
lable at ScienceDirect

Quaternary International 408 (2016) 78e92
Contents lists avai
Quaternary International

journal homepage: www.elsevier .com/locate/quaint
Differential impact of long-shore currents on coastal geomorphology
development in the context of rapid sea level changes: The case of the
Old Sefidrud (Caspian Sea)

Safiyeh Haghani*, Suzanne A.G. Leroy
Environmental Science, Brunel University London, London UB8 3PH, UK
a r t i c l e i n f o

Article history:
Available online 21 January 2016

Keywords:
Coastal lagoons
Caspian Sea
Rapid sea level rise
Geomorphological changes
Little Ice Age
* Corresponding author.
E-mail address: Safiyeh.Haghani@gmail.com (S. H

http://dx.doi.org/10.1016/j.quaint.2015.11.127
1040-6182/© 2015 The Authors. Published by Elsevier
a b s t r a c t

In the face of global rise in sea level, understanding the response of the shoreline to sea level rise is an
important key for coastal management. The rapid sea level fluctuations taking place in the Caspian Sea
provide a live model for studying shoreline response to sea level rise. Coastal lagoon deposits provide an
ideal archive to study sea level fluctuation. In this study, two lagoons on both sides of the Old Sefidrud
River (south coast of the Caspian Sea) have been subjected to study using sedimentology, palynology and
macro-remains analyses: the Amirkola and the Klaus Lagoons. The results demonstrate how these coastal
lagoons, related to one single river within the same delta, during the last decades respond differently to
sea level fluctuations and show the crucial role played by long-shore current.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Caspian Sea (CS) is the largest lake in the world (surface
area of 371,000 km2). It is well known for its large fluctuation of
the water levels: during the 20th century it has experienced a
~3 m fall and rise (Fig. 1A), while the global sea level has fluc-
tuated approximately 2 mm/y in the same period (Kroonenberg
et al., 2007). Coastal geomorphology has undergone rapid and
varied changes in response to water level changes including
passive inundation, beacheridge formation, barrierelagoon
development and common coastal erosion (Kaplin and Selivanov,
1995; Naderi Beni et al., 2013a). On the southwestern CS coast of
Iran, major geomorphological changes occurred in the east of the
Sefidrud Delta where the Old Sefidrud delta is located (Fig. 1B).
The Sefidrud avulsed several times during the Holocene, and the
last major avulsion occurred when the river diverted its course
from the Amirkola Lagoon area in the east to the Kiashahr Lagoon
area in the west some 400 years ago (Kousari, 1986; Krasnozhon
et al., 1999; Lahijani et al., 2009; Leroy et al., 2011; Kazancı and
Gulbabazadeh, 2013; Naderi Beni et al., 2013b). The pre-
avulsion river is known as Old Sefidrud. Holocene lagoonal de-
posits around the old-Sefidrud delta comprise of coastal
aghani).
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geomorphological response to sea level change and delta-
avulsion. This paper discusses sea level change for the Caspian
Sea, although the CS is strictly a lake. This multidisciplinary study
focuses especially on the Amirkola Lagoon (located east of the
Old Sefidrud) and a newly discovered lagoon, i.e. Klaus Lagoon
(west of the Old Sefidrud) (Fig. 1B). We aim to investigate the
impact of rapid CS level fluctuations on coastal geomorphology
and vegetation.
2. Study area

2.1. Caspian Sea

During the last millennium, CS level experienced two significant
changes: a poorly identified drop in the earlymedieval period and a
slightly better known rise at the end of the Medieval Climatic
Anomaly (MCA, AD 950e1250) and a clear highstand in the Little
Ice Age (LIA, AD 1350e1850) (dates defining these periods from
Kroonenberg et al., 2007; Ruddiman, 2008;Mann et al., 2009: Leroy
et al., 2011; Naderi Beni et al., 2013a; Haghani et al., 2015). During
the 20th century, the CS has experienced a ~3 m fall and rise. After
the water levels peaked in 1995, at �26.24 m bsl, levels have been
dropping slightly (at �27.41 m bsl, in 2014).

Inundation, erosion and sand barrier and back-barrier lagoon
formation are the main responses of the coastal area to rapid water
level rise (Kaplin and Selivanov, 1995; Kroonenberg et al., 2000;
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A: Location map of the Caspian and major rivers flowing to the Caspian Sea. Black dashed lines: international boundaries, Mt.: Mountains, B: Location of Amirkola and Klaus
Lagoons within the Sefidrud Delta. Red dots: location of important towns, C: Location of the cores taken from Amirkola Lagoon. Core identification has been simplified in this map,
i.e.: AG17 full identification is AL11G17. Red dots represent the location of core taken by Livingstone corer and yellow dots the location of cores taken by gravity corer. Pink squares
show location of cores in Leroy et al. (2011). Black arrows show the direction of longshore currents.
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Naderi Beni et al., 2013b). The CS level rise between 1979 and 1995
affected deltas by inundation and erosion. Kroonenberg et al.
(2000) showed that this period was characterised by erosion and
development of sand barrier and lagoons behind them in Dagestan
Coast (western coast of the middle CS). Sand barriers can also be
formed during water level fall as small bars without lagoon
development (Kroonenberg et al., 2000). During such a period of
fall, existing lagoons also became shallower and narrower
(Kroonenberg et al., 2000) and some changed to marshland (Kaplin
et al., 2010). Human activities such as reduction of sediments by
dam construction may cause intensive erosion of coasts and deltas
(Ignatov et al., 1993; Lahijani et al., 2008) by sediment starvation.

2.2. Lagoon setting

The Sefidrud has repeatedly changed its course through the area
between the Anzali and Amirkola lagoons (Kousari, 1986). The last
major avulsion occurred some 400 years ago when the river
diverted its course from the east, near Amirkola Lagoon, towards
the west near Kiashahr Lagoon, shifting its outlet ~23 km
westwards (Krasnozhon et al., 1999; Lahijani et al., 2009; Leroy
et al., 2011; Kazancı and Gulbabazadeh, 2013; Naderi Beni et al.,
2013b).

The Amirkola Lagoon is associatedwith the Old Sefidrud and has
a maximum water depth of 2 m (Naderi Beni et al., 2013b). The
lagoon has no river inflow and receives freshwater by precipitation
and surface water passing through rice fields that surround the
lagoon. Lahijani et al. (2009) studied the coastal evolution of the
Sefidrud Delta including lagoon development in the area. The au-
thors suggested that the Amirkola Lagoon was formed by littoral
drift of sediments supplied by the Old Sefidrud, during the Little Ice
Age (LIA: around 1600 AD), as a result of CS level rise. Naderi Beni
et al. (2013b) studied the area around the Amirkola Lagoon using
Ground Penetrating Radar (GPR) profiles and concluded that the
development of this lagoon was a response to rapid CS level rise
during the LIA, but age confirmationwas lacking. Leroy et al. (2011)
conducted a palynological study on Amirkola Lagoon cores. Their
investigation shows that Amirkola Lagoon was under CS level in-
fluence during the Late LIA and became isolated from the CS after
the high stand. A radiocarbon dating provided in their study shows
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a calibrated radiocarbon age of AD 1750 for the lagoon and the
authors estimated the initiation to have occurred around AD 1700.

During a field campaign in 2011, the remains of an old lagoon in
the west of the Sefidrud were discovered by Dr Klaus Arpe in a
beach outcrop that is being eroded during storm surges (Fig.1 B and
C). This lagoon has not been studied before and is named here after
its discoverer: Klaus Lagoon. This lagoon was investigated in an
outcrop from which the cored sedimentary sequence AL11V3 was
obtained.

2.3. Climate, geology, vegetation

The Amirkola and Klaus lagoons are located in an area with a
temperate humid climate and high precipitation. Annual precipi-
tation in the study area is ~1450 mm, with 77.2% mean humidity,
and mean annual temperature is ~16 �C (Lahijan meteorological
station: MolavieArabshahi et al., 2015). The study area is a coastal
lowland situated at the foot of the central Elburz Mountains. The
coastal plain contains various active river and delta systems char-
acterized by abundant distributary channels and wide flood plains.
Caspian Sea deposits are locally found on the coastal plain,
reflecting its formation under past sea level high stands (Lahijani
et al., 2008). The vegetation in the area of Amirkola is dominated
by Phragmites reedbeds with diverse aquatic plants (Fig. 2 in Leroy
et al., 2011). On the shores, a dense alder swamp occurs. The area of
Klaus Lagoon outcrop is a mixture of undeveloped wasteland and
field and rice paddies (Fig. 2 in Leroy et al., 2011).

3. Materials and methods

3.1. Sediment coring

Twenty one sediment cores with a maximum composite depth
of 119 cm were obtained using a gravity corer and a Livingstone
corer during the field campaign organisedwith the Iranian National
Fig. 2. Magnetic susceptibility values of cores taken from Amirkola Lagoon. Cores in t
Institute for Oceanography and Atmospheric Science (INIOAS) in
2011 from Amirkola Lagoon (Fig. 1C).

A sequence with a composite depth of 281 cm was cored in the
Klaus Lagoon deposits using a percussion corer from the top of an
outcrop along the beach (Fig. 1 B and C). The accurate elevation of
the outcrop (AL11V3) on a westeeast section of the coast, west of
the Sefidrud mouth, was surveyed 29 months after the coring
campaign, by INIOAS using a Leica Sprinter 150M Electronic Level in
relation to a bench mark in Dastak town. The outcrop had mean-
while eroded further inland, especially during storms. Therefore, a
key layer was chosen to link the observations between 2011 and
2014 and sampling at these different times. A conspicuous red layer
in the outcrop was considered as the key marker layer.

3.2. Sedimentology

Magnetic susceptibility (MS) measurements were performed on
all the cores using a Bartington MS2C core logging sensor at a 2 cm
interval. MS in this study was used to propose an intra-lagoonal
correlation between the cores and also as an indicator of deposi-
tional sedimentary environment.

A standard visual core description was performed immediately
after core photography (Mazzullo et al., 1988). Sediment colour was
determined using a Munsell Colour Chart. Grain size and Loss-On-
Ignition (LOI) analyses were performed on the sequences Al11G5
and AL11L2, in Amirkola Lagoon and on the single sequence in
Klaus Lagoon, i.e. AL11V3. Grain size was determined using a CILAS
1180 particle size analyser on homogenised and representative
subsamples. Soaking the samples in 10% tetraesodium pyrophos-
phate solution and 20 s of ultrasound were used to prevent floc-
culation. Granulometric data were processed using the GRADISTAT
program (Blott and Pye, 2001). The sandesilteclay triangular dia-
gram proposed by Folk (1974) was used for naming the textural
group of the sediments. In addition, the particle size results of the
sequence (Klaus Lagoon) have been presented in a 3D plot using
he diagram are arranged from the north (left) to the south (right) of the lagoon.



Fig. 3. Sedimentological logs of the cores from the Amirkola Lagoon. The logs have been arranged from the North to the South of the lagoon. Cores HCGL02, HCGL03 and HCGL04
from Leroy et al. (2011).

Fig. 4. A: Sedimentary log for core AL11G5, B: Sedimentary log for core AL11L2, displaying sedimentology, core photograph, grain size (clay, silt and sand), magnetic susceptibility
(MS), organic matter (OM) and calcium carbonate (CaCO3).
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MATLAB software version 7.1 to highlight detailed changes over
depth. Organic matter (OM) and calcium carbonate (CaCO3) were
determined through LOI, by burning the sample at 550 and 950 �C,
respectively (Heiri et al., 2001).

3.3. Macroeremains

Twelve samples from the Klaus Lagoon sequence were
selected to study macro-remains. Following the method of Birks
(2001), samples with a weight of 15e20 g were deflocculated
using 10% tetraesodium pyrophosphate solution. The samples
were then washed through a column of sieves with mesh di-
ameters of 500, 125 and 53 mm. The finest fraction (53 mm) was
used to retrieve microfossils such as foraminifers (Leroy et al.,
2013). The residue was studied using a stereoemicroscope
(magnifications up to �90). The samples above 500 and 125 mm
were counted; the finest fraction was only scanned. The results
are presented in percentage and concentration diagrams using
the Psimpoll software, version 4.27 (Bennett, 2007). A zonation
by CONISS after squareeroot transformation of the percentage
data was applied.

3.4. Palynology

New palynological analyses were applied to the cored sequence
of the Klaus Lagoon. Eleven sediment samples with a volume of
0.5e1.5 ml were soaked in 10% tetraesodium pyrophosphate so-
lution for deflocculation. The samples were then treated with cold
Fig. 5. Sedimentary log for the AL11V3 sequence (Klaus Lagoon), displaying sedimentolo
susceptibility (MS), organic matter (OM) and calcium carbonate (CaCO3). Black stars refer to t
symbols shows the core section limits.
HCl (first at 10% and then pure), cold HF (32%), followed by a
repeated cold HCl treatment, in order to eliminate carbonates,
quartz and fluorosilicate gels, respectively. Finally, the samples
were sieved through 125 and 10 mm nylon meshes. The residues
were mounted on glass slides in glycerol. The initial addition of
Lycopodium tablets allowed the estimation of concentrations
(number of palynomorphs per ml of wet sediment). Two samples
were barren: i.e. at 101 and 86 cm depth.

A light microscope at �400 magnification and at �1000 for
special identifications was used to count the palynomorphs. Pollen
atlas and the reference collection at Brunel University Londonwere
used to identify the spores and pollen grains. Dinocysts were
identified using the studies of Marret et al. (2004), Leroy et al.
(2006), and Leroy (2010). Percentages of pollen, non-pollen paly-
nomorphs and dinocysts were calculated on the sum of land-
ederived pollen (or terrestrial) only, with a median of 308
terrestrial pollen grains for the core samples. A zonation by cluster
analysis (CONISS) after squareeroot transformation of the per-
centage data was applied to the main terrestrial taxa of the core
samples.

3.5. Chronology

Two radiocarbon dates were obtained on plant remains from the
Klaus Lagoon sequence at the Chrono Centre, Queen's University of
Belfast, UK. Radiocarbon ages were calibrated using the CALIB
programme version 7.1 (Stuiver and Reimer,1993) with the IntCal13
calibration curve (Reimer et al., 2013).
gy (Sz: sedimentological zone), core photo, grain size (clay, silt and sand), magnetic
he depth of the radiocarbon dates, R: rootlets and L: leaf (material dated), and black pin
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4. Results

4.1. Amirkola Lagoon

The Magnetic Susceptibility (MS) shows strong variation along
the cores (Fig. 2). In general, the base of the cores contains higher
MS values, strongly dropping upward. The MS values of the cores
located in the middle of lagoon (AL11G2 to AL11G8) are higher (up
to 16) compared to those frommarginal areas. The Amirkola Lagoon
infill consists of clearly distinct sediment layers. From the bottom to
the top, these layers contain: brown silty sand that appears at the
base of the long cores in the middle of the lagoon (e.g. AL11L3,
AL11L1 and Al11L2). This is overlain by a dark greyish brown sandy
silt layer that in turn is covered by olive grey and olive brown silt.
The olive grey silt interval contains Theodoxus pallasi shells which
have been observed in the cores: AL11G15 (22 cm depth), AL11G18
(36e48 cm), AL11G19 (17e26 cm), AL11G14 (22 cm), AL11G20
(34e37 cm), AL11G2 (19 and 30 cm), AL11G5 (31e26 cm), AL11G6
(20e23 cm) and AL11G7 (35e40 cm). Furthermore, Cerastoderma
glaucumwas observed in the sandy silt layer in core AL11G8 and in
the silty sand interval in the core AL11L1A. A very dark greyish
brown silt layer was observed at the top of the cores, containing
abundant plant material, rootlets as well as gastropods (Fig. 3).
Fig. 6. 3D plot of grain size data in mm for the sequence AL11V3 (Klaus Lagoon): the
dark blue colour represents the lowest volume (%), while the red colour shows the
highest volume (%). Sz: sedimentological zone.
Cores AL11G5 and AL11L2 were selected for further study and are
described in detail (Fig. 4).

Core AL11G5 is subdivided in five lithological units, from bottom
to top:

Sz1, 50e38 cm: dark greyish brown sandy silt with bivalve
fragments and rootlets.
Sz2, 38e31 cm: olive brown silt with shell fragments and
rootlets. The lower contact is sharp.
Sz3, 31e26 cm: olive grey silt with T. pallasi, shell fragments and
rootlets; Sz3 has a gradual lower contact
Sz4, 26e14 cm: olive brown silt with shell fragments and
rootlets overlying gradually Sz3.
Sz5, 14e0 cm: very dark greyish brown silt with a considerable
amount of plant material and rootlets, a T. pallasi at a depth of
11 cm and an unidentified gastropod at a depth of 6e8 6 cm.
Lower boundary gradual.

The AL11G5 sequence consists mainly of silt and sandy silt. MS
values are high at the base of the core (Sz1) with a peak at 55 cm
depth, and sharply decrease in Sz2 and overlying units. Organic
matter and carbonate content increase upward.

The sedimentology of the core AL11L2 from the bottom to the
top is:

Sz1, 65e32 cm: brown homogenous silty sand
Sz2, 32e27 cm: dark greyish brown homogenous sandy silt;
sharp lower contact.
Sz3, 27e12 cm: brown silty sand with shell fragments and
rootlets; sharp lower boundary.
Sz4,12e0 cm: olive brown silt with shell fragments and rootlets;
lower contact sharp.

Core AL 11L2 contains is dominated by silty sand, sandy silt
and silt. The MS values slightly decrease towards the top of the
sequence while organic contents increase. Carbonate content
is stable with a maximum value of 6.2% at a depth of 34 cm
(Fig. 4).
4.2. Klaus Lagoon sequence

4.2.1. Sedimentology
Based on the core description and grain size results, this

sequence is divided in six zones that are from the bottom to the top
(Fig. 5):

Sz1, 281e131 cm: very thickly bedded dark brown sand with a
10 cm thin organic rich layer at a depth of 170e160 cm.
Sz2,131e119 cm:Alternation of olive sandy silt andolive-grey silt
with a thinly laminated layer (1 mm-thick) of plant material at a
depth of 129 cm and gastropod shells (T. pallasi) and bivalve shell
fragments at a depth of 124 cm. The base of the unit is sharp.
Sz3, 119e85 cm: Alternation of light brown silt and light
reddish-brown silty sandwith layers of plantmaterial at 113 and
99 cm. Sharp lower boundary.
Sz4, 85e73 cm: Alternation of brown sandy silt and dark brown
sandy silt with plant material; lower boundary sharp.
Sz5, 73e60 cm: Alternation of reddish-brown sandy silt and silt
with thinly laminated layers (1mm) of plantmaterial at 71.5 and
65 cm. This is the lithofacies used for correlating the cored
outcrop and the outcrop for which elevation was measured.
Lower boundary is sharp.
Sz6, 60e0 cm: dark yellowish brown sand with plant remains
and rootlets at the top 14 cm (Fig. 5).



Fig. 7. Percentages of macro-remains above 500 mm (the diagram at the top) and concentrations (the diagram at the bottom) in the sequence AL11V3 (including Klaus Lagoon).
Black dots represent values lower than 0.05% in percentage graph and 5 objects in concentration graph.



Fig. 8. Pollen, spores, non-pollen palynomorphs and dinocyst diagram for the Klaus Lagoon.
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Fig. 8. (continued).
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The elevation of the base of the red layer was�25.537 m. Taking
into account the thickness of red layer, which is 73 cm, the elevation
of the top of the outcrop is calculated at �24.80 m.

The 3-D graph of the grain size from 39 samples shows that
the bottom and top of the sequence are mostly dominated by
sand, with a maximum of 8% silt. The middle of the core
(131e60 cm) mostly consists of silt with three peaks of sand
(Figs. 5 and 6).

Overall, the bottom 98 cm of the sequence has relatively high
MS values compared to the upper part. A peak of MS occurs at the
top of sequence. From the base to 131 cm, the organic matter
values are less than 1% with a small peak at a depth of 165 cm,
followed by a sharp increase at a depth of 131 cm. From 131 to
60 cm, the OM is 2e3% and shows a continuous slight decrease
upwards, with some fluctuations. Then it remained quasi constant
from 60 to 14 cm, followed by a sharp increase in the top 14 cm.
Overall, the carbonate content was constant along the sequence
with two low points at the depths of 165 and 131 cm (corre-
sponding to two peaks of OM), followed by a suddenly increase in
the top 14 cm (Fig. 5).

4.2.2. Macro-remains
Ten different macro-remain types were identified in the fraction

>500 mm and nine in the fraction >125 mm (Fig. 7 and Appendix A).
Changes in macro-remains have been described based on the per-
centages of macro-remains at fraction 500 mm and meanwhile the
main changes for the fraction of 125 mm (percentage and concen-
tration) have been included in the above description. Based on the
results, the sequence is divided into six zones suggested by the
percentage of the 500 mm fraction.

Mz1, 204e123 cm (3 samples)

This zone is characterized by maximal values of minerals
(92e100%) and <1e7% plant materials. A small amount of Char-
ophytes (0.7%), charcoal (0.3%) and ostracod shells (0.1%) has been
recognised at a depth of 128 cm. In the fraction of 125 mm, 98e100%
minerals and 0e2% plant materials have been observed.

Mz2, 123e97 cm (2 samples)

This zone is dominated by the faecal pellets (78e88%) and
plant materials (6e20%). Furthermore, 1e2% shell fragments, 1%
Dressenidae (Dreissena polymorpha), <1% other bivalve species
(larval shells), ~1% ostracod shells, ~1% gastropods (Ecrobia
grimmi and T. pallasi), 1% charcoal and <1% charophytes have
been recognised in this zone. Furthermore, 8%e80% minerals,
11e12% plant materials and 5e80% faecal pellets have been
observed in the 125 mm fraction. Moreover, 3% Foraminifers
(mainly Ammonia beccarii and some Elphidiella brotzkajae), <1%
bivalve shells (in larval stage), 1% ostracod shells, <1% gastropod
shells (broken T. pallasi) and <0.1% acari have been seen at a
depth of 120 cm.

Mz3, 97e76 cm (2 samples)

The third zone is marked by a peak of faecal pellets (up to
82%), minerals (up to 17%) and plant materials (18e83%). Addi-
tionally, this zone contains a small amount of bivalve shells
(larval shells) and charcoal (<1%). In the fraction of 125 mm, this
zone is dominated by up to 97% minerals, up to 80% faecal pellets
and 3e20% plant materials. Furthermore, <0.1% charcoal, 1%
ostracods, <0.1% bivalve shells (larval) and <0.1% foraminifers (A.
beccarii and E. brotzkajae) have been observed at a depth of
96 cm.
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Mz4, 76e66 cm (2 samples)

The fourth zone is characterized by plant materials (<1e55%)
and minerals (45e99%). The fraction 125 mm shows the same trend
that includes 2e90% plant materials and 10 to 98 minerals.

Mz5, 66e51 cm (2 samples)

This zone is characterised by plant material (47e97%), faecal
pellets (2e53%) and charcoal (<1%). The fraction of 125 mm is
marked by minerals (28e59%), plant materials (40e54%) and faecal
pellets (17%). Furthermore, less than 1% of charcoal, ostracod shells,
bivalve shells (larval) and foraminifers (A. beccarii and E. brotzkajae)
have been observed in this fraction.

Mz6, 51e42 cm (1 sample)

The sixth zone is distinct by 100% of minerals. In the fraction
>125 mm, 1% plant materials and 99% minerals have been recog-
nised at a depth of 43 cm.
4.2.3. Palynology
The preservation of palynomorphs is commonly compromised,

as seen in the relatively high amounts of unidentifiable and
reworked pollen grains. Three basal samples provide a well pre-
served spectrum. This is also reflected in concentrations that fluc-
tuate around 5000 grains/ml, but that reach ~30,000 grains/ml in
the two lowermost samples (129 and 126 cm).
Table 1
Radiocarbon dates from Klaus Lagoon (AL11V3 sequence). Calibrated ages are reported for 2s range with highest probabilities shown in parentheses. Dates from Queen's
University of Belfast.

Laboratory number Sample ID Depth (cm) Material type 14C Age (yr BP) Calibrated age (yr AD) (2s range) Median probability

UBA-22991 AL11V3-2-41 128 rootlet 82 ± 27 1810e1922 (74.1%) 1691e1729 (25.9%) 1847
UBA-29891 AL11V3-2-43e44 131e130 leaf 88 ± 31 1807e1928(72.6%) 1684e1732 (27.4%) 1842
In the arboreal pollen (AP), Alnus is generally dominant. A range
of other deciduous trees is found: Carpinus betulus, Quercus and
Pterocarya. In the NAP, Amaranthaceae and Artemisia are dominant,
while Poaceae, Cyperaceae and other Asteraceae are present
throughout. The aquatic pollen are scarce, but Typha-Sparganium
and Typha latifolia-t. are present in low numbers throughout. In the
NPP, some spores of freshwater algae, dinocysts and foraminifer
inner organic lining occur. Fungal spores and especially Glomus are
very abundant. Based on terrestrial pollen grains, three pollen
zones have been identified including (Fig. 8):

Pz1, 130 to 117 cm

This zone contains a peak of Alnus (up to 59%) and of Carpinus
(16%). The Cyperaceae are very high in the first sample (129 cm):
29%. Botryococcus is relatively abundant. Amaranthaceae increase
slightly across this zone. The preservation and concentration are
optimal for this sequence, although the concentrations sharply
drop before the zone ends. Proportionally low fungal spores and
Glomus occur. A mixture of freshwater algae and brackish organ-
isms (dinocyst and foraminifers) is observed.

Pz2, 117 to 68 cm

This zone is still dominated by Alnus, albeit with much
lower values (approx. 10%), and it starts with a small peak of
Pterocarya and finishes with a small peak of Vitis. A maximum of
Artemisia occurs first (24%), which is followed by a maximum of
Amaranthaceae (34%). Poaceae are stable. Cerealia-t. appears, but
is present in this zone only.

A sharp increase of indeterminable palynomorphs, reworked
palynomorphs, fungal spores and Glomus is observed. Fungal
spores reach a maximum at the end of this zone at 70 cm depth.
Dinocysts and foraminifers are less abundant in this zone, except at
83 cm where the dinocyst Impagidinium caspienense increases
slightly and briefly.

Pz3, 68 to 66 cm

This zone is made of only one sample at 66 cm. It is only
distinguished from the zone below by significant percentages of
Parrotia persica, Pterocarya and UrticaceaeeMoraceae and Gloeo-
trichia, a slight drop of Poaceae and a clear maximum of CS waters
indicators (13%).
4.2.4. Chronology
A leaf and a rootlet sample from facies Sz2 at 130.5 and 128 cm

were taken for radiocarbon dating (Table 1). The raw age for the leaf
sample at 130.5 cm is 88 ± 31 BP. Its calibrated age at 95.4% prob-
ability (2 sigma) shows two possible ages: AD 1807e1928 (72.6%)
and 1684e1732 (27.4%). The median age is AD 1842. The raw age for
the rootlet sample at 128 cm is 82 ± 27 BP. Its calibrated age at
95.4% probability (2 sigma) shows two possible ages: AD
1810e1922 (74%) and 1691e1729 (26%). The median age is AD 1847.
5. Discussion

5.1. Amirkola Lagoon

5.1.1. Source of the sediments
Previous studies have suggested that the Amirkola Lagoon was

formed by littoral drift of sediments supplied by the Old Sefidrud
during a high stand in the LIA (around AD 1600) (Kroonenberg
et al., 2000; Lahijani et al., 2009; Leroy et al., 2011; Naderi Beni
et al., 2013b). Based on the radiocarbon dating on core HCGL02
taken from the side of the lagoon (Leroy et al., 2011), the age of
Amirkola Lagoon at 63 cm depth was estimated at AD1750, and as a
result sedimentation rate for this core was estimated at ~ 3.1 mm/y.
However, this dating was performed on a sample in the middle of
the lagoonal deposits in this coastal core (e.g. 63 cm depth in Fig. 9),
and not at the base of the lagoonal deposits (e.g. 80 cm in Fig. 9).
Considering the estimated sedimentation rate, the age of lagoon
initiation was suggested to be not older than AD 1700. Two sedi-
ment sources have been proposed by these authors, viz., river
supply of the Old Sefidrud and littoral drift. The results of this study,
confirming previous studies, indicate that the sandy layer (sandy
silt and silty sand) at the bottom of the sequences represent sand
barrier deposition. High MS in these sediments is a result of
transport of heavy minerals by the Old Sefidrud and re-deposition
and concentration of the sediments by littoral drift and finally
formation of barrier. Moreover, these sediments contain C. glaucum



Fig. 9. Correlation of cores in Amirkola Lagoon (For legend of sequences see Fig. 3 and for the core locations see Fig. 1C). Cores HCGL02, HCGL03 and HCGL04 from Leroy et al. (2011).
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shells that can live in the open Caspian Sea, and in brackish lagoons.
The same layer of silty sand with Caspian shells was recognised at
the bottom of core HCGL02 (see Figs. 5 and 6 in Leroy et al. (2011)
and Fig. 1C for the location). This coastal core (HCGL02) shows a
similar upward increase of OM and CaCO3 as the core AL11G5
located in a deeper part of the lagoon (Fig. 4 A). However, the OM in
HCGL02 reaches 40%, while in this study and Lahijani et al. (2009)
the amount of OM is up to 10%, due to its shallower location. The
present study shows that the horizontal extent of the basal silty
sand layer is from the north to the west (Fig. 9).

The top silt layer contains Ecrobia grimmi, indeterminate lym-
naeaid snails, Theodoxus pallasi and charophyte oogenia which in-
dicates a either a very low saline lagoonal environment, or a lagoon
with proximal fresh water input. The presence of brackish bivalves
(C. glaucum) in the lagoonal sediments is due to its connection to
the CS in the past (Leroy et al., 2011).

The results also show that the lagoonal sediments are thinner in
the centre of lagoon and becoming thicker towards the north and
the south (Fig. 9). Possibly the Amirkola Lagoon initiated as two
separated lagoons, that eventually became connected (Fig. 9).

5.2. Klaus Lagoon

5.2.1. Vegetation
The vegetation of Pz1 is in a location close to an alder swamp

under frequent influence from CS waters. In Pz2 and Pz3, the alder
swamp locally disappeared. In a large part of Pz2 from 133 to 70 cm,
the environment is isolated from the sea, but CS influence resumes
at the top of Pz2 and in Pz3. Diverse signs of agriculture are found:
Diospyros, Juglans, Olea, Vitis, Cerealia-t (most likely rice), Planta-
ginaceae, Rumex, Polygonum aviculare-bistorta-t. and Urtica-
ceaeeMoraceae (nettles or mulberry). Additionally the dinocyst
assemblage is not dominated by L. machaerophorum, therefore is
likely to pre-date the late 1960s rise in this phytoplankton (see
Leroy et al., 2013).

5.2.2. Depositional environment
Different zones, including Sz, Mz and Pz based on different

proxies (sedimentology, macro-remains and palynology,
respectively), were combined (Fig. 10). Clearly different types of
sedimentary environments can be distinguished, reflecting terres-
trial, fresh water and brackish conditions. These sub-environments
from the bottom to the top include the following.

Facies I: floodplain (281e131 cm)

The facies contains dark brown sand that infers a high-energy
environment. It has high MS values (up to 30), indicating an
inland source for the sediments. The presence of plant material in
the middle part (170e160 cm) appears to confirm the terrestrial
origin. Caspian biota are absent in this facies that are therefore
interpreted as fluvial sediments, deposited by the Old Sefidrud. This
facies is probably not directly deposited in the river channel itself,
but under a strong river influence, such as in a floodplain envi-
ronment, or washover fan.

Facies II: lagoon under frequent brackish water influence
(131e119 cm)

This facies consists of olive to olive-grey fine silts and fine sandy
sediments, rich in organic matter (up to 3%) with a rich fossil
component consisting of numerous gastropod shells (T. pallasi and
E. grimmi), bivalves (D. polymorpha and larval shells), charophytes,
foraminifers (mainly A. beccarii and some E. brotzkajae) and dino-
cysts. This unit is interpreted as a lagoon environment that is under
frequent brackish water influence. Indeed, the presence of char-
ophytes and gastropod shells confirm that these facies was
deposited in an environment of mixed influences. Presence of for-
aminifers and dinocysts is an evidence of brackish water invasion
from the CS.

Facies III: lagoon protected from the Caspian Sea (119e73 cm)

Above the lagoonal and brackish deposits (facies II), the third
unit consists of fine silt and fine sandy sediments, rich in organic
matter, with considerable amounts of fungal spores and terrestrial
plants, indicating that the lagoon at times was cut off from the CS.
Although this unit is interpreted as mostly a closed lagoonal



Fig. 10. Comparison of different zones, including sedimentology, macro-remains and palynology, and depositional environments in sequence AL11V3, for Klaus Lagoon (For legend
see Fig. 5), black stars: location of radiocarbon dates, R: rootlet (materials dated).
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environment, a minor Caspian invasion (as shown by the presence
of dinocysts and foraminifers) occurred.

Facies IV: lagoon under strong brackish water influence
(73e60 cm)

Fine brown silty sediment, rich in OM, is considered as depos-
ited in an open lagoonal environment because of the abundance of
foraminifers (A. beccarii and E. brotzkajae), bivalve shells and
dinocysts.

Facies V: sand dune and modern soil (60e0 cm)

The fifth facies consists of dark yellowish brown sand deposits
with relatively high MS (up to 28). This facies is interpreted as sand
dune, covered by soil at the top. The top of facies V is 2.61 m above
the present level of the CS in 2015.
5.2.3. Age calibration of Klaus Lagoon
Two dates were obtained on the bottommost part of facies II:

they show practically identical ages (Table 1). The explanation
provided here is based on the sample at 130.5 cm, which
represent the beginning of deposition of lagoonal deposits. This
dating provides two possible ages: AD 1807e1928 with 72.6%
probability and AD 1684e1732 with 27.4% probability (Table 1).
During the period of AD 1807e1928 the water level was rela-
tively constant with minor fluctuations less than 1 m. Therefore,
the second probability (i.e. AD 1684e1732), and more likely after
AD 1715 (start of a water-level rise), is used for the interpreta-
tion of the sequence. At the same time, Amirkola Lagoon was
formed in c. AD 1700 (Leroy et al., 2011) under rapid CS level
Fig. 11. Evolution of Klaus Lagoon through time and related sea leve
rise. The formation of sand barriers and back-barrier lagoons
along the western Caspian coast in Dagestan are discussed in
Kroonenberg et al. (2007). In Klaus Lagoon, the lagoon formation
happened at the same time as the Amirkola Lagoon formation
and slightly after the Turali Lagoon formation in Dagestan (i.e.
AD 1628). The Klaus Lagoon was under the brackish water in-
vasion (facies II in Fig. 10) and became separated from the CS
(facies III in Fig. 10).
5.2.4. Evolution of the Klaus coastal lagoon through time and
related water levels

Prior to the avulsion currently dated around AD 1600, the main
distributary was the Old Sefidrud. Its outflow brought a large vol-
ume of sediment and it can reasonably be assumed that the delta
was further advanced north-eastward than at present.

In the first stage (stage A in Fig. 11), between AD 1715 and AD
1805, the CS level rose up to �23.8 m (the water level rise between
AD 1715e1805 (Brückner, 1890; Leroy et al., 2011; Naderi Beni et al.,
2013a) and Klaus Lagoon formed behind a sand barrier. At this
stage, either a connection with the CS remained or salinity was not
lowered by run-off or ground water input as judged from the
abundance of brackish water species. Therefore, the lagoon formed
a suitable environment for brackish water species.

The rapid CS level fall between AD 1805 and 1875 when the
CS level reached �25 m in AD 1875 caused a seaward shift (stage
B in Fig. 11). Meanwhile, the area was subjected to intensive
erosion as a result of abrupt reduction of sediment supply from
the Old Sefidrud due to river avulsion. Erosion has increased
since the avulsion along this section of the coast (west of the
Sefidrud). Recent evidence of erosion suggests that landward
shift of the coast is happening in this area since AD 1978 in
ls (dates from the sea level curve of Naderi Beni et al. (2013a)).
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response to rapid CS level rise (Kakroodi et al., 2012). According
these authors, the rate of regression during 1978e2000 in this
area was 181 m/y. Regressions with rate of 60e100 and
150e200 m/yr were also recorded in the north-eastern and
north-western of CS, during the rapid CS level fall (Ignatov et al.,
1993; Kaplin and Selivanov, 1995). However, wind still remains a
source of sediment deposition in this area and sand dunes can
develop along the coast (stage C in Fig. 11). Lahijani et al. (2009)
and Kazancı et al. (2004) have discussed the possibility of
coastal sand deposition in form of sand dune in the Sefidrud
Delta. Sand dune formation was also observed in the field along
the coastal line in the area between Anzali and Zibakenar La-
goons in 2011.
5.3. Different response of two lagoons on two sides of the Old
Sefidrud

Coastal erosion is most likely to occur in coastal lowland areas
and along soft sediment coastlines. Relative sea level rise and a
shortage of sand supply are the most widely publicised causes of
the erosion. However, morphology of the coastline plays a major
role in the rate of erosion. In the study area, the sharp corner of
coastline at the east of Old Sefidrud decreases wave energy.
Therefore the NWeSE coastline east of Amirkola Lagoon has not
been subjected to high erosion. However, waves and wave
induced currents have had a major impact on morphology of
coastline oriented west-east in this part of the delta. The Klaus
Lagoon is in an area of high erosion (coastline oriented WeE), yet
the Amirkola Lagoon with its NeS oriented coastline is not sus-
ceptible to erosion. Consequently, the rate of coastal erosion is
different on each side of the Old Sefidrud. Moreover, the results
show that the west-east coast of the delta was more advanced to
the north (as a barrier system was required to allow the devel-
opment of Klaus lagoon). The Old Sefidrud had lagoons on its
both sides which is similar to the present new Sefidrud.
6. Conclusions

In the early eighteenth century, Klaus Lagoon and Amirkola
Lagoon came into existence on the two sides of the Old Sefidrud
mouth, as a response to rapid CS-level rise. The Old Sefidrud delta
became subject to erosion due to rapid sea level rise and reduction
of sediment supply caused by river avulsion. This has continued
during the last rapid CS level rise between 1977 and 1995. However,
different sides of the river delta show a different rate of erosion/
accumulation due to the eastward direction of the long-shore
current.
Fig. A1. Percentages of macro-remains above 125 mm (the diagram at the top) and
concentrations (the diagram at the bottom) in the sequence AL11V3 (including Klaus
Lagoon). Black dots represent values lower than 0.05% in percentage graph and 5
objects in concentration graph.
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