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Abstract

This manuscript presents the internal facies architecture of the
sediment in the upper layers of the Sefidrud delta, located along the south
Caspian Sea coast. The delta lies between the subsiding southern basin and
the uplifting Elburz Mountains, with its sharp topography shaped by
several faults. It features a fine-grained, large Gilbert-type delta, primarily
significant for paleoenvironmental studies and oil exploration. The modern
Sefidrud delta serves as an analogue for predictive stratigraphical and
sedimentological models of steep ancient deltas affected by rapid base-
level changes and transversal faults. This study enhances the understanding
of facies distribution and three-dimensional geometry in fine-grained, high-
gradient Gilbert-type deltas. The analysis reveals various sedimentary
structures indicative of dynamic depositional environments. The upper
delta plain presents complex interleaving of fluvial and tidal deposits,
where sedimentation is largely dominated by riverine processes and
influenced by episodic flooding events. This interplay is evident in the
sedimentary facies that transition from sand-rich, channel-fill deposits to
finer, more overbank sediments. Palynological data further support the
interpretation of a variable paleoenvironment, suggesting alternating
periods of marine and freshwater influence consistent with base-level
fluctuations. In contrast, the steep delta front exhibits distinctive features,
such as coiffed embankments and avalanche deposits, which signify rapid
sediment delivery from the deltaic system. The high-angle accumulations
demonstrate the energetic conditions that govern deposition in such high-
gradiant settings, where sediment bypass is promoted by the steep slope.
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Morphology of the Sefidrud Delta (Southwest Caspian Sea): a tectonically-driven
Gilbert delta

Abstract

This manuscript presents the internal facies
architecture of the sediment in the upper layers of the
Sefidrud delta, located along the south Caspian Sea
coast. The delta lies between the subsiding southern
basin and the uplifting Alborz Mountains, with its sharp
topography shaped by several faults. It features a fine-
grained, large Gilbert-type delta, primarily significant for
paleoenvironmental studies and oil exploration.
However, publications on the offshore sediments of the
South Caspian Basin are scarce. This study examines
both offshore and nearshore/onshore areas, employing
sedimentology, palynology, macro-remains,
geochemistry, and radar profiles to refine previous
reconstructions. The delta extends at least 70 km SW-
NE, characterized by a flat delta plain facing a steep
delta front with a 60° inclined ramp surface, leading to a
20° prodelta. An incised valley was noted, limited to the
delta front and influenced by the steep slope.
Sedimentation rates are under 2 mm yr-1: 1.9 mm yr-1
for the delta plain, 1.8-1.2 mm yr-1 for the delta front,
and 0.39 mm yr-1 for the prodelta. The basin is tide-free,
with waves playing a minimal role in offshore
deposition. The modern Sefidrud delta serves as an
analogue  for  predictive  stratigraphical  and
sedimentological models of steep ancient deltas affected
by rapid base-level changes and transversal faults. This
study enhances the understanding of facies distribution
and three-dimensional geometry in fine-grained, high-
gradient Gilbert-type deltas. The analysis reveals various
sedimentary  structures indicative of  dynamic

1
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depositional environments. The upper delta plain
presents complex interleaving of fluvial and tidal
deposits, where sedimentation is largely dominated by
riverine processes and influenced by episodic flooding
events. This interplay is evident in the sedimentary facies
that transition from sand-rich, channel-fill deposits to
finer, more overbank sediments. Palynological data
further support the interpretation of a variable
paleoenvironment, suggesting alternating periods of
marine and freshwater influence consistent with base-
level fluctuations. In contrast, the steep delta front
exhibits  distinctive  features, such as cliffed
embankments and avalanche deposits, which signify
rapid sediment delivery from the deltaic system. The
high-angle accumulations demonstrate the energetic
conditions that govern deposition in such high-gradiant
settings, where sediment bypass is promoted by the steep
slope. The identified sediments, characterized by
significant clay fractions, indicate a high degree of
texture sorting influenced by gravitational processes
rather than wave action. Geochemical analyses point to
variations in organic content across the delta, suggesting
differing depositional environments. Increased organic
richness in the prodelta sediments aligns with the
accumulation of fine-grained material, particularly in
areas where stagnation allows for preservation of organic
matter. This information is crucial for understanding
potential hydrocarbon reservoirs in the region, as it
highlights zones conducive to organic matter kerogen
maturation. Moreover, the radar profiles collected along
the delta's stratigraphic columns offer insight into the
subsurface architecture, revealing stacked depositional
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units that reflect the complex facies interactions over
time. This multi-faceted approach not only refines the
existing geological models of the Sefidrud delta but also
serves as an essential reference for analogous coastal
sedimentary systems worldwide. As further studies
delineate the subsurface configurations and depositional
dynamics, it is anticipated that this research will directly
contribute to improved resource management and
ecological conservation efforts in the South Caspian
Basin.

Keywords: River delta, sedimentation rate, South Caspian
Basin, Gilbert delta, seismic profile, geochemistry,

palynology.



Morphology of the Sefidrud Delta (Southwest Caspian Sea): a tectonically-driven
Gilbert delta

1- Introduction

The Sefidrud Delta, located southwest of the
Caspian Sea between the sinking south basin and the
rising Alborz Mountains, is classified as a fluvial-wave
interaction delta (Reading, 2009), with sediments
redistributed by eastward longshore currents. Uplifting
along the Khazar Fault ranges from approximately 5
mm/yr in the northeast to about 2 mm/yr in the northwest
(Djamour et al., 2010). The south Caspian Basin has
been rapidly subsiding for at least the last 5 million years
(Brunet et al., 2003). Wave-influenced deltas can exhibit
symmetric or asymmetric morphodynamics depending
on the balance between river flow and wave energy
(Preoteasa et al., 2016; Fig. 3 in Haghani et al., 2016b).
In addition to waves and currents, rapid water level
fluctuations significantly impact the delta's formation
and development. The Sefidrud Delta, without tidal
influence, exemplifies the contributions of river and
wave activity in shaping its lobes (Kazanci et al., 2013;
Fig. 3 in Haghani et al., 2016b). Understanding the
morphology and geometry of deltas is crucial for the
petroleum industry, as they often serve as excellent oil
and gas reservoirs (Selly, 1996). However, studies on the
geometry of the Sefidrud Delta remain limited. Its
morphology is shaped by factors such as shelf gradient,
wave energy, longshore currents, and sediment supply
influenced by fluctuating Caspian Sea levels.

The Caspian Sea has experienced a ten-meter rise
and fall during the Medieval Climate Anomaly (MCA)
and Little Ice Age (LIA), significantly exceeding oceanic
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rates (Figure 1). The submarine portion of the Sefidrud
Delta represents a major, yet unexplored, archive for
studying sea level fluctuations. High sedimentation rates
on steep adjacent slopes provide a valuable geological
record of Caspian Sea level changes over the past
millennium, such as the deep-sea sequences in the south
basin (Leroy et al., 2013b). Nevertheless, no offshore
investigations of the Sefidrud Delta have been published,
with key studies primarily conducted by Kazanci and
Gulbabazadeh (2013), Naderi Beni et al., (2013b), and
Lahijani et al., (2009).
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Figure 1: Caspian Sea level; 900 to 1900 from Naderi Beni et al., (2013); 1900 to 1992 from Lepeshevkov et al.,
(1981); 1992 to 2016 from USDA (2017).
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Kazanci and Gulbabazadeh (2013) focused on the
initiation of the modern delta probably formed during the
last three millennia and two older stages of the delta
evolution in Late Khvalynian and Early Khvalynian.
Their work is based on onshore field work samples and
data gathering and it is the first publication on the
evolution of the Sefidrud Delta. However, no age data
were included. The authors proposed a concept of lobe
evolution, partially based on a conceptual model.

Naderi Beni et al., (2013) studied Kiashahr,
Boujagh and Amirkola Lagoons using Ground
Penetrating Radar (GPR) profiles supported by several
radiocarbon age estimates on Kiashahr spit. They
concluded that the development of these lagoons was a
response to rapid CSL rise during the LIA. The results
from the present study will show time hiatuses that
complicate the evolutionary model of these authors.

Lahijani et al., (2009) studied the coastal
evolution of the Sefidrud Delta including lagoon
development in the area. The authors suggested that the
Zibakenar and Kiashahr Lagoons developed during the
past four centuries, yet new age data were not included.

The main aim of this study is to provide an
overview of geometry, structure, and facies of the
Sefidrud Delta, combining the offshore, onshore, and
inland environments. The present research concentrates
on (1) the morphology and sedimentology of aerial and
subaqueous delta, (2) the structure of the delta
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subsurface, investigated by acoustic profiling (ground
penetrating radar and seismic profiles) and coring (87 to
486 cm long cores), and (3) sedimentation rate in
different parts of the delta. This study is the first in-depth
study of the Sefidrud delta that combines the offshore,
onshore and inland environments. This study also
attempts to record Caspian Sea level fluctuations using
high-resolution analyses (macrofossils, palynological
and geochemical analyses) of a well-dated sequence
(conventional **C and radionuclide dating).

2- Study area

2-1- Caspian catchment area and river system

With a 3.5 million km? catchments area (~10
times larger than its surface area), the Caspian Sea is the
largest lake on Earth, mainly located in littoral states of
Iran, Turkmenistan, Kazakhstan, Russia and Azerbaijan,
and small parts in Turkey, Armenia and Georgia (UNEP,
2006) (Figure 2A). The northern part of the basin is
located in high latitude forests, middle Volga steppe and
Pre-Caspian deserts. The western and southern parts of
the basin are situated in high mountains of Caucasus and
Alborz, respectively. The southern part is extremely
faulted and the Khazar, Lahijan, Astara and Rudbar
faults are the main faults in the area (Figure 2A). The
Kopet-Dag Mountains cover the south-eastern part and
the eastern part is dominated by wide area of deserts.
The salinity in the Caspian Sea increases from the north



Morphology of the Sefidrud Delta (Southwest Caspian Sea): a tectonically-driven
Gilbert delta

to the south. In the south and middle basin, it is brackish
around 13 psu; while it is nearly fresh in the northern
basin (0.1 psu), especially near to Volga River
(Kostianoy and Kosarev 2005). Among more than 130
rivers that flow into the CS, five rivers form significant
deltas. In the north, the Volga and Ural Rivers as the
main water supplier of the CS have formed very large
deltas, now both with a significant emerged part. The
areas of the Volga and Ural Rivers are shallow water.
The delta of Terek (north-west coast) begins 170 km
away from the sea and its network is complicated by
numerous branches, lakes and artificial channels (Figure
2A). Within the Terek delta, two waterworks facilities
were constructed which redistributed the runoff between
the mainstream of the delta and the irrigation channels in
its northern part. The river flows into the southwestern
coastal area on North Caspian Basin, where the water
depth is less than 5 m. The fourth largest delta of the CS,
Kura delta, represents the Kura-Araks lowlands. The
construction of Mingechaur Reservoir in the 1950s has
significantly reduced the volume of the sediments
delivered to the basin by more than 50%. In the present-
day delta, dry channels and dried lagoons are recognised
(Kosarev and Kostianoy, 2005). The sea area offshore
the Kura River delta is rather deep. On the southern coast
of the Caspian Sea, the 820 km-long Sefidrud River as
the main sediment supplier to the CS has formed a large
delta.
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2-2- The Sefidrud and its delta

The Sefidrud, the fifth river to form a significant
Caspian delta and the second longest river of Iran,
originates in the Zagros Mountains, and is fed by a great
number of tributaries, penetrates the Alborz Mountains
and flows into the Caspian Sea. Before cutting the
Alborz Mountains, the Sefidrud is named the Kizilozen,
also spelled as Qezel-Uzen, (the Red River) which is a
Tatar name, and after capturing the Shahrud (the King
River) it is known as the Sefidrud which is Persian name
signifies “the white river” (Figure 2A). The area between
the foot of the Alborz Mountains where the apex of the
delta is located and the Caspian Sea, close to the break
between the delta plain and the delta front, is known as
coastal lowlands and has a very flat topography (Figure
2B).

The deposition setting imposes a set of
conditions on a sedimentary system that will lead to a
predictable stratigraphic response in other locations
under similar conditions, assuming similar internal
behaviour. For the Sefidrud delta, the sedimentary
system conditions are as follows:

Sefidrud water discharge is 4 km3/year and the
sediment discharge is 32 million tons/year (Lahijani et
al., 2008).

The catchment area is large and steep, with a
circa 67,000 km? drainage area.
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The receiving basin has a high gradient seafloor,
flanked by the steep mountains of the Alborz, Caucasus
and Kopet-Dag. From another point of view, the
receiving basin can also be divided to two parts: aerial
and aqueous. The aerial break refers to the aerial slope
break at the foot of the Alborz Mountains (Figure 2B),
while the aqueous break refers to the slope break
between delta plain and delta front.

Winds are strong from north and northwest
directions. The meridional wind stress (in the winter
directed southward) plays an important role in generating
an eastward longshore current.

Waves are smaller in summer than in winter.
Wave and wave-induced currents are the main factors in
delta configuration (Krasnozhon, et al., 1999; Lahijani et
al., 2008; Haghani and Leroy, 2016; Haghani et al.,
2016b).

Agriculture is the dominant land-use within the
aerial part of the Sefidrud delta.

Since the CS is tide free, none of its deltas are
tidally influenced and deltaic outbuilding typically
involves shoreline progradation.

The Sefidrud diverted its course in the last
centuries by 23 km from the east, near Amirkola Lagoon,
towards the west near Kiashahr (Krasnozhon et al., 1999;
Lahijani et al., 2009; Leroy et al., 2011; Kazanct and
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Gulbabazadeh, 2013; Naderi Beni et al., 2013; Haghani
and Leroy, under review). It is known as the Old
Sefidrud before avulsion and Sefidrud (or New Sefidrud)
thereafter (Figure 2C). Before the avulsion, Kiashahr
was a linear coastline that at present remains as a
‘palaco-beach’ (Kousari, 1986) (Figure 2C). After the
avulsion happened, the Sefidrud constructed a new small
triangle-shaped delta prograding into the Caspian Sea
(Haghani et al., 2016b) and the linear coastline was
replaced by an arcuate coastline.

3- Materials and methods

3-1- Seismic profiles and sub-aqueous sampling

Seven seismic profiles were acquired from the
offshore area using the Parametric Echosounder System
(SES 2000) from Innomar (Wunderlich and Miuller,
2003), which provides high and variable low (4-12 kHz)
frequency signals at water depths of 0.5 to 800 m with a
vertical resolution of less than 5 cm. All the profiles
were collected perpendicular to the coastline (Figure
2C). SESWIN data acquisition software was used to
collect the data. The echosounder data were
subsequently edited using the post-processing software
ISE from Innomar. The maximum length of the profiles
reached up to 24 km in profile 30 with the maximum
penetration depth of circa 25 m. The objective of using
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seismic profiles was to make a 3D morphology of sub-
aqueous Sefidrud delta and especially to characterise its
steep nature.

Five cores with a maximum length of 157 cm
were retrieved using a gravity corer from the CS at the
water depths of 17, 105, 301, 431 and 470 m (Figure 2C,
Table 1). The cores were taken in front of the current
main distributary of the Sefidrud. Furthermore, surface
samples were taken using a grab sampler in order to
document the modern plume of the main distributary
(Figure 2C). The water depths varied between 15 to 20 m
(Table 2).

Table 1: Length and location of offshore cores

Distance from the

Core Location Water depth i length
Number Longitude | Latitude {m) {km) {cm)
NSMI4Gl | 37°29'59.87"N  49°54'15.79"E 17 3 145
NSMI4G2 | 37°3247.82'N_ 49°54%6.07°E 103 82 157
NSM14G3 | 37°3359.53"N 49°5341.831"E o 103 150
NSMI4G4 | 37°3446.36"N  49°5329.23°E . 12 87
NSMI4GS | 37°35'19.06"N  49°53'18474"E 470 13 113
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Table 2: Location of surface samples offshore

Sample 1D Location Water depth
Longitude Latitude [m)
MI4GEI IT3007.50MN 49°56'57.24"E 16
MI14GB2 372942, 50N 49°58"26.80"E 18.9
MI4GB3 IT295.00MN 49°59'30.8"E 19
MI14GB4 3T28'30.80"N 50°00°41.00"E 16
MI4GBS IT2TAT00MN 507 01'18.58"E 15
MI4GBo6 ITATI401™N 50° 2'07.77T"E 15
MI14GB7Y ITAT04.00"N 50° 341.B1"E 19.5
MI4GBS8 37°26'35.00"N 50° 535.48"E 18
MI4GB9 IT26'15.40M"N 50° T43.49"E 18.2
MI4GBI1O 37°25'22.33"N 50° 949.80"E 18
MI4GEI11 3T2459.71"N 507 11'03.11"E 17
MI4GBI12 372442 72N 50°12'17.90"E 17
MI4GBI13 372430.50MN 50°13'57.65"E 20
MI4GBI14 3T2303.08"N 50°16"22.90"E 20.1
MI4GBI15 3TH2T02.90"N 50°1T02.81"E 19.5

3-2- Ground Penetrating Radar (GPR) and sub-aerial
sampling

Seven GPR profiles were taken in four onshore
locations (i.e. Figure 2D to Figure 2G), using a
RAMAC/GPR system. The antenna separation distance
was fixed at 1 m to obtain the antenna frequency of 100
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MHz. This frequency should allow a good penetration
depth (10-20 m) in an ideal condition (e.g. low water
table and low salinity). In order to interpret depositional
environments and to link the GPR results with
sedimentological data, one core was collected along each
radar profile (Figure 2D to Figure 2G), using a
percussion corer. Sedimentological analyses including
magnetic susceptibility, grain size, organic matter and
carbonate content were performed on the cores. The
software Reflex W 2D/3D was used for processing the
data. Different standard processing such as subtract DC
shift, automatic static correction, gain function, band
pass filtering and running average filter were used to
provide a more realistic subsurface image. The lack of
topographic mapping was a weak point of processing
data. However, all the profiles were taken from flat or
relatively flat surfaces with a dip of less than 10°.
Lengths of the profiles vary between 290 and 920 m,
with the maximum penetration depth of 4 m. The
objective of the GPR in this study was to image the
internal structure of sediments in order to identify the
mechanism of delta building. Another objective was to
identify any hidden/buried lagoon in the study area.

Except for GPR profiles 106 and 107, all other
profiles were taken from saturated sand sediments.
Vertical resolution of the profiles is considered to be
one-quarter of the wave-length of the radar signal in the
grounds (Reynolds, 1977). Wavelength is a function of
both antenna frequency and the velocity of the radar
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signal through the ground (Bristow, 2009). The velocity
of the radar signal for saturated sand is 0.06 m/ns. A 100
MHz transmitter has a pulse period of 10 ns and in
saturated sand where velocity is 0.06 m/ns, the
wavelength will be 0.6 m and the resolution will be one
quarter on the wavelength or 0.15 m (i.e. 0.6 m x 0.25=
0.15 m). GPR profiles 106 and 107 were taken from silt
sediments. The velocity of radar signal for saturated silt
is 0.07 m/ns and therefore the resolution will be 0.175 m
(i.e. 0.7 m x 0.25= 0.175 m). Vertical resolution has
important  implications for its sedimentological
interpretation, because it will determine the scale of
sedimentary structure that can be observed (Neal, 2004;
Bristow, 2009). Therefore, in this study, the strata with a
minimum thickness of 15 cm in sand and 17.5 cm in silt
will be recognisable in the GPR profiles.

3-3- Sedimentology and chronology

Magnetic susceptibility (MS) measurements were
performed on all the cores using a Bartington MS2C
core logging sensor at 2 cm intervals. A standard visual
core description was performed immediately after core
photography (Mazzullo et al., 1988) and sediment colour
was determined using a Munsell Colour Chart. Grain
size analyses were performed on homogenised and
representative subsamples, using a CILAS 1180 particle
size analyser. Granulometric data were processed using
the GRADISTAT program (Blott and Pye, 2001) and the
sand-silt-clay triangular diagram proposed by Folk
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(1974) was used for naming the textural group of the
sediments. Organic matter (OM) and calcium carbonate
(CaCO3) were determined through loss on ignition
(LOI) (Heiri et al., 2001).

Radionuclide analyses were measured on core
NSM14G3, wusing a very low-background, high-
efficiency well-type detector at the laboratory of Modane
in the French Alps. 210Pb and 137Cs records were
obtained and 210Pb values reach nearly to a back ground
at 24 cm depth. Furthermore, a radiocarbon date was
obtained from the base of core NSM14G5 at 111 cm
depth at 14Chrono Centre, Queen’s University Belfast.
In sub-aerial part of delta (core 104, in Figure 2F), two
radiocarbon dates were obtained from two bivalve shells
(Cerastoderma glaucum) at Australian Nuclear Science
and Technology Organisation (ANSTO). Three
radiocarbon ages were then calibrated using the CALIB
programme version 7.1 (Stuiver and Reimer, 1993) with
the Marinel3 calibration curve (Reimer et al., 2013)
(Table 3).
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GPR profile 114, E: GPR profiles 123 and 125, F: GPR profiles 104
and 105, G: GPR profiles 106 and 107.
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Table 3: Radiocarbon ages from core NSM14G5 and Kiashahr
palaeo beach, calibrated using CALIB

Laboratory San;ﬁlg i Depth Material HC Age Calibrated Median
3 o
number Iocation (cm) Type {vr BP) (2@ range) Probability
e I P
UBA-32547 192, 11 eomemt | 2045:44 L 777 BC
1 - (bulk) 682-664 BC
NEMI4G5
(1.3%)
KLIIVIA
OZR390 254, 150 | S};‘:}LW] 119025 [?B[; (11'§£ o) | AD 1224
Kiashahr -& »
KLIIVIA Shell
0ZR391 3-40, 234 e ;ﬂfm”"] 380+25 1] -
Kiashahr -8

3-4- Macro-remains and palynology

Following Birks (2001), eight samples from the
NSM14G3 and nine samples from NSM14G5 were
selected to survey the vertical changes in macro-remains.
Furthermore, in order to investigate the horizontal
changes in the macro-remains with the distance from the
coast line to the deeper part and to highlight possible
mass-wasting transport, three samples were selected in
each of the following sequence, i.e. NSM14G1,
NSM14G2, and NSM14G4. The samples were scanned
in three following fractions: 500, 125 and 53 pm and
changes in macro-remains are described based on the
percentages in the 125 um fraction.

Surface samples made of two grab samples (M14
series, Table 2) and five core tops (NSM14 series; Table
1) were analysed. Additionally, eleven samples from the
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NSM14G3 core with a volume of 0.5 to 4 ml were taken
for palynological analyses. The samples were soaked in
10% tetra-sodium  pyrophosphate  solution  for
deflocculation. The samples were then treated with cold
HCI (first at 10% and then pure), cold HF (32%),
followed by a repeated cold HCI treatment, in order to
eliminate carbonates, quartz and fluorosilicate gels,
respectively. Finally, the samples were sieved through
125 and 10 pm nylon meshes. The residues were
mounted on slides in glycerol. The initial addition of
Lycopodium tablets allowed the estimation of
concentrations (number of palynomorphs per ml of wet
sediment). The median for the terrestrial pollen grains
and the dinocysts (excluding varia) were 327 and 153,
respectively. The P/D ratio refers to the ratio of the
absolute abundance of pollen (P) over dinocysts (D)
(McCarthy and Mudie 1998). Pollen identification was
made with the Brunel University reference collection and
the atlas of Reille (1992, 1995, 1998) and a microscope
with a routine magnification of 400x, and the possibility
to move to 1000x for more difficult cases. The taxonomy
and the ecological preferences of the CS dinocysts are
detailed in Marret et al., (2004) and Leroy et al., (2013b).

3-5- Geochemical proxies

Sediment sections from the NSM14G5 core were
extracted by using PVC u-channels with 2 cm width and
1 cm depth, and a maximum of 50 cm length. At the
Institute for Geosciences, Kiel University (Germany),
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the core segments were scanned at 3 mm resolution for
selected elements with an Avaatech X-Ray Fluorescence
core scanner equipped with a Rhodium tube (Richter et
al., 2006). For elements with lower atomic number (Al,
Si, P, S, CI, K, Ca, Ti, Mn, Fe) a scanner setting of 10
kV and 750 pA was applied, with an exposure time of 20
second. For elements with higher atomic number (Br,
Rb, Sr, Zr) a setting of 30 kV and 2000 pA with an
exposure time of 40 second was applied. The XRF
measurements at each point represent element intensities
in counts per second (cps) which mainly depend on
element concentration, but also is affected by matrix
effects (Rohl and Abrams, 2000), or by dilution of
elements outside the measuring range of the
spectrometer (closed-sum effect) (Lowemark et al.,
2011). The XRF results were reported as element ratios
that can be interpreted as changes in relative
concentration of an elemental pair to avoid statistical
analysis of data sensitive to the closed-sum effect and
elemental ratios being asymmetric (Weltje and Tjallingii,
2008). The elements were also normalized against total
counts (tcps) (Cuven et al., 2011). All XRF element plots
against depth were shown on a log-scale to enhance
visibility of changes and to facilitate graphical
comparability between different proxy curves. Analysis
and plotting were performed using the software R
version 3.2.2 (R Core Team, 2014), where the natural
logarithm is used by default. Assessing XRF scan data in
a palaeo-environmental and -climatic context is still a
semi-quantitative method, as we deal with relative
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changes of one element against another, rather than with
absolute changes in element concentration. Relationships
between different elemental ratios obtained from core
NSM5 were explored calculating Spearman’s rank
coefficients and were presented as a correlation matrix
using the corrgram package in R (R Core Team, 2014;
Wright, 2014). A strong positive correlation between
chemical elements implies a mutual origin controlled by
the same process.

4- Results

4-1- Morphology of the modern delta

In order to have an idea of the slope degree in the
Sefidrud Delta, the seismic profiles are simplified and
the topographic profiles of the sub-aqueous part of the
delta are presented in Figure 3. The internal structure of
the longest profile, number 35, is presented in Figure 4.
Figure 5 presents a 3D bathymetric model of the slope
setting of Sefidrud delta based on the water depth data
driven from seven seismic profiles using the surfer
software, version 13 (Figure 2C and Figure 3).
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The modern delta is enveloped by sub-aerial and
sub-aqueous delta plain, a steep delta front, which passes
distally into a gently sloping prodelta area lying around
500 m of water depth (Figure 3 & Figure 5). The slope is
very steep near the main river channel (profiles 36 to 34
in Figure 5) and has a low gradient towards the east of
the Sefidrud (profiles 33 and 30 in Figure 5) and
becomes flat towards Anzali (profiles 27 and 19 in
Figure 5). The boundary between delta plain and delta
front, the delta rim, is sharp, especially in profiles 34, 35,
and 36 (Figure 3) which are located near to the main
river channel (Figure 2C).

Based on morphogenetic criteria, the delta plain
can be divided to two zones including a fluvially-
dominated zone which comprises distributary channels,
lagoons, bars and sand spit, and a wave dominated zone
which reaches around 90 m in water depth (Figure 3).
The delta front areas occupies rather a narrow area
trough beyond the delta plain at depths circa 100 m.
Subsequently, prodelta appears in the water depth of c.
500 m in front of the Sefidrud mouth

4-2- Structure and sediments of the delta subsurface

A tripartite structure of the Sefidrud Delta was
observed in the profiles comprising delta plain, delta
front and prodelta containing topset, foreset, and
bottomset beds. Profiles 33, 34 and 36 were not long
enough to show the bottomset beds. These three
components are described in the next section, which
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correspond to delta plain, delta front and prodelta, in
terms of setting, respectively.

Topsets

The horizontal and crossbedding reflectors (A
and B in Figure 4), which are around 7 and 12 m,
respectively, represent the topset facies. Topset beds
observed in around 9 to 10 km, proximal-to-distal
(Figure 3) form around 19 m thick unit of silt, overlaying
with the foreset beds. The stratigraphic position and the
parallel character of these reflectors imply vertical
aggradation in a subaqueous delta plain depositional
setting, where the gradient is up to 8°. The unconformity
lies at the base of horizontal reflectors, at a depth of 7 m
of the sediments, separating this part from the
crossbedding part. The thickness of horizontal layers can
be attributed to the past seven centuries assuming a 10
mm yr-1 sedimentation rate based on previous dating
(Vahabi Moghadam et al., 2007; Sharmad et al., 2012).
Core NMS14G1 retrieved from topset beds consist of
dark grey to dark greyish brown silt, and contains two
layers of shell fragment and bivalve shells. Topset beds
show layered clays, with crossbedding sedimentation at
80 to 60 cm (Figure 16 Al, Appendix A), which is in
agreement with crossbedding reflectors in seismic
profiles (Figure 4). Grain-size analyses performed on
surface samples taken from topset beds in the eastern
part of the Sefidrud, between New Sefidrud and Old
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Sefidrud, show a variation from silt to sandy silt and
silty sand (Figure 7). Silty sand only appears in the east
(in front of the Old Sefidrud); however, silt and sandy
silt are dominant towards the west (Figure 7). Core
NSM14G1 at 17 m water depth is silty and this fits well
with the westernmost grab samples that are also silty.
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Foresets

After an abrupt change in slope, sigmoid
clinoforms are observed in delta front deposits with a
gradient of 60°. At this stage, the slope is too steep for
significant sediment accumulation and often acts as a by-
pass margin. Fine-grain sediments tend to be unstable on
the slope and slumping of the sediments may occur
which results in re-deposition in deeper parts of the
basin. The vertically-oriented structure of the clinoforms
(C in Figure 4) may mark the by-pass nature of this part
of the basin and represent the delta front. The concave-
upward structures in profiles 33 and 34 are suggestive of
location of a submerged Sefidrud canyon-channel or less
likely a small graben formed between two parallel faults
(Figure 5). Foreset beds (e.g. core NSM14G2, G3, and
G4) are mainly dominated by dark grey and dark greyish
brown silt. The proximal sediments of the foreset beds
(e.g. NSM14G2) were marked by dark laminations,
which quickly disappear under oxidising condition.
These dark laminations were observed also in other
offshore sequences of the CS (Leroy et al., 2013a).
Bioturbation was observed in core NSM14G3 and the
most distal core in foreset beds (e.g. NSM14G4)
contains sandy silt layers with sharp contact at 77 cm
depth (Figure 6). The foreset beds (NSM14G2, G3, and
G4) revealed high gradient crossbedding confirming the
observation of the seismic data (e.g. vertically-oriented
structure of the clinoforms observed in seismic profiles).
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Bottomsets

The distal delta front gradually changes into the
prodelta to form the third part, where the gradient is
reduced to 20° and deposition of sediments occurs as
bottomsets. The bottomset beds (e.g. core NSM14G5)
contains of dark greyish brown silt with up to 96% silt.

The magnetic susceptibility (MS) values of the
offshore cores were extremely low and the fluctuations
were hardly worth discussing, probably within the error
bars. The topset beds (most proximal core: NSM14G1)
had the highest values, reaching 1.5 (Figure 6). This is
low when compared to other sequences offshore
Sefidrud delta, and offshore the southern CS (Leroy et
al., 2013a) where MS reaches 60 offshore Babolsar and
24 offshore Anzali (cores CS10 and CS03 in Figure 2A;
Leroy et al., 2013a). As no corrections were made for
volume, it should also be considered that the diameter of
core for the offshore cores from this study (7 cm
diameter) is even larger than the diameter of cores from
the 2013 study (5 cm diameter). The organic matter stays
constant proximal-to-distal, with a maximum of 8% in
the bottomset (core NSM14G5). The amount of
carbonate is also relatively constant along all sequences,
reaching up 9%, in topset beds (e.g. NSM14G1) (Figure

6).
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4-3- Radionuclide and radiocarbon dating

The radionuclide results of core NSM14G3 show
that 210Pb values nearly reach background at 24 cm
depth. The sedimentation rate for the top 9.5 cm is 1.65
mm yr-1 and between 13 and 24 cm the sedimentation
rate of 1.8 mm yr-1 (Figure 8A). The lower
sedimentation rate at the top corresponds to Manjil Dam
construction upstream, which traps sediment (Haghani et
al., 2016b). Between 9.5 and 13 cm, sedimentation rate
is the lowest at 1.2 mm yr-1. The record of artificial
fallout 137Cs also exhibits a roughly linear decreasing
activity for the top 9.5 cm, followed by an increase
between 9.5 and 13 cm and a decreasing activity for the
samples between 13 and 24 cm (Figure 8B). The peak in
137Cs curve corresponds to the peak in Pacific nuclear
weapon testing around 1964. The best-fitted theoretical
decay of 210Pbexc is plotted in Fig. 8C, with a constant
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sedimentation rate. If the sedimentation rate is
considered to be constant, a sedimentation rate of 1.67
mm yr-1 is obtained for the top 28 cm of sediment
(Figure 8C). The very good correlation coefficient (R2=
0.94) confirms the lack of a sedimentary component
between 9.5 and 13 cm depth. The base of the core could
therefore be estimated to be at around AD 1120; thus, the
sequence covers the last 900 years. The radiocarbon age
for the base of core NSM14GS5 is 885-690 BC (Table 3).
Based on this, the sedimentation rate of this deeper core
is 0.39 mm yr-1 (Table 4).

Table 4-Sedimentation rates in the southern Caspian Sea. See figure
2A and 2E for the location of the cores programme version 7.1, with
the Marinel3 calibration curve (Reimer et al., 2013).

Sedimentation
Dating ‘Water depth
Core name Setting rate General age References
technique (m)
(mm yr"]
Last
CS503 Offshore Anzali Radionuclide 250 20 Leroy et al. 2013a
centuries
uso2 Middle south basin Radienuclide ETH 2 Last Leroy et al. 2013a
millennium
Delta plain Last
104 Radiocarbon o 1.9 This study
{sub-aerial} millennium
Offshore Sefidrud Last
NSMI4G3 Radionuclide 301 1.8-1.2 This study
(delta front) millennium
Offshore Sefidrud Last
NSMI4G5 Radiccarbon 470 0.397 This study
(prodelta) millennia
Early
CP14 Middle south basin | Radiocarbon 330 0.2 Leroy et al,, 2013b
Holocene
Late
G505 Middle south basin Radiocarbon 518 01-03 Leroy et al., 2013b
Pleistocene
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Figure 8- Radionuclide dating of core NSM14G3, based on CRS
(constant rate of supply) model. (A): Profiles of 210 Pbexc.activities
(Bg kg -1, dry weight) with depth in cm. The regression line
corresponds to an average sedimentation rate of 1.67 mm/yr. (B):
Profiles of 137 Cs activities (fallout from nuclear weapon testing)
with depth in cm. (C): Radionuclide dating of core NSM14G3,
based on constant sedimentation rate, Profiles of 210
Pbexc.activities (Bq kg -1, dry weight) with depth in cm

4-4- Macro—remains

NSM14G1

This sequence is dominated by faecal pellets (up
to 62%), plant materials (up to 29%), foraminifers (up to
27) and bivalve shells (up to 46%). Moreover, shell
fragments (11%), ostracod shells (up to 8%), charcoal
(up to 2%) and gastropod shells (up to 0.3%) have been
found in this sequence (Figure 9).

NSM14G2

Six various macro-remains have been observed in
this sequence, including faecal pellets (up to 97%), plant
materials (up to 20%), ostracod shells (up to 21%),
charcoal (up to 7%), bivalve shells (up to 2%) and
foraminifer tests (up to 3%) (Figure 9).
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NSM14G3

This sequence is characterized by plant material
(36%), charcoal (32%), faecal pellet (61%), clay flakes
(33%), gastropod shells (up to 0.1%), bivalve shells
(12%), ostracod shells (6%) and foraminifers (18%)
(Figure 9).

NSM14G4

Based on the results on three samples taken in the
top of sequence, up to 97% faecal pellets, 2% clay
flakes, 0.9% charcoal, 32% plant material, 0.9% ostracod
shells, 6% bivalve shells, 3% foraminifers and 0.8%
shell fragments have been observed in this sequence
(Figure 9).

NSM14G5

Seven different macro-remains have been
observed in the nine samples taken in this sequence
including clay flakes (up to 15%), faecal pellets (up to
84%), charcoal (up to 54%), plant materials (up to 38%),
ostracod shells (up to 23%), bivalve shells (up to 4%)
and foraminifers (up to 3) (Figure 9).

The  highest absolute  abundance  (or
concentration) of macro-remains occurs in core
NSM14G5 at 65 cm (34083 counts per 10 g), with the
number of faecal pellets reaching up to 28,545/10 ¢
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(concentration diagram in Figure 9). The second highest
peak belongs to core NSM14G5 at 20 cm where the
number of faecal pellets reaches to ~23,866/10 g. The
highest amount of foraminifer tests is observed in core
NSM14G1 where ~2800 foraminifers/10 g were
observed at 65 cm. Numbers of foraminifers remain
considerably high in the cores NSM14G3, G4, and G5
where the water depth is quite deep (i.e. 301 m, 431 m,
and 470 m, respectively (Figure 9). Two benthic species
of foraminifers were identified in the sequence:
Ammonia beccarii and Elphidiella brotzkajae. Although
the limit for benthic foraminifer in the Caspian Sea is up
to 70 m water depth and they become rare at the water
depth greater than 25 m (Boomer et al., 2005; Leroy et
al., under review).
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Figure 9- Macro-remains above 125um of the five short offshore
cores in percentages and concentration. The black dots represent
very low percentages and concentration of macro-remains. The
black star refers to the depth of the radiocarbon date.

4-5- Palynology

The concentration in pollen in the seven surface
samples is good, between 5206 and 62,373 grains per ml.
The pollen and NPP diagram indicate in the arboreal
pollen (AP) the dominance of Alnus, Carpinus betulus,
Fagus and Quercus. The non-arboreal pollen is
dominated by Amaranthaceae (25-30%) with a
significant presence of Artemisia and Poaceae (Figure
10A). Alnus is the most abundant in the deep sites, at
431 and 470 m depth. The Asteraceae liguliflorae and
Tubuliflorae, the Brassicaceae and the Cerealia are the
most important in the sample the closest to the Sefidrud
mouth (M14GB1). Clearly this sample also shows a
strong influence of river-transported palynomorphs with
the high values of indeterminable and reworked pollen,
fungal spores and Glomus. Some remarkable taxa are a
grain of Myrtaceae, most likely derived from the
plantation of Eucalyptus and the massula of exotic fern
Azolla filiculoides used in the rice paddies (Leroy et al.,
2011).

The pollen spectra reflect a mixture of sources:
the Hyrcanian Forest (arboreal pollen with especially
Parrotia and Pterocarya), the coastal plain (Alnus and
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part of the Amaranthaceae), pollen grains transported
from the Alborz Mountains and the Iranian Plateau
(Amaranthaceae and Artemisia mostly) both by air and
by water.

In the NPP, the typical open water taxa are the
most abundant further offshore in the deeper than 300 m:
Anabaena, Pterosperma, Incertae sedis 5b and 5d.
Botryococcus is also most abundant in these deep
samples. The dinocysts are well represented but their
concentration varies widely from 626 (very poor) to
23,891 cysts per ml (very abundant). The dinocyst
diagram shows a clear shift from a dominance by
Lingulodinium machaerophorum in the three shallow
sites (16 to 19 m) to an increase of Impagidinium
caspienense in the sites deeper and further offshore (105
to 470 m). The foraminifer linings are well represented
in the shallow sites (especially with a peak in the ample
M14GB2); whilst the four deeper sites contain only rare
remains. The P/D ratio of the two grab samples is very
high, whilst in the other samples it drops, reflecting well
the increasing distance to the coast. The same patterns
are found in a transect from the coast to 221 m in the
south—east of the Caspian Sea, with a shift between 25
and 46 m (Leroy et al., submitted).

On core NSM14G3, both the concentrations in
pollen and in dinocysts are excellent (Figure 10B). The
concentrations in pollen grains increase progressively
from the bottom to the top, from 21,000 to 60,000 pollen
grains/ml and are generally higher than in the surface
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samples. The arboreal pollen (40%) is dominated by
Alnus (22%). Carpinus betulus, deciduous Quercus and
Pinus are frequent. Fagus, Parrotia persica and Ulmus-
Zelkova are nearly continuously present. The non-
arboreal types are dominated by Amaranthaceae (34%),
Artemisia (17%) and Poaceae (6%). Asteraceae
Tubuliflorae and Cyperaceae are frequent. Indicators of
human activities are present, such as Diospyros
(persimmon), Juglans (walnut), Olea (olive), Camellia
(tea), Vitis (grape), Cucumis (cucumber or melon),
Cerealia including Secale (rye), and perhaps Urticaceae-
Moraceae (amongst others: mulberry), a well as
coprophilous fungal spores. In the aquatic plants, Typha-
Sparganium is regularly present. The monolete psilate
spores are frequent above 113 cm (zones P-2 to P-4).
The varia (indeterminable and reworked palynomorphs)
are relatively abundant: 11%. The non-pollen
palynomorphs (NPP) are largely dominated by Incertae
Sedis 5 b, a possible Green algae, fungal spores,
Pterosperma and Anabaena. Over the sequence the main
changes are a peak of Amaranthaceae at the top (zone P-
4), a drop of 5b at 123-113 cm and the overall drop of
5b, fungal spore, Pterosperma, Anabaena in the topmost
sample.

The concentrations in dinocysts were the lowest
at the core bottom: between 5800 and 6500 cysts per ml
of wet sediment. They reached a maximum in the middle
of the core between 103 and 64 cm depth around 34,000
cysts per ml, and fall slightly towards the top where they
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are around 20,000 cysts per ml. The dinocysts
assemblages are dominates by  Lingulodinium
machaerophorum B and Impagidinium caspienense. Less
frequent other occurrences are Brigantedinium, L.
machaerophorum ss, Spiniferites cruciformis A and
some Pentapharsodinium dalei. Some Foraminifer inner
organic linings are noted. The ratio P/D significantly
fluctuates, with two periods of high values at the bottom
(base of zone D-1 at 143-133 cm) and at the top of the
sequence (zones D-3 and D-4).

The occurrence of the Green algae (5b and
Pterosperma) and Cyanobacteria Anabaena) are typical
of offshore sequences. They drop significantly at 123-
113 cm and at the top, following a similar pattern to P/D
and an opposite pattern to L. machaerophorum B (Figure
10). This suggests two periods of shallower water.
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dot for values <0.5%. The numbers below the core names represent

palynomorphs and dinocyst diagram for the core NSM14G3. Black
water depth.
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4-6- Geochemical analysis

4-6-1- Siliciclastic proxies

Potassium (K) is normally associated with clay
minerals (Koinig et al., 2003) and rubidium (Rb) can
substitute K in both clay minerals and K-feldspars
(Kylander et al., 2011). This is reflected in a strong
correlation (rK-Rb=0.79) between these two elements in
core NSM14GS5 (Figure 11). The correlation of K and Rb
with Si and Al (rK-Al=0.86; rRb-Si=0.53, Figure 11)
also suggests that the source of the two alkali metals is
mainly siliciclastic minerals.
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Figure 11- Pearson correlation matrix of elemental pairs on
NSM14G5 sequence, blue colours and the rising linepattern indicate
a positive correlation whereas red colours and the descending line
pattern indicate negative values. The strength of correlation or
anticorrelation increases with colour shades.

In a homogeneous sedimentation environment
with negligible changes in grain-size distribution, Zr can
be used for normalization as it is a conservative
lithogenic element against which enrichment or
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depletion processes can be analysed (Koinig et al.,
2003). The sources of Zr are normally heavy minerals
like zircon (ZrSiOg4) that are mainly found in coarser
sediment fractions. In a heterogeneous sedimentation
environment, Zr often shows a negative correlation with
K and Rb, which are normally associated with clay
minerals. As a result, the Zr/Rb ratio can be used an
indicator for wvariations in grain-size distribution
(Heymann et al., 2013; Unkel et al., 2014). Then, high
Zr/RDb ratios reflect higher silt content (coarser), while
lower ratios reflect more clay. Figure 12 shows hardly
any variation of the Zr/Rb ratio along the core and both
elements are highly correlated (rZr-Rb=0.71) supporting
the very homogenous grain-size composition of core
NMS14G5 (Figure 6). Silicon (Si) itself shows no
specific development along the core. Measurements
fluctuate around the overall Si-mean with the lowest
values around 40 cm depth and the highest values shortly
after around 30 cm (Figure 12).

4-6-2- Carbonate proxies

Calcium (Ca) enters the sediment usually as
CaCOs, i.e. calcite or aragonite (Cohen, 2003). It has
either an allochthonous source from carbonate
weathering in the catchment, or it autochthonously
precipitates in the lake based on biogenic and/or
chemical processes. Strontium (Sr) can be a substitute
for Ca in carbonates and can co-precipitate with Ca
forming carbonates from lake water (Cohen, 2003;
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Kylander et al., 2011). Biogenic calcite precipitates
mainly as aragonite and is more enriched in Sr than
inorganically precipitated calcite/dolomite. Thus, Ca/Sr
(Figure 12) is high when the contribution of detrital
carbonate is elevated and the biogenic component is low
(Hodell et al., 2008). Sr in association with plagioclase
feldspars can also indicate an input of silicates to lake
sediments (Kylander et al., 2011). The strong correlation
of Sr with Ca (rSr-Ca=0.89) and the very low-correlation
with siliciclastic proxies (rSr-Si=0.32) indicates the
dominance of carbonate deposition as Sr source and only
minor contributions from silicates in core NMS14G5.

A few distinct negative peaks in the Ca/Sr ratio
occur at 95, 85, 40, 37.5, 12 and 2 cm depth in core
NSM14G5, suggesting the dominance of biogenic
processes at these levels. High concentration of Zr at 40
cm also suggests high input of heavy mineral and detrital
input. Amongst these Ca/Sr peaks, the peaks at 40, 37.5
and 12 cm coincide with strong peaks in Cl-content that
indicate higher salinities in comparison to the rest of the
sequence.
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distribution; Si content. The black star refers to the depth of
radiocarbon date.

4-6-3- Iron and manganese

Changes in iron (Fe) and manganese (Mn) are
quite difficult to interpret (Engstrom and Wright Jr,
1984) since a number of independent environmental
factors control their supply and sedimentation, such as
alkalinity, acidity (pH) and reduction potential (Eh).
Nevertheless, the Mn/Fe ratio is often used as an
indicator for redox conditions (Davison, 1993). As Fe,*
is less stable in more water than Mn,*, it precipitates
earlier than Mn." and hence Mn/Fe ratios in sediment are
low when the sediment becomes anoxic (Koinig et al.,
2003). In soil profiles, anoxic/reducing conditions are
characterized by grey to blue colours (dominance of
Fe>"), while oxic/oxidizing conditions are reflected by
brown to red colours (dominance of Fes").

The Mn/Fe ratio shows no distinct trends or
changes along the core (Figure 12). The longest, modest
decreasing trend appears between approximately 45 and
15 cm depth. The peaks at 40, 37.5, and 12 cm with high
Cl-content and low Ca/Sr ratios always coincide with
maxima in the Mn/Fe ratio suggesting oxic and/or more
alkaline conditions during these depositional events.

4-7- Radar profiles and sedimentary facies
In each radar profile, a core was taken to
contribute to the interpretation. Grain analyses showed
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that except the cores taken from profiles 106 and 107,
the rest of the cores are dominated by sand and silty sand
(Figure 13). A layer of organic-rich sediment was
observed in the core from profile 104 (Figure 17,
Appendix B), where the Kiashahr palaeo-beach is
located. The organic-rich layer was barren in
palynomorphs.

The penetration depth of the GPR signals reach
only up to 4 m and decrease to 2 m in profiles 106 and
107 (Figure 13), due to fine-grain sediment deposition.
Moreover, a limited depth of penetration of the GPR
signal was expected in the study area due to the high-
water table (Naderi Beni at al., 2013). High amount of
silt/clay in some areas (i.e. profiles 106 and 107, Figure
2G & Figure 13) also contribute to signal attenuation
(Jol and Smith, 1991; Jol et al., 1996). Gently dipping
sigmoidal strata eastward and westward, with a
maximum dip angle of 10°, were observed in profiles
123, 125, 104 and 105. The distinct sigmoidal shape of
the internal pattern in these profiles suggests a
prograding deltaic system, building out into the Caspian
Sea (Figure 13). The only observed features in profiles
106 and 107 are multiples. In fact, fine sediments
prevent the signal from penetrating through the layers
and the only reflector (a clay/silt layer) is repeated in the
image.

The data collected through GPR methods are
highly subject to interpretation, especially if
interferences are not identified correctly (Beres and
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Haeni, 1991). Naderi Beni et al. (2013) conducted GPR
survey to study the development of lagoons in the south
Caspian Sea and some parts are interpreted as lagoonal
deposits. However, the results from this study confirm
that the GPR signal does not penetrate through fine
sediments and therefore the lagoon deposits cannot be
recorded in GPR profiles. GPR imaging of coastal
deposits in sandy sediments is moderately successful in
this study and provides useful data on the stratigraphy of
coastal area. The strongly prograding system in the
current shoreline (Figure 2E) and palaeo-shoreline
(Figure 2F) indicates a high sedimentation supply
relative to accommodation. Direction of sigmoidal
records of progradation, also indicates movement of the
deltaic system along the coastline.

From the sandy core taken on profile 104, where
the palaeo-beach is located, two radiocarbon dates were
obtained from two bivalve shells (Cerastoderma
glaucum) at depths of 234 and 150 cm (Appendix B,
Table 3 and Figure 2C). The deepest sample (at 234 cm)
showed a very young age and the sample at 150 cm
shows an age of AD1225, which provide a sedimentation
rate of 1.9 mm yr-1. The possiblity of sand fallen from
the wall during coring and the fact that the shells from
270 to 225 cm depth are not parallel and likely reworked
from the upper parts of the sequence (Figure 16,
Appendix A), makes us reject the lower date (at 234 cm).
Radiocarbon dating and progradation pattern in profiles
104 and 105 (Figure 13) show that sediment supply was
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high enough for rapid delta progradation into the basin,
either at the time of deposition of the palaeo-beach (i.e.
AD 1225), or at the present time.
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5- Discussion

5-1- A Gilbert-like delta

The investigation of the delta subsurface, based
on seismic profiles and cores indicate that the Sefidrud
delta has a Gilbert-like, tripartite structure delta where a
distinctive pattern of steeply-dipping delta front beds is
sandwiched between horizontal delta plain and prodelta
(Nichols, 2009). However, the steep foreset are
controlled by fault system, rather than coarse sediments.
The subaerial morphology of the prism displays a typical
deltaic shape (Coleman and Wright, 1976). The Gilbert-
type deltas can be found in three marine settings (Corner
et al.,, 1990) including (1) tectonically active areas
(Postma, 1984; Colella, 1988; Ori and Roveri, 1987), (2)
fjord settings (Syvitski and Farrow, 1983; Postma and
Cruickshank, 1988; Prior and Bornhold, 1988), (3)
glaciodeltaic settings (McCabe et al., 1988). The
common characteristics of this type of deltas are
abundant supply of coarse materials, a relatively deep
basin, and a sheltered low energy environment, causing
relatively limited reworking of the sediments. Sefidrud
Delta is located in a tectonically active area, where a
fault system contributes to create the very steep slope of
the delta front and allows for a vast accommodation
space, which had resulted in exceptionally large
accumulation rates during the Cenozoic (Brunet et al.,
2003). However, a fundamental difference to the
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classical definition of a Gilbert delta is the quasi absence
of coarse sediment in the delta front and prodelta. Due to
inland trapping of coarse sediments, the subaqueous part
of the delta (topset) is fine grained. Indeed, the coarser
sediments are dumped abruptly at the foot of the Alborz
Mountains, due to a break of the slope as seen in the
delta plain cores taken in Rostamabad (Fig. 2B; Sector |
in Kazanci and Gulbabazadeh, 2013). Previous studies
(Kazanci and Gulbabazadeh, 2013) suggested that the
absence of coarse grain materials is due to dam
construction in Manjil area in 1983, but considering the
age of the offshore core in this study (NSM14G5) which
shows a radiocarbon age of 690- 885 BC and the lack of
coarse grain materials in the five offshore cores, suggest
that other factors are involved. Therefore, the fine-
grained nature of the topset is not only due to dam
construction, but also due to the slope break at the foot
of the Alborz Mountains. Indeed, the coarse fractions is
trapped upstream in the flat delta plain (Fig. 2B). The
sand materials are deposited mainly near to the new
prism (e.g. BH1-1, 1-2, 47 and 51 in Fig. 4 Kazanc1 and
Gulbabazadeh, 2011).

The delta plain is an erosional feature (fluvial and
wave-cut platform), with a thin layer of sediments
(topset beds), which produce considerable number of
sediments eroded from this platform, and must have been
redeposited not only by fluvial processes, but also by
marine processes such as longshore currents. Together
with river channel migration, this results in an arcuate
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delta form. The layer containing shell fragments in
proximal core (NSM14G1) is interpreted as turbidite.
The delta plain evidently becomes replaced by narrow
area of steep delta front which act as a bypass zone.
Seismic data suggest the bottomset unit beneath the
present distal prodelta area is ¢. 200 m thick (profile 30
in Figure 3). The delta is likely to be fed by hyperpycnal
flows as the density of the CS is rather low with a
salinity of only 13 psu.

5-2- Sedimentation rate and sediment delivery to the
basin

Two models are mathematically practicable for
calculating 210Pb dates under varying sediment
accumulation rates, the constant initial concentration
(CIC) model and the constant rate of supply (CRS)
model (Appleby and Oldfield, 1978; Robbins, 1978;
Lubis, 2013). The constant initial concentration (CIC
model) assumes that an increased flux of sedimentary
particles from the water column will remove a
proportionally increased amounts of 210Pb from the
water to the sediments. Whereas, the CRS model
assumes that a constant fallout of 210Pb from the
atmosphere to the marine water takes place, resulting in
a constant rate of supply of 210Pb to the sediments
irrespective of any variation that may have occurred in
the sediment accumulation rate. Due to the large errors
on the activity here, the CIC model was used to calculate
the sedimentation rate. The decrease of 210Pbexc with
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depth is very regular from 9.5 cm depth to the top, which
corresponds to a sedimentation rate of 1.65 mm yr-1
with a correlation coefficient R2 of 97%. Deeper in the
core, i.e. between 24 and 13.5 cm, still about the same
sedimentation rate (1.8 mm yr-1) was observed, despite a
R2 of 36%. Between from 13.5 and 9.5 cm high
activities of 210Pbexc was observed, probably due to a
change in the sedimentation process. The sedimentation
rate for the middle part was calculated as 1.2 mm yr-1.
The high activities measured between 13.5 and 9.5 cm
would correspond to the same flux of radionuclides but
with a lower dilution by a sedimentary component which
deposited only with a sedimentation rate of 1.2 mm yr-1.
Higher sedimentation rate at the top and bottom of that
section could be a result of mass-wasting events. Higher
concentration of foraminifers in core NSM14G3 (301 m
water depth) in comparison with the shallower cores
(NSM14G1 and NSM14G2) is a sign of mass wasting of
the sediments, since the foraminifer tests have to be
transported to reach depth deeper than 50 m. It is
necessary to note here that only benthic foraminifers
were observed in the sequence (A. beccarii and E.
brotzkajae) which can survive only down to 50 to 70 m
water depth (Boomer et al., 2005; Leroy et al., under
review). All ostracods in the Caspian Sea are benthic as
well. Therefore, the foraminifers and ostracods in this
sequence were reworked to deep basin and cannot be
considered as water level indicator.
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Sedimentation rate decreases proximal-to-distal
from 1.9 mm yr-1 in the deltaplain, followed by 1.8 to
1.2 mm yr-1 in the deltafront and 0.39 mm yr-1 in the
prodelta (Table 4). This is in agreement with the Kura
delta, where a higher sedimentation rate was reported at
delta front in comparison to prodelta (Hoogendoorn,
2006). The rate of sedimentation in prodelta (e.g. 0.39
mm yr-1 in NSM14G5) is around 50 times lower than a
sedimentation rate in an offshore sequence taken from
prodelta, near to the boundary of Sefidrud delta (20 mm
yr-1in CS03, 250 m water depth, in Figure 2A, Figure 4
and Figure 5; Leroy et al., 2013a). This sedimentation
rate is lower than the sedimentation rate in an offshore
sequence in the middle of South Caspian basin (i.e. 2
mm yr-1 in core US02, 315 m water depth, in Leroy et
al. (2013a)) (Figure 2A for location of the core, Table 4).
The huge difference between sedimentation rates in
CS03 and NSM14G5 and NSM14G3 can be explained
by the very steep continental shelf in the present study
area. Indeed, due to the steep slope of the shelf, core
NSM14G3 and NSM14G5 locations act as a bypassing
zone and plumes continue carrying the sediments far
from the river mouth until the plume loses momentum
and the sediments accumulates into the basin (Figure 5).
However, in core CS03 that was taken from the area with
gentle slope, a higher sedimentation can occur (Figure
5). It should be noted that source of sediments in this
part of the basin (the south Caspian basin) can be from
western and northern rivers, which are distributed by
wave-induced longshore currents. The sedimentation rate
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in the basin can be compared with the sedimentation
rates in the lagoonal area (Table 4 in Haghani et al.,
2016b). Leroy et al. (2013a, b) discussed that the
sedimentation rates in the lagoonal cores are higher than
the sedimentation of those in the open sea. However, it
should be taken in consideration in which part of the
basin the cores are taken with the possibility of losing
top core sediments up to 1 m (See Fig. 8 in Leroy et al.,
2013b). In such cases (but not here) the absence of a
clear peak of 137CS in radionuclide results could mean
that some loss occurred during core penetration. This
should be considered when calculating sedimentation
rates.

5-3- Indicators of water level changes

Although Gilbert deltas are renown to be
excellent relative sea-level changes recorders (Gobo et
al., 2015), few direct waters level indicators are found
here owing to the lack of penetration of the geophysical
data obtained here. Moreover, any observed change will
have to take in consideration the compounding impact of
the shift of the Sefidrud main distributary between the
Old Sefidrud and the new Sefirud (Kousari, 1986;
Krasnozhon et al., 1999; Lahijani et al., 2009; Leroy et
al., 2011; Kazanci1 and Gulbabazadeh, 2013; Naderi Beni
et al.,, 2013b; Haghani and Leroy, 2016) and the
relatively low amplitude of the water level changes (10
m) in the last 3000 years.
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Some indication of water levels may be found in
palynology and macro-remains of core NSM14G3 and
geochemistry of core NSMG5. The radionuclide dating
on core NSM14G3 suggested a sedimentation rate of
1.67 mm yr-1 and the radiocarbon dating on the base of
NSM14G5 suggested a slower rate of sedimentation (i.e.
0.39 mm yr-1). The proxies from these two cores are
fitting very well to each other, and three periods of low-
stands and two periods of high-stands were identified
(Figure 14 & Figure 15).
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Figure 14- Palynology and Macro-remains from the NSM14G3
against Caspian Sea Level, the data from 1100 to 1900 from Naderi
Beni et al. (2013); 1900 to 1992 from Lepeshevkov et al. (1981);
1992 to 2016 from USDA (2017). Orange and blue ribbons
represent periods of low-stands and high-stands, respectively.

Three low stands

For the first clear lowstand, the best indicator is
the high P/D ratio (suggesting proximity of the
continent) at 1435 cm with a small peak of
Brigantedinium at 143.5-133.5 cm. This result is in
agreement with macro-remain results, where the high
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concentration of clay flakes (high erosion rate) suggests
sea level fall. These clay flakes commonly form during
relative sea-level fall and sea-level lowstand, when large
areas of marine sediments are sub-aerially exposed
(Allen and Allen, 2013). Additional scanty information
comes from the same pollen zone (zone P-1) where more
signs of erosion are recorded (reworked pollen, more
fungal spores including Glomus, and occurrence of
Pseudoschizaea). The erosion is best explained as a
result of sea level fall and Sefidrud delta progradation.
Considering the dating and the sedimentation rates, this
corresponds to AD 1155, which is in agreement to the
MCA low level (Figure 14). This period of low stand
corresponds to very high log [CI], at 40 and 37.5 cm at
NSM14G5, with low log [Ca/Sr], and high log [Mn/Fe]
values (Figure 15). The causes are either due to (1) a
decrease in freshwater supply due to a shift away of the
main hyperpycnal flow from the main pathway of
freshwater input or (2) a water level fall, leading to delta
progradation into the sea. Lack of lamination, oxic
condition (supported by high log [Mn/Fe]), and a small
drop in magnetic susceptibility were also observed in
this part of the sequence, supporting better ventilation.
Low log [Ca/Sr] could be due to more development of
biogenic material due to sea level fall, or more biogenic
material reworked from lower water depth due to delta
progradation. This is in agreement with observation of
reworked bivalves, ostracods and foraminifers in deep
part of the basin. This period of low water levels could
also correspond to the higher values of clay flakes at 60
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cm (Figure 15). The maximum peak of Zr (Figure 15)
and deposition of sand (Figure 6) around 40 cm suggests
high heavy mineral input due to delta progradation,
during the low stand period.

The fairly high P/D ratio at 24.5 cm would
suggest another clear period of low water levels. This
corresponds to AD 1878, fitting to the low levels after
AD 1850 (Figure 14).

High log CI at 12 cm (Figure 15) represents
another period of low water levels at AD 1712, where
more oxic environment was supported by high log
[Mn/Fe] in geochemical data. High log [Ca/Sr] suggests
more detrital input due to delta progradation.

Two high stands

The first highstand is weakly marked by low
values of the P/D ratio and of clay flakes (delta
retrogradation) at 123 to 103 cm (NSM3). This is in a
relatively good agreement with ¢c. AD 1300, a highstand
in the first part of the LIA (Figure 14). Low value of log
[CI] and high log [Ca/Sr] were observed in core
NSM14G5 (Figure 15).

In the second highstand, lower concentrations of
clay flakes at 35 cm are observed in NSM14G3 (Figure
14), which corresponds to the years AD 1800 in
agreement with the late LIA high stand (Figure 14).
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Lower log [CI] values (more freshwater) and higher log
[Ca/Sr] (high detrital) occurred in NSM14G5 (Figure
15), which suggest higher detrital input during period of
sea level rise.
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Figure 15- Geochemical and Macro-remains plot, from NSM14G5 against Caspian Sea Level, for the Caspian
Sea Level during last millennium: the data from 1100 to 1900 from Naderi Beni et al. (2013); 1900 to 1992 from
Lepeshevkov et al. (1981); 1992 to 2016 from USDA (2017). Orange and blue ribbons represent periods of low-
stands and high-stands, respectively. The Caspian Sea Level during last millennia from Kroonenberg et al.

(2008).
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6- Conclusions

The modern Sefidrud delta features a pronounced
Gilbert-like fan delta, controlled tectonically, with finer
sediment than traditional Gilbert deltas. Analysis of
aerial and subaqueous components reveals three distinct
units: the subaqueous delta plain, delta front, and
prodelta, indicative of Gilbert-like sedimentation. Sand
accumulates on the aerial delta plain as the river exits the
mountains. Further down, steeply angled delta front
deposits suggest fault-driven slopes, likely related to the
Khazar fault, which limit sediment deposition and result
in low sedimentation rates. Both offshore and onshore
areas exhibit significant accommodation space. Seismic
profiles on the upper shelf show thin horizontal layers
(approximately 7 m) overlying seaward-dipping layers at
depths of 35-50 m, where the shelf break occurs. The
unconformity surface is deep enough that historical
Caspian Sea levels did not impact sedimentation, while
the Sefidrud avulsion significantly altered sediment
supply in the new area. Available accommodation space
is filled by sediments prograding from the aerial and
subaqueous delta plain into the delta front.
Sedimentation rates decline sharply from 1.9 mm yr in
the subaerial delta plain to 1.8-1.2 mm yr ' in the delta
front, reaching 0.9 mm yr! in the prodelta. Key factors
influencing development include: (1) an abundant supply
of coarse materials in the aerial delta and a scarcity in the
subaqueous part, and (2) a steep slope at the river mouth,
controlled by a fault system, which created a deep
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depositional basin that promotes relatively high
sedimentation rates influenced by fluvial and wave-
induced longshore currents. However, the steep slope
limits high sedimentation rates compared to the lower
slopes at the delta boundary. Palynological, macro-
remains, and geochemical data indicate highstands
during the late LIA and around AD 1300, leading to
delta retrogradation, while lowstands during the MCA
and parts of the LIA prompted delta progradation and
increased coastal erosion. This study offers new insights
into the evolving patterns of subaqueous sediment
dispersal in Gilbert-like deltaic systems.The interaction
between fluvial processes and marine influences is
pivotal in understanding the dynamics of modern
Sefidrud delta formation. The interplay of sediment
supply from the river and the reworking by wave action
shapes the morphological characteristics of the deltaic
environment. The complex layer stratigraphy observed
through seismic profiles suggests not only variations in
sedimentation rates but also shifts in depositional
regimes over time, reflecting the response of the delta to
varying climatic and tectonic conditions. Furthermore,
numerical simulations of sediment transport within the
delta system could provide deeper insights into the
sediment dispersal mechanisms at play. By integrating
hydrodynamic models with sedimentological data,
researchers can better interpret the spatial distribution of
sediment and predict future changes in delta
morphology. The sensitivity of the Gilbert-like fan delta
to external controls such as sea level change and tectonic
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activity further underscores the necessity for ongoing
monitoring and modeling efforts. The role of biological
factors, such as vegetation on the delta plain, cannot be
overlooked as it contributes to sediment stabilization and
impacts erosion rates. Root systems of terrestrial flora
work synergistically with sediment deposition processes,
enhancing soil retention and influencing the hydrological
cycle within the delta. The feedback mechanisms
between biotic and abiotic components present
additional layers of complexity to the coastal ecosystem,
suggesting that ecological health will play a crucial role
in shaping sediment dynamics.

In conclusion, the Sefidrud delta exemplifies a
dynamic system shaped by a myriad of factors, including
geological, hydrological, and ecological processes.
Continuous research efforts that incorporate advanced
remote sensing technologies, sediment tracers, and
multi-proxy paleoenvironmental data are essential to
unraveling the intricate history and future trajectory of
this deltaic system. Understanding these evolving
patterns of sediment dispersal not only provides a
framework for academic inquiry but also informs
effective management strategies for coastal resilience in
the face of global climatic changes.
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Appendix A. Core photos (photo by S. Haghani). The
number in bracket is water depth.
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Figure 17: Appendix B: Sedimentary log for cores taken on GPR
profiles, displaying sedimentary facies, sedimentary zone, core
photo, grain size (clay, silt and sand) and magnetic susceptibility
(MS). The black pin symbols show the core section limits. Black
starts show the location of the dated samples.
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