preference to the [eipent period (see discussion). Strictly speaking
from a historical point of vicw, *the Medieval period extends from AD 651 to 1500.
However, for practical re2so s, in the Medieval section, we only discuss the points
until AD 1300, i.e. «>e ct=(ting date of the LIA in its extensive definition. Finally, the
name of a climatic phiase is used for the last centuries, i.e. the early and late Little
Ice Age. At a global scale, a wide definition of the LIA gives its start at AD 1300
(Mann, 2002; Mann et al., 2009). Moreover, we divide the LIA in early LIA, i.e. at AD

1300-1600 and in late LIA at AD1600-1850.

2.2 Relevance of the Amu Darya lower reaches

For the reconstruction of CSL, it is important to look at what happened in the

Amu Darya and Syr Darya deltas. The Amu Darya has been called a Caspian river
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by some, as, over its existence, it has flowed mostly to the Caspian Sea. Artificial
irrigation has been practiced in the Khwarazm (Chorasmia) between Amu Darya and
Syr Darya for a very long time. It developed quite extensively with some very large
earthen dam building at least since the 6™ century BC when Khwarazm became part
of the Persian empire (Létolle, 2000; Boroffka, 2010). The main river flow of the Amu
Darya (left branch in Urgench, the right one still going to the Aral Sea) was diverted
to the Sarykamish Lake (at a much lower elevation than the Aral Sea; Herzfeld,
1947) and from there to the Caspian Sea via the Uzbz/ River (Fig. la). Herzfeld
(1947) indicates that the idea of artificial river diversio.” I1s extremely old. In the 3™
century BC, Patrocles, a Greek military man and =ngineer, was sent to the Urgench
region to explore the possibility of a commerciil 1oute between the Black Sea and
India. This also indicates that the Amu Dery. vvas connected to Caspian Sea at that
time (Herzfeld, 1947). There are at .~a<( two mentions of the Uzboy being possibly
navigable by ships: in the 4™ centu.x’ BC by Aristobolus, a historian and companion
on Alexander the Great campe‘an_, although some confusion with the Sarykamish or
other seas/lakes cannot be ~xciuded (Thorley, 1969) and in AD 1392 and following
decades by several aithee (Létolle, 2000; Boroffka, 2010). Historical documents
also pinpoint that ve..een the 10" and the 13™ centuries, the Uzboy had no water
because of a major dam built on the main feeding arm to the Sarykamish
(Gloukhovskoy, 1893).

The hypothesis that river diversion could strictly be caused by human
mediation (for benefit or by war) has however been challenged by Toonen et al.
(2020), and a climatic contribution has been highlighted (see climatic discussion

below). In any case, in addition to diversions, dams create vulnerabilities not only to
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potential enemy attacks but also to natural hazards (such as earthquakes), which

may cause sudden dam breaches.

2.3 Parthian Period

From Varushchenko et al. (1987) and Karpychev (2001), we learn that the
CSL in the second and first centuries BC was below the mark of —32 m; this is based
on archaeological data. However, 2000 years ago, it is likely that the sea level was
not higher than it is now (Karpychev, 2001). In the 1 st century AD, the coast
between Apsheron and Makhachkala (Dagestan) was firocad becoming unavailable
to travellers, thus a CSL of -22.5 m was suggest~d \..g. 1b) (Varushchenko et al.,

1987).

2.4 Sasanian Period

According to Dimishqui, the to.” of Abeskun, a famous ancient trade centre
at the SE corner of the Caspian Sec was founded by king Kavad | (AD 488-531;
this is a revised and more ~u.vect date than that cited by Varushchenko et al.
(1987)), and is likely to ke the successor of the more ancient town of Socanda,
attested by Ptolemy 7. ~mmianus Marcellinus in the 2" and 4" centuries AD
(Sauer et al., 2013). It ras been proposed that it corresponds to modern-day Gomish
Tappeh near Gomishan but location of the town and/or its harbour may have shifted
repeatedly and may have been in the 5M-6™ centuries in an area now offshore of
Gomishan, when the CSL were low (Varushchenko et al., 1987; Zonn et al., 2010;
Naderi Beni et al., 2013; Sauer et al., 2013) (Fig. 1b). So, although relatively well
documented, the absence of elevations hinders its use for CSL reconstruction.

The renowned Sasanian walls, i.e. the Gorgan (>170 km long) and

Tammisheh (>12 km long) Walls in Iran, were built to protect the southern farmers
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from the northerners (especially the Hephthalites or White Huns). One of the long
walls, the wall of Tammisheh, ends in the Gorgan Bay (Fig. 1). It carries on below
the current water level and was built, as the other ones, around the 5-6" century AD
when the water level was lower than present around -32 to -31.5 m (Nokandeh et al.,
2006) (Table 4b). The Tammisheh Wall, if the terminus was indeed found, ended on
the then shoreline or abutting the thalweg of the Qareh Su (a west-east river at the
same latitude) (Leroy et al., 2022). Given the shallow gradient and the lack of stone,
it would have been impossible to continue it to 2 m wate: deth (Sauer et al., 2013).
The Derbent Wall (Dagestan) was built around the 3" century and also has a
terminus below current water level (Kudrjavcev anq Gadziev, 2002). Interestingly the
Derbent Wall (built on a slope) terminates aror.nu 2 m below the 6™-century water
level to make bypassing it impossible. A u.'eu layer with cultural artefacts found in
the Volga Delta at -31.7 m completec thr. picture (Varushchenko et al., 1987).

Létolle and Mainguet (1993, evoke the possibility of hydraulic infrastructure
(including dams) destruction ir nctaern Turkmenistan by Huns (not Hephthalite) in
AD 380-400. However, ti.» inipact on the Amu Darya on the CSL must has
remained minor. The date ~artainly does not fit the chronology of the Derbent and
Tammisheh Wall ilocing (see below), nor does it fit the geological data collected

around the Caspian Sea.
2.5 Medieval Period (pro parte)

Abundant information is derived from observations on the Derbent Wall and
Derbent caravanserai as well as a caravanserai in Baku, such as distance to the
sea, destruction by the sea or construction of additional buildings (Table 5).

The then resplendent town of Gurganj (Kunya Urgench in Khwarazm) and

related irrigation infrastructure were often destroyed during wars (Fig. 1a). For
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example, Genghis Khan’s army (led by his sons) fought in AD 1219-1221 and in an
act of revenge caused a lot of destruction, including that of a major dam built in the
10" century on the Amu Darya (Létolle, 2000; Naderi Beni et al., 2013). The river
waters ran into the Uzboy, reached the Caspian Sea and caused a well-documented
temporary increase of the water level by ~7 to 9 m (Herzfeld, 1947; Naderi Beni et

al., 2013; Krivonogov et al., 2014).
2.6 The early and late Little Ice Age

Abeskun was an important coastal town until AD 13(,3-1304 (early LIA) when
its harbour was swallowed by the Caspian Sea It sccame an island and finally
disappeared below the water (Varushchenko e. al.. 1987; Naderi Beni et al., 2013).
Also in these more recent times, no elevidtiur points are available. More relevant
information is derived from the tomk o° Sireik Zahed in Lankaran, fortifications in
Baku, flooding of a settlement near the Kura delta, changes to the Derbent Wall and
observations on the position of hz (own of Terek in the Terek Delta (see Table 5;
Fig. 1b).

A renewed and final dex*ruction of Urgench and of a major dam by the Timurid
Mongols (AD 1372-1.88) may have contributed to high levels in the Caspian Sea
(Létolle and Mainguet, L993).

In the late LIA, information is provided by observations in Derbend and Terek, in
addition to the appearance/disappearance of islands. The remains of an old port, i.e.
the Ashraf Port, of the Safavid era (AD 1501-1722) constructed in AD 1628 were
found at an altitude of -23.5 m in the plain of Behshahr (Naderi Beni et al., 2013),
reflecting higher than present CSL. The harbour was connected to the then known

world through the Royal Road and the Silk Road (Nadim and Zahedi, 2018).
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Part 3: Discussion

3.1 An updated water level curve

Here we juxtapose the results from our two previous compilations, i.e. geological
data set and archaeo-historical data set, in order to derive a new robust and more
complete CSL for the last 2200 years. Their joint distribution over time reveals a
series of similar low and highstands (Fig. 9a, SI 8 and table Sl 1). The small
numbers on fig. 9a allow linking to points chosen in talles 4 and 5. Often, but far
from always, the geological data are lower than the erchc eo-historical data as, as
underlined earlier, the geological data indicate ~ riinimal elevation, and the
archaeological ones provide an upper limit. It has boen necessary to treat separately
the data from the Hassan Gholi as their ele)'ction values were generally higher. This
can be explained by the usually higher eiv vation of the water body with regard to the
Caspian Sea, owing to a different wate. balance. One has to recognise however that
1) sediment compaction has play:.' a (ole, affecting increasingly more sediment as it
gets older; and 2) seismic moven.2nts have affected both sets of data, upwards and
downwards (for the latter sce iscussion in section 3.3.1). Highstands and lowstands
are identified in relation « present-day water levels shown in fig. 7 and 8 as the x

axis.

3.1.1 The mid-Parthian highstand

During this period, a brief highstand but very well illustrated at ca >50 BC to
ca AD >50 by geological data in multiple sites around the Caspian Sea and by
historical signs of flooding around the western coast. The highest points are at the

Bagho outcrop at -22.06 m, and along the western coast at ~-22.5 m.
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This is preceded by a poorly documented lowstand and followed by another
lowstand. Old maps in the 2" and 1% century BC, burials in the 1% century BC
indicate low levels, perhaps as low as -32 m. A radiocarbon-dated point in core L1A
belongs probably to this lowstand. Towards the end of the Parthian period, the level
falls anew. It is only shown by dates in cores Gha and C2, suggesting -32 m at AD

180.

3.1.2 The mid-Sasanian lowstand

The Sasanian period starts with a lack of data o.er - 270 years (between AD
180 to 450). By integrating levels before and after this '~ag period, one may suggest,
with caution, falling levels. Some evidence -ugiests then very low levels: 1)
Tammisheh Wall in the 5" century AD, its I'keiy terminus being at ca -31.5 m (Bates
et al., 2022 a) and 2) the initial const:.~ticn of the Derbent Wall in the 6™ century,
terminating at -33.8 m, its mortar-less construction beneath -32 m suggesting that it
continued into the sea beyond tha " =n water level of -31.5 to -32 m (Kudrjavcev and
Gadziev, 2002). These very Icw levels may be related to the TS2 hiatus found in the
Kura delta core at -42 to -3, m (depths pending caveats above-mentioned) dated by
a radiocarbon date with a ~vide age range at cal AD 436-651. These data indicate a
dramatic water level f=,l in comparison to the Parthian highstand, by at least 11 m
(archaeological data), or perhaps even more (geological data); this is the mid-
Sasanian lowstand. The Sasanian surface has been crossed by several sediment
cores in the Gorgan Bay. Their study confirmed the CSL at the time of the
Tammisheh Wall terminus construction at -31.5 to -32 m (Leroy et al., 2022). The
lowstand may have led to a situation when large land expanses (due to the shallow

underwater slope) were suddenly emerged and vulnerable to northern invasions.
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Hassan Gholi, a water body to the north of the Gorgan Wall, was several
meters higher than the Caspian Sea. The movement of its shoreline would have
affected the western terminus of the Gorgan Wall. It explains why three diverging
walls appear in the western section of the wall (Bates et al., 2022 b).

If we accept the depth of -32 m in the late 5™ and in the 6" centuries, it seems
that the walls and their termini were built when the sea level was already re-
increasing and certainly not decreasing (see next section), otherwise the wall termini

would have been found at an even lower elevation.

3.1.3 The Late Sasanian or early post-Sasanian mac =rai 2 highstand

The Late Sasanian or early post-Sacnia1 highstand was of moderate
amplitude, i.e. ~-28.5 to -29 m, thus slightly o¢ iow current water level. But it was high
enough to flood the lower parts of th.c wclls. Evidence comes from two levels in
cores L1A and L2A from the Gornan Bc.'. It seems to have occurred at some stage
between the 6™ and the 8" century .\ D, i.e. towards the end of the Sasanian era or in

the early post-Sasanian era.

3.1.4 The Medieval modw-ate iowstand

This long lows:?nd (>600 years) is not well illustrated in the geological data:
i.e. two points, one at the very start at -29 m and towards the end at -29 m again.
Three data points from Hassan Gholi are just below current sea levels.

The lowstand is proposed here mostly on the base of historical data. It is hard
to decide if the lowstand is limited to the depth of -31 to -28 m, or the very low values
of -35 to -36 m at AD 943-945 should be accepted. The latter is based on the
distance to the sea of the Derbent Wall. The tenth century is also the period of the

main dam building on the Amu Darya, thus not allowing a water flow towards the
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Sarykamish anymore. In general, a paucity of evidence for a very low level in the

Medieval times thus invites caution.

3.1.5 The LIA highstands

The early LIA highstand is illustrated by more than seven dates here and many
historical observations. It starts by an extremely high-water level, perhaps as high as
16 m, if the flooding of Sheik Zahed tomb is to be considered at AD 1306-1320.
Other historical information seems to support a peak at le~.st until -22 m at AD 1303-
1307 in the Kura delta and Lankaran. Then the level r ~meined higher than present
close to -26 to -25 m in the 14™ century as seen fio.~ 4 range of evidence in Baku
(tower wall flooded and sea approaching the mcsque). Several geological data
indicate a clear peak a little later (betv.erzn cal AD 1350 and 1440, median
probabilities) at -23.7 to -23.9 m, this .."<lues the flooding the western terminus of
the Gorgan Wall (as seen by the floodn.q of a kiln), but certainly linked to the more
precisely historically-dated peak o. AD 1303-1307. This followed by a progressive
fall to -29 m in AD 1590.

In the late LIA, radioca.on dates are not used, as the limit of their meaningful
application is reachec According to historical observations, the level re-increases
abruptly to reach -21 ® m at AD 1638. In AD 1668, several authors agree to show

that the level has fallen back slightly to -24 m.

3.1.6 Amplitude and rates of changes

Over the last 2200 years, based on geological data, a conservative amplitude of
CSL changes of 8.2 m may be proposed between AD 1440 (core V3A) and AD 180
(core C2), although extremes between the Bagho point and Well 3 horizon in the

Kura delta may perhaps suggest that the amplitude could reach a much higher value
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up to 18 m. Based on archaeo-historical data, a conservative evaluation provides
14.7 m between AD 1638 and two low points at AD 943-945, and an extreme of 20
m if the highest point in AD 1306-1320 is accepted. Therefore, the investigations
over the last 2200 years by including the very low levels in the Late Sasanian period
allow highlighting an amplitude of changes much larger that seen by analysing the
last millennium only (Naderi Beni et al., 2013), and at least five times larger than that
of the last century. This should then feed into mitigation plans for the future.
Although a denser number of data points all along -~ :vestigated time interval
would be needed to evaluate rate of changes, sorie periods seem to have been
affected by rapid changes. This is the case for thice apparent floodings: 1) at the
end of the Sasanian period, 2) in AD 1303-1307 «nd 3) at the beginning of the 17"
century. For example, for the relatively wcll- ‘o _umented 17™ century, the rise of 6.6
m between AD 1590 and 1638 occu.ver. at an average rate of change of 14 cm per
year. This is more than during the \~cent increase: 10.7 cm per year between 1977

and 1995 (Arpe et al., 2020).
3.2 Comparison to othe~ curves

In brief for the ner od between 1000 and 2200 years ago, our work clearly
proposes a pronounc-u mid-Parthian highstand possibly following a distinct Parthian
lowstand, a Late Parthian to mid-Sasanian deep lowstand, a Late Sasanian
moderate highstand, and a Medieval period with moderately low levels. Afterwards,

the information collated here for the LIA confirms previously published work.

3.2.1 Does the “2600 yr BP highstand” exist?

The Rychagov curve based on uncalibrated dates led him state that CSL did not

go higher than -25 m in the last 2500 years (Rychagov, 1977). Although radiocarbon
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dates are provided in an appendix to his 1977 work, no metadata are available on
the precise location and elevation of the samples, nor on the type of material dated,
thus making them not sufficiently precise for the purpose of this investigation. In the
Turali lagoon, four dates (further to those discussed earlier) are published for the
period before 2200 yr BP (Kroonenberg et al., 2007). Their calibration with the new
FRO indicates that they are all between 360 and 200 cal BC (median probabilities);
moreover none are from sediment at an elevation as high as -24 m (DAG LG HV04;
at cal BC 153-cal AD 131). Thus the “2600 yr BP highst:21" .5 not represented in the
Turali dataset of Kroonenberg et al. (2007). No dates in ‘he work of Varushchenko et
al. (1987) cover the “2600 yr BP highstand” as ~ecn by the calibration of dates at
points 25 and 22 in his work. Point 25 is at tho mouth of the river Ulluchai in
Dagestan at -22.7 + 2 m and 2440 + 120 "*C R, When calibrated, it gives an age of
391 cal BC- cal AD171, with a medi.n rrobability of 109 cal BC, and thus falls in the
Parthian highstand. The next older J'ate at a high level (point 22 at -21.5 m in Turali)
is at 1160 cal BC (median prehaliyy), thus clearly older than a supposed “2600 yr
BP highstand”. Therefore, i @ data most commonly used to define this “2600 yr BP
highstand” are now in the P=rthian highstand and no data exist in Kroonenberg et al.
(2007) and Varushchcnko et al. (1987) for this period showing a highstand, when the
dates are respectively re-calibrated or calibrated. Therefore, this highstand could not
be documented here despite in-depth literature search, although it may perhaps

otherwise exist.

3.2.2 What of the Derbent regression?

A problem of terminology exists for this period. The name ”Derbent
regression” or “Derbent lowstand” is generally attributed to the Medieval period but

actually seems to refer to two distinct times, both times of lowstands. Some
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investigations report it at AD 580-600 (Varushchenko et al., 1987; Klige and
Myagkov, 1992; Hoogendoorn, 2006; Kroonenberg et al., 2008) whereas other
investigations report it at AD 1000-1200 (Karpychev, 2001; Svitoch, 2012). No
stratotype has been defined. The most recent age attribution is the only that justifies
calling the Derbent Regression a Medieval regression, as the first one falls in the
Sasanian period of Late Antiquity. In some cases, the two lowstands are somewhat
blurred together (Rychagov, 1997). It seems however more logical to call the earlier
period only the Derbent Regression as this is when th2 inial wall was built in the
Sasanian period, and to avoid using the term Medie\ al. ‘“Ne recommend thus here to
keep away from this appellation or at least call for . ition in its usage with clear age

precision.

3.2.3 Comparison to the 2013 curve

In comparison to the curve of 20.2 (Naderi Beni et al., 2013) starting in the
Medieval period, the main differzrc~ In the present curve is the much lower water
level obtained before AD 1273—.307. This is mainly due to the rejection of the
Bruckner date at AD 915-521 based on observations on the Derbent Wall that has
probably been reccastricted since, after several earthquakes and coastal

subsidence (Brickner 1890).

3.3 Causes

The precise causes of CSL changes are still being hotly debated: the flow of
the Volga River, the current main largest water inflow, being however the dominant
driver. The current work makes this topic worth revisiting, because our investigations

add precision to the CSL curve especially for the period 200 cal BC to cal AD 1300.
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3.3.1 Potential mechanisms

A preliminary caveat is necessary as the region around the south Caspian
Sea is highly seismic. For example, the Derbent region of Dagestan (from which
many historical and archaeological data are derived) is one of the most actively
seismic around the Caspian Sea. In the Derbent area, Bochud (2011) determined a
tectonic uplift of 0.46 mm per yr, that would translate into 92 cm over 2000 years. At
the foot of the uplifting Alborz Mountain (1 to 5 mm per yr), the coastal plain is
subsiding along the Khazar Fault along with the soutt/ Caspian basin at a rate of
0.43 mm per yr (Allen et al., 2002; Djamour et al., 2(110) At the scale of precision of
the data evaluated in our work, the movement s (vus considered rather negligible.
Ozyavas et al. (2010), analysing CSL from 2998 to 2005 and its water budget,
suggested a maximum of 5 cm CSL fal! caused by a downward movement of the
south Caspian basin, best seen in 202-2001 after earthquakes in 2000 and 2001.
Naderi Beni et al. (2013) also dis~usced the potential influence of earthquakes and
highlight their importance but av > 1ocal scale only. Thus, seismicity has only a small
impact on elevations at the scale of the last two millennia on average and often only
locally.

Additionally, nau iral hazards (flashfloods or earthquakes) in AD 1208, 1389,
1405 may have contributed to the natural destruction of dams on the Amu Darya
(Boroffka, 2010; Sala, 2019). The Amu Darya flows close to the Bukhara and the
Amu Darya Faults where the palaeo Amu Darya splits off from its modern channel,
The river is also close to the Ural-Turkestan suture near Urgench. Both areas have
known historical and modern tectonic movements (Thomas et al., 1998).

The Syr Darya might have bypassed the Aral Sea and flowed directly in the

Amu Darya due to human-made diversions, hence increasing the flow to the Caspian
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Sea in the early 15" century (Boroffka, 2010; Sala, 2019). In consequence,
Khwarasmian river diversions by dam building were frequent between AD 1221 and
1575 (Herzfeld, 1947), but water was reaching the Caspian Sea only until AD 1417
according to Boroffka (2010) (Fig. 8 and 9a). In our reconstruction, it is indeed only
at the end of the 15™ century that the CSL falls below present-day for ca 100 years
before re-increasing.

The Westerlies transport most moisture needed for precipitation to the
Caspian Sea and over the drainage basin of the currerts i flowing rivers. Stronger
Westerlies will bring more precipitation, but will als» couse an export of the water
vapor further to the east and thus cause a net los= ¢ water for the Caspian drainage
basin (Arpe et al., 2020). However, the Summe: Ii,.dian Monsoon may currently also
influence CSL, albeit indirectly. Indeed, rie.~~.ological analyses (Schiemann et al.,
2007) have shown that a stronger .nor.soon would warm the air passing over the
Pamir - Hindu Kush Mountains where the head waters of the Amu Darya are,
causing the melting of glaciers, th.o< increasing the flow in this important river. In the
rare cases when there is rivcr diversion to the CS, then the impact may be felt.

Global temperatirc ~nd summer temperature from tree rings in the Russian
Altai both show the v, ~aieval Climatic Anomaly with higher temperatures and the LIA
with colder temperatures (Biintgen et al., 2016; PAGES 2k Consortium, 2019) (Fig.
9b). In addition, tree ring analysis has highlighted the Late Antique Little Ice Age,
LALIA (Buntgen et al., 2016), which was a long-lasting northern hemisphere cooling
dated at AD 536 — ~660 (Bintgen et al., 2016) (Fig. 9c), part of the Dark Ages Cold
Period at AD 400-765 (Helama et al., 2017) and the warmer temperatures of the

Warm Roman period.
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In brief, regarding CSL, the balance between precipitation and evaporation is
clearly affected by temperature. However as stated before, it will be in the end the

loss of water (as vapor) from the CS drainage that will take precedence.

3.3.2 Causes of CSL changes over time

A combination of human and natural causes must be envisaged for an
explanation of CSL changes.

The causes of the Late Parthian-Early Sasanian ..~ ta-poor period (AD 180 to
450) could be a very low sea level, leaving on the co~st Je facto very little traces
behind. This low level would have significantly incre as> the area of the coastal flood
plain and free important surfaces newly availabi: to agriculture.

Although the date of the Late Sasa iian highstand does not fit the Hun
destruction of late 4™ century, it is pcocibic that further wars occurred between the
Persian Empire, Turkic tribes and Huns 1 the lower Amu Darya (Oxus) region. Thus
further damage to hydraulic infri.s’..*cture might have been the reason for the rapid
water level increase in the “aspian Sea. This daring hypothesis is triggered by
destructions that occurred ..~ ine same place but several centuries later. From the
climatic point of view "he _ate Sasanian transgression fits well the LALIA (Fig. 9c).
The Late Parthian rec.ession corresponds to the early part of the Warm Roman
Period (Fig. 9b and c).

During the Medieval Climate Anomaly, tree-ring analyses in western central
Asia indicate that, since AD 618, the warmest period is between AD 800 and 1000
(Esper et al., 2002), which is also seen in the tree-ring-inferred June-July-August
(JJA) temperatures from the Russian Altai (Buntgen et al., 2016) (Fig. 9c). The
warmest climatic period seems to have occurred before the expansion of Mongols.

The link between climate and CSL is not straightforward as this warm period might
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have favoured increased evaporation (thus low CSL), although increased
precipitations occur during warmer periods as shown in Arpe and Leroy (2007) and
Roshan et al. (2012) and lead to an inverse effect on CSL.

The LIA highstand clearly results from multiple causes. The LIA is defined by its
colder and wetter climate not only globally, but also in central Asia (references in
Putnam et al., 2016) (Fig. 9c). Tree-ring analyses on western central Asia indicate
that, since AD 618, the coldest decades are in AD 1600-1650, within a longer cold
period from AD 1600 to 1800 (Esper et al., 2002). Wette: then current climate in the
LIA seems to have favoured Mongol steppe pastoralists and people movements by a
southward displacement of grassland (Putnam et 1., 2016). The deserts of Kwarazm
would have needed to be greener in order t> y'istain large numbers of horses
required by the Mongol army (Putnam et «l., ?£16). Destruction of irrigation dams by
the Mongol invasion at AD 1221 and -he Timurid wars at AD 1372-1388 (Sala, 2019)
are related to this climatically-driver, nopulation movements.

Arpe et al. (2000) highlio-te!' (he importance of EI-Nifio Southern Oscillation
(ENSO) for CSL changes. vnlavi-Arabashi et al. (2016) showed a southward shift of
the Jet Stream over the (.c<pian Sea during El Nifio events and, with it, a shift of the
strong baroclinicity u.at guides cyclone tracks, bringing more precipitation to the
Caspian catchment; thus higher EI-Nifio events would lead to more precipitation over
the Caspian Basin.

In brief it is impossible to assign the various highstands and lowstands to a linear
temperature forcing (Fig. 9). Indeed, in one case a cold climate corresponded to a
low CSL and in another one to high CSL: clearly the LALIA and the LIA correspond
for the former to a lowstand and for the latter one to a highstand. The explanation

might perhaps lie with the precipitation that is largely governed by ENSO. It is not yet
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fully established what the state of ENSO was over the last 2000 years. However,
Yan et al. (2011) suggest that it was higher both in the Dark Ages Cold Period and
the LIA. Rein et al. (2004) consider as a major anomaly a much weaker el-Nifio
activity during the Medieval period than during the periods before and after.

The Medieval Climate Anomaly that is warm in central Asia corresponds to
relatively low levels (Fig. 9). The Roman Warm Period contains several short-term
fluctuations as seen in the tree rings; but the number of CSL points is too low to
attach them to any of those short-term climatic fluctuation=

The two extremes in our CSL curve, i.e. the very wvw levels at AD 580 and the
very high levels at AD 1303-1304 (Fig. 9), are hou™ most likely not due to climate
only. While the first one has an unknown cause, th> second one is most likely owing

to a purposeful malignant Amu Darya diveis, r.

Conclusions

In the Caspian Sea, the d.n.~unies of choosing an appropriate radiocarbon
calibration scheme and the vroyress made recently have led to cacophonic and
discordant approaches by “rai.ous authors: no calibration, successive and diverse
marine calibrations wna successive terrestrial calibrations. This situation has
hampered a harmoniot s combination of information from geology, archaeology, and
history. An improved understanding of freshwater reservoir offsets and recalibration
of radiocarbon dates with the most recent calibration curve has enabled us to
harmonize the timescales of previous datasets where sufficient metadata were
available.

Our investigation has highlighted two significant issues when naming well-known
lowstands and highstands over of the last >2200 years. Firstly, caution is called

when using the term Derbent lowstand, because of the confusing literature. It is thus
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advised to precisely and clearly state the age and to separate the mid-Sasanian
lowstand from the truly Medieval lowstand. Secondly, the evidence used in literature
to define the “2600 yr BP highstand” has been revised by calibration or recalibration
of the original *C dates. This revision does not show a highstand at 2600 yr BP
(because no data are available at that time, when calibrating the dates) but at a more
recent time at ca 50 BC-AD 50 termed here the mid-Parthian highstand. Thus again
caution should be used, and the name “2600 yr BP highstand” should not be used
unless strong, most likely new, data justify it.

A conservative estimation of CSL amplitude chenge reaches 15 m over the last
2200 years (perhaps even more, i.e. 20 m) with ot times high rates of changes
calculated as 14 cm per year. Therefore the aninlitude is at minimum five times
larger than that of the last century, and thc rute of change is 25% higher. If such
changes were to happen now, our cncizty would have difficulties facing it; it would
thus lead to a disaster of likely cawstrophic scale. Although we are technologically
more advanced, none of the me.*oned causes of CSL changes can be avoided
nowadays; as indeed a m.’ o1 natural hazards, climatic and human causes are
invoked to explain the chsc~ ed CSL changes.

Most interestingi,, uver the last 2200 years no simple correlation between
climate (temperature, precipitation) and sea levels could be found. Although some
important changes may be attributed to human interventions (e.g. river diversions),
at the larger time scale, climate has to be the main forcing factor. However global
temperatures do not seem to be the sole forcing factor, perhaps due to the
confounding impact of ENSO and human activities on river diversion.

The current research indicates that further investigations to improve the

precision of the Caspian Sea level curve over the last millennia requires well
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documented radiocarbon ages with a small confidence interval, on well-chosen
samples, to be obtained from sites with accurate elevation measurements. Under

these conditions only, further insight into water level drivers will come within reach.
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Table 1

FRO
Collecti Reserv  Ffcorr  corr
on 1“C  oir Age **c (*C Genu Referenc
Year BP (*Cyr) yr) yr) s Species Locality e
Caspian Sea 'freshwater
reservoir offset’
410+ 67+4 Didac Garabogaz_Spi Kuzmin,
1953 40 205+41 -138 4 na crassa t 2007
455+ 332+ Phoc Kulalai, Olsson,
1899 50 35850 -26 52 a caspica Caspian Sea 1980
465+ 332+ Didac trigonoi Cheleken_Peni Kuzmin,
1900 35 359+31 -27 35 na des n.ila 2007
570+ 342+ Didac trigonc  Chechen_lIslan  Kuzmin,
1900 30 369+36 -27 39 na des d 2007
455+ 383+ Didac triqenoi Sulak_River M Kuzmin,
1920 30 433+31 -50 35 na de outh 2007
wit.
mean 304
std.
dev. 120
Without sample collected in
1953
455+ 332+ Phoc Kulalai, Olsson,
1899 50 358+50 -26 K2 a caspica Caspian Sea 1980
465+ .22+ Didac trigonoi Cheleken_Peni Kuzmin,
1900 35 359431 -27 35 na des nsula 2007
570+ 342+ Didac trigonoi Chechen_Islan Kuzmin,
1900 30 369+36 =21 39 na des d 2007
455+ 383t Didac trigonoi Sulak River M Kuzmin,
1920 30 433+31 -50 35 na des outh 2007
wit.
mean 350
std.
dev. 26
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Table 2

terrestrial shell **C FRO (**C

“CcBP BP yr)

Leroy S2 959+28 965+28 6+40
Karpychev 1400+120 1850+140 450+184
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Table 3

Without S2 charcoal/shell pair

Location or
reference

FRO (**C

All

Location or FRO (**C
reference yr)
Kulalai, Caspian

Sea 332152
Cheleken_Peninsula 332135
Chechen_lsland 342139
Sulak_River_Mouth 383135
S2 charcoal/shell 6140
Karpychev

peat/shell 4501184
wt. mean 285
std. dev 153

Kulalai, Caspian
Sea

Cheleken_Peninsula
Chechen_lsland
Sulak_River_Mouth

Karpychev
peat/shell

wt. mean
std. dev.

33252
332+35
342+39
383+35

450+184

351
33

S7
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Captions
Figure 1: Maps

a: The Caspian Sea with its link to the Amu Darya (black arrow).

b: The Caspian Sea with the main data points around the sea.

c: Details of the points used for the S-E corner of the CS (white circles). Small grey circles
for towns.

Figure 2: Lithological logs of cores Gha, V5 and TM. The two downwards pointing arrows
indicate that the cores are longer than plotted. Dates shown *) are the cal AD/BC median
probability of the radiocarbon calibrated age range.

Figure 3: Selected curves pollen and dinocysts for ti'e tp 336 cm of Gha core (full
diagrams in Sl). Dates shown (*) are the cal AD/BC. 1. 2wian probability of the radiocarbon
calibrated age range.

Figure 4: Lithological logs of cores V5, V4 au /2. Magnetic susceptibility (MS) in 10™ SI.
Dates shown (*) are the cal AD/BC m »dica probability of the radiocarbon calibrated age
range.

Figure 5: Selected curves pollen i dinocysts of core V5 (full diagrams in SI) with
magnetic susceptibility. Dates shaown (*) are the cal AD/BC median probability of the
radiocarbon calibrated age rany .

Figure 6: Selected curv »s p)llen and dinocysts for the top 660 cm of core TM (full diagram
in SI) (analyses: S. Lerov,. Reconstruction of sea surface salinity (SSSsummer) fOr the summer
based on Lingulodinium machaerophorum processus length (measurements: K. Mertens).
Dates shown (*) are the cal AD/BC median probability of the radiocarbon calibrated age
range.

Figure 7: Water elevation compilation of geological sequences. The x axis showing time is
positioned at the water level of 10 Oct. 2016. In blue and bold: sites from Hassan Gholi. In
red and italics: sites outside the SE corner of the Caspian Sea. Crossed equal signs: Amu
Darya diversions according to Létolle and Mainguet (1993), Létolle (2000) and Sala (2019).

Black horizontal line with two arrows for period of likely diversions according to Boroffka
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(2010). Double vertical arrows for uncertainty in elevation. Simple arrows pointing down and
left for MZG for minimum age and elevation. pp: pro parte.

Figure 8: Water elevation compilation of archaeological and historical data over time. The x
axis showing time is positioned at the water level of 10 Oct. 2016. Crossed equal signs: Amu
Darya diversions according to Létolle and Mainguet (1993), Létolle (2000) and Sala (2019).
Horizontal lines with two arrows for period of likely diversions over AD 1221-1417 according
to Boroffka (2010) and over AD 1221-1575 according to Herzfeld (1947). Arrows pointing
upwards for minimum elevation. Arrows pointing downwards for elevations out of the axis
range used here.

Figure 9: Caspian Sea levels and climate. LALIA: Late Aitiqu : Little Ice Age.

a: Overlap of the two sets of data to produce final sea =vcl curve in meters below sea level
in reference to the Baltic 1977 datum. Horizontal lir2 a. sea level of 10 October 2016, i.e. -
27.45 m. Horizontal lines with two arrows for pe 07, of likely diversions over AD 1221-1417
according to Boroffka (2010) and ov:r /.D 1221-1575 according to Herzfeld (1947).
Rectangle with vertical lines indicai~s the Sasanian Walls’ construction period. Small
numbers and letters on the curves refier to points highlighted in tables 4a, 4b and 5, and
synthesised in table Sl 1.

b: Global Common Era mear surface temperature (anomaly in °C compared to present-
day). (Pages 2k consc'tiur), 2019). Arbitrary horizontal line. Light blue boxes for cold
periods.

c: June-July-August (JJA) temperature anomalies in °C compared to present-day from Larix
sibirica tree rings in Russian Altai (Buntgen et al., 2016). Arbitrary horizontal line. Light blue
boxes for cold periods.

Table 1: Radiocarbon ages from museum collections and their freshwater reservoir offsets
Table 2: Radiocarbon ages from terrestrial/marine pairs and their freshwater reservoir
offsets

Table 3: Weighted means of all freshwater reservoir offsets and without the S2 pair
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Table 4: Geological data points used in this study with their elevation and radiocarbon dating
and calibration information

a: in the SE corner of the Caspian Sea. MAR13 = Marinel3; MARO9 = Marine09. * accuracy
of 80 cm maximum, ** FRO: 351 + 33, calib 8.20 showing only relative probability higher
than 9% (rounded up), ~ On 2020 Google Earth map, first number distance to Caspian Sea,
second number distance to lagoon, in bracket less relevant distance.  rounded up. In blue
and bold: sites from Hassan Gholi.

b: from other regions of the Caspian Sea. ~ elevation accord 19 to fig. 5 of Kroonenberg et
al. 2007, ™ rounded up, * FRO: 351 + 33, ** only showing 'elavve probabilities higher than
9% (rounded up).

Table 5: Archaeological and historical data with their c.ovation and dating information
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3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point).

Highlights

e Revision of Caspian Sea level datapoints over last 2200 years with new points

e Geological and archaeo-historical dara with new calibration of radiocarbon dates

e Derbent lowstand & 2600 yr BP highstand revised, and newly named Parthian
highstand

e Ambiguous forcing by temperature, re-inforced role of river diversions

e Amplitude and rate of changes both larger than in the last century
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