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a b s t r a c t

Core sediments from the dry lake bed of Hamounwere subdivided into 3 main sedimentary units using a
multi-proxy approach (e.g. petrography, grain size analysis, total organic matter % and CaCO3%
determination) to reconstruct the palaeoenvironment of the Sistan Basin (SE Iran) as a transition zone
between the monsoon summer precipitation zone of south Asia and the Mediterranean winter precip-
itation zone of the Iranian plateau during the Holocene. Data revealed that during the late-glacial to early
Holocene, the lake and its catchment area, western Hindu Kush, were under a more prominent influence
of the Indian Ocean monsoon and formed a moist and productive environment with less wind action, as
shown by the provenance of high organic matter lacustrine sediments together with the lack of an
aeolian fraction. Due to southward migration of the Inter Tropical Convergence Zone during the mid
Holocene, arid climate manifested by an interplay of seasonal aeolian and fluvial deposition became
dominant. These conditions were due to reinforcement of subtropical anticyclones on the Iranian
plateau. The presence of green to brownish green moderate organic matter lacustrine sediments showed
that during the late Holocene, Mediterranean-type winter precipitation dominated in the area. During
the initial part of this period, the Shahr-i Sukhteh civilization was close to the lake. The environment was
relatively similar with that of today. Some palaeostorms can also be detected during this time interval,
shown by occurrences of high aeolian inputs in the basin.
1. Introduction

Several components of atmospheric circulation patterns,
including the Mid Latitude Westerlies (MLW) and the Indian
SummerMonsoon (ISM), govern the climatic conditions of SWAsia.
The relative influence of the systems is dependent on variations in
the mean latitudinal position of the Inter Tropical Convergence
Zone (ITCZ) in tropical and also extratropical regions on a variety of
.A. Hamzeh), mhmgharaie@
 (H. Alizadeh Ketek Lahijani), 
.ac.ir (R. Moussavi Harami), 
time scales, ranging from monthly to millennial (Fleitmann et al.,
2007). During the Holocene, the ITCZ translocations have been
accompanied by significant variations in the hydrological cycle in
different parts of Asia and Africa (Gasse, 2000; Fleitmann et al.,
2003; Dykoski et al., 2005). In order to understand the past
changes in relative contribution of MLW vs ISM in the spatio-
temporal distribution and amount of precipitation in western and
Central Asia (CA), many palaeoenvironmental investigations have
been conducted using different proxies in eastern Mediterranean,
Turkey, western Iran, Arabian Sea and Arabian peninsula, Indian
sub-continent, CA, semi-arid western Himalaya and Karakoram,
and the Tibetan plateau (Fig. 1). However, chronological un-
certainties, low resolution of studies, and spatio-temporal gaps in
available records had made it difficult to establish a dense and
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Fig. 1. General map of the southwest Asia with dominant circulation systems of the westerlies and Indian monsoon (after Chen et al. (2008)). The study area corresponds to the
empty rectangle enlarged in Fig. 2. The modern Asian summer monsoon (after Chen et al. (2008); Fleitmann et al. (2007)), and Mediterranean winter precipitation limits (afterArz
et al. (2003)) are shown by dashed lines. Some studied palaeoclimatic sites in the area are also shown. 1: Soreq cave (Bar-Matthews et al., 2003), 2: Lake Van (Wick et al., 2003), 3:
Lake Urmia (Djamali et al., 2008), 4: Lake Zeribar (Stevens et al., 2001), 5: Lake Neor (Sharifi et al., 2015), 6: Lake Mirabad (Stevens et al., 2006), 7: Lake Maharlou (Djamali et al.,
2009b), 8: Gomishan Lagoon, SE corner of Caspian Sea (Leroy et al., 2013), 9:Qunf Cave (Fleitmann et al., 2007), 10: Hotti Cave (Fleitmann et al., 2007), 11: Arabian Sea (Gupta et al.,
2003), 12: Lake Aral (Boomer et al., 2000), 13: Arabian Sea (Staubwasser et al., 2003), 14: Sambhar & Lunkaransar playa Lakes (Enzel et al., 1999), 15: Chitral Glacier (Owen et al.,
2002b), 16: Hunza valley Glacier (Owen et al., 2002a), 17: Muztaq Ata & Kongur Shan Glaciers (Seong et al., 2009), 18: Nanga Parbat Glacier (Richards et al., 2000), 19: Central
Karakoram (K2) Glacier (Seong et al., 2007), 20: Ladakh Range Glacier (Owen et al., 2006), 21: Lake Issyk-Kul (Ricketts et al., 2001), 22: Lake Tso Moriri (Leipe et al., 2013), 23: Lake
Bangong Co (Van Campo et al., 1996).
uniform network of well-resolved and continuous palaeoclimate
records in the area. Furthermore, the Holocene palae-
oclimatological studies in Iran are infrequent, sparse and are
focused on the Zagros Mountains (Kehl, 2009). The investigations
are mainly based on palynology, stable isotope geochemistry and
palaeolimnological indicators in lakes of Urmia (Bottema, 1986;
Djamali et al., 2008), Zeribar (Van Zeist and Wright, 1963; Stevens
et al., 2001; Wasylikowa et al., 2006), Neor (Sharifi et al., 2015),
Mirabad (Griffiths et al., 2001; Stevens et al., 2006; Lambert, 2010),
Almalou (Djamali et al., 2009a) and Maharlou (Djamali et al.,
2009b). In this regard, one of the most important spatial gaps of
the western Asia is located in eastern Iran, western Pakistan, and
southern Afghanistan where few palaeoclimatic studies have been
conducted (Fig.1). This is mainly because of logistical inaccessibility
and political instability that make research efforts a challenging
activity in this area.

Lake Hamoun is a remarkable environment to study hydro-
climatic changes in both Sistan Basin (eastern Iran - southwestern
Afghanistan) and its vast watershed area that extends into the
Hindu Kush Mountains (Fig. 1). The area is one of the driest regions
in the world whose sparse water resources and fragile ecosystems
are very sensitive to climate change. In moist periods, fluvio-
lacustrine and palustrine conditions are dominant while in dry
periods, aeolian activities prevail. Hence, variations of fluvio-
lacustrine and aeolian deposits in sedimentary successions could
be a useful tool to evaluate palaeoenvironmental conditions over
the Sistan Basin during the Holocene. Moreover, potential records
of the past climatic changes in the lake sediments could help us to
understand humaneenvironment interaction when the results are
compared with historical and archeological data.

In spite of the importance of eastern Iran in reconstruction of
west Asia's climatological history, there is almost no available
palaeoenvironmental and palaeoclimatic data from this historical
site. Previous studies on aeolian records in this area were mainly
focused on modern dust storms, aeolian sands and sand dunes
(Rashki and Kaskaoutis, 2012; Rashki et al., 2013). Studies on
disentangling different depositional components of the lake
sediments (aeolian versus fluvio-lacustrine) and their palae-
oclimatic implications are absent.

Sediments of Lake Hamoun provide a great opportunity to
differentiate hydroclimatic phases of the Sistan Basin as the most
available proxy for palaeoclimatological investigations. This inves-
tigation aims to reconstruct the Holocene environmental changes
of Lake Hamoun based on basic sedimentological studies and a
rough radiocarbon chronology and chronostratigraphy.

2. Study area

2.1. Geology

The Sistan Basin is a tectonically closed basin in western part of
Afghan Block (close to the Lut Block in Iran) whose formation dates



Fig. 2. a) Shuttle radar topography mission (SRTM) hillshade digital elevation model (DEM) of Sistan Basin containing Hamoun lakes and previous, seasonal (dashed line) and
modern (solid line) rivers inflowing the lakes. Some archaeological sites and cities are also shown. b) Landsat 8 image of the Kuh-i Khawjeh in Hamoun-i Hirmand, showing the
coring site. Graphs show selected climate diagrams of meteorological stations. These diagrams illustrate the relative periods of wetness and drought during the year by plotting
temperature and precipitation on the same graph for each month. Periods of effective moisture exist when monthly precipitation (in millimeters) is greater than twice the air
temperature in degrees Celsius (after Whitney (2007)).
to the Palaeogene after the collision of several Gondwanaland
plates and microplates (Krumsiek, 1980). During the Neogene,
subsidence led to the formation of this basin (Schieber et al., 2007).
The continued subsidence along the active Harirud fault system
caused the formation of the Sistan depression during the Neogene
and Quaternary. The 121 m-high Kuh-i Khawjeh (Mount Khawjeh),
a 7.3 ± 0.2 Ma basaltic lava flow (Jux and Kempf, 1983), is the most
considerable geomorphological feature in Lake Hamoun (Fig. 2b)
(Jux and Kempf, 1983). The entire study area is covered by fine-
grained silt and clay, mostly lacustrine sediments (Hafezi
Moghaddas, 2012).

2.2. Climate

The Sistan Basin is located within the Asian part of the desert
belt in the temperate subtropical zone of the Northern Hemisphere.
The area is situated between 29� and 32�N (Fig. 1a) on the north
edge of the subtropical dry zone. This arid climatic zone is the result
of worldwide circulation patterns of air that create semi-
permanent high pressure cells in the general region of the
tropics. At the basin and its catchment area, western Hindu Kush, a
winter precipitation regime under the westerlies is dominant
(Fig. 1). However, it is believed that during the early to mid
Holocene, a more northern position of ITCZ caused monsoon-
induced summer precipitation in northwestern Himalaya,
Karakoram and Hindu Kush (Owen et al., 2005; Owen, 2009) and
also in the Sistan Basin (Whitney, 2007).

Fig. 2 shows some climate diagrams constructed from the
meteorological data (Whitney, 2007) for some selected stations in
Sistan Basin. Mean annual precipitation in Zabol, the most popu-
lated city of Iranian Sistan on the border with Afghanistan, is
64mm,mostly falling between December andMarch. MLW lose the
majority of their moisture over the high Zagros Mountains before
reaching the Sistan Basin. On the other hand, the Sulaiman
Mountains and the Makran Mountains serve as a southern barrier
to the moisture-bearing monsoons. Occasionally, monsoons can
enter the high mountainous areas of eastern Afghanistan and cause
summer floods (Sivall, 1977). Some of this precipitation may enter
the Sistan Basin from Arghandab, the eastern tributary of the
Hirmand River.

Evaporation rate in Sistan Basin is more than 4000 mm y�1,
mostly in JuneeJuly. Since the beginning of the 21st century, the
area has experienced a relatively severe drought period. According
to Barlow et al. (2002), the ENSO (El Ni~no-Southern Oscillation)
cold phase and unusually warm oceanwaters in the western Pacific
seem to be responsible for the drought by causing negative



anomalies over central Afghanistan and positive anomalies in the
Indian Ocean.

The most frequent dust storm events in southwestern Asia are
related to the Sistan Basin, where the city of Zabol has experienced
the dustiest days in the world (Middleton, 1976). The high
frequency of dust and sand storms over the region is caused by the
fact that loose soils of the Hamoun Lake are blown away by the
strong persistent “winds of 120 days”. In late spring and throughout
summer and early autumn, the Sistan Basin is dominated by
northerlywinds. Thewinds are related to the northesouth pressure
gradient between a persistent cold high-pressure system over the
Hindu Kush Mountains in northern Afghanistan and a summertime
thermal low-pressure system over the desert lands of the Sistan
Basin as a result of sustained surface warming (Alizadeh-Choobari
et al., 2014). This condition leads to high speed surface winds. For
example, McMahon (1906) recorded a wind speed of 39.3 m s�1 for
a 16 h period (with the maximum wind speed of 53.6 m s�1) over
the Sistan Basin in 1905.
2.3. Basin hydrology

The Sistan depression, containing four shallow basins, lies on
the IraneAfghanistan border. It receives the discharge of four
rivers: the Hirmand River, Khash Rud, Farah Rud and Harut Rud
(Fig. 2a). These rivers receive their water from seasonal precipita-
tion, brought mostly by MLW over the Hindu Kush Mountains
(Smith, 1974). The main river, Hirmand River, is 1400 km long and
drains 170,000 km2. Based on stream flow calculations in Khwab-
gah station (on the border between Iran and Afghanistan), mean
annual discharge of Hirmand River during the last eight decades
has been up to 346 m3 s�1 (in water year 1976), with the maximum
in AprileMay and minimum in JulyeFebruary (Williams-Sether,
2008). During the water year of 1976, maximum monthly
discharge of Hirmand River was 1240 m3 s�1 in May. The entire
catchment area of four rivers comprises 340,000 km2, which is
51.8% of the surface of Afghanistan (Jux and Kempf, 1983). The
rivers finally enter Lake Hamoun containing three sub-basins of
Hamoun-i Puzak (480 km2), Hamoun-i Saburi (800 km2) and the
Hamoun-i Hirmand (650 km2) with a mean water surface at about
472 m a.s.l (Whitney, 2007). During flood periods (almost in spring
time), Lake Hamoun overflows into the fourth depression of Goud-i
Zireh (465 m a.s.l.) in Afghanistan via the Shileh River.
2.4. Historical civilizations

Hirmand River is the only perennial desert river between the
Indus and Tigris-Euphrates Rivers that has provided water source
for development of various civilizations in the Sistan Basin since
more than 6 ka. The position of archeological ruins over a large area
in the Hirmand Delta and around the lakes shows the association of
the settlements with the life-bearing Hirmand River. Archeological
excavations at Shahr-i Sukhteh (Burnt City) (Tosi, 1983), located at
the edge of the Hamoun-i Hirmand (Fig. 2a), revealed that human
societies developed rudimentary irrigation systems and lived in
proto-urban settings by 5.2 ka, several centuries before the great
Harappan cities of the Indus Valley civilization appeared to the east
(Tosi, 1983).

According to historical reports (Goldsmid,1875; Pumpelly,1905;
Hedin, 1910; Annandale and Prashad, 1919) several intense
droughts have occurred during the last two centuries (1870, 1903,
1920s, 1970 and 1994), causing migration of some native people
from the Sistan Basin to other parts of Iran. A severe drought
happened in 835 AD that was mentioned in older reports such as
Tarikh-i Sistan (Author, 1935). According to Author (1935), the
population was struggling with the misery caused by an unusual
lack of water in the Sistan Basin.

3. Materials and methods

3.1. Coring

The selected site for coring is located at the middle part of the
lake in Hamoun-i Hirmand, about 2 km west of Kuh-i Khawjeh
(Fig. 2b). This area received water from Hirmand tributaries from
south since prehistoric times until about 2000 BP (Whitney, 2007).
Since 2000 BP and from the Sassanid Dynasty and Islamic period to
present (except a gap during Saffavid) the area received water from
the north (Whitney, 2007). A 6.2 m long core (hereafter called
HMN3) with a 5 cm diameter was recovered using a vibrocorer in
September 2013 when the lake was desiccated after a short period
of inundation in spring. The water table at the coring time was
3.5 m below the surface.

3.2. Core analysis

After cores arrival in the lab, a MS2C Bartington magnetic sus-
ceptibility meter was used for whole-core Magnetic Susceptibility
(MS) measurements at 1 cm increments. Then, the cores were split,
visually described, photographed, and subsampled. From the
studied core, we collected 66 samples for grain-size analysis, grain
morphoscopy, determination of Total Organic Matter (TOM)
content, carbonate content and the fraction of shell fragments. The
sampling intervals were defined based on lithological and MS
variations. Moreover, 130 samples were taken for palynological
study. In total, 15 samples were examined for petrography. Grain-
size analysis of samples was performed using a FRITSCH laser
particle sizer, which has a measurement range of 0.01e1000 mm in
62 channels. The samples were pre-treated using the conventional
chemical procedures as outlined by Konert and Vandenberghe
(1997). Before the grain-size measurement, 10 ml of 0.05 M
(NaPO3)6 was added to the solution to facilitate deflocculating and
the dispersion of sediment particles. Some samples were selected
for repeated measurement to confirm the reliability of the grain
size analyses. The results showed less than 5% of relative standard
deviation in repeated measurements. TOM and calcium carbonate
were determined using loss on ignition method (Heiri et al., 2001).
Sediment color was determined using Munsell soil color charts
(Charts, 2000). Optical petrography of sediments was conducted
using Nikon LV50i POL andmicroscopic pictures were taken using a
digital camera installed on the device. All analyses were performed
in the marine geology laboratory, Iranian National Institute for
Oceanography and Atmospheric Science (INIOAS).

4. Results and interpretation

4.1. Dating

The sediments of core HMN3 aremostly composed of calcareous
mud and aeolian sand with low organic matter. High carbonate
content could influence the radiocarbon age data of gastropod
shells. The high carbonate content is mainly related to Plio-
Pleistocene deposits that may contain old organic matter content
(e.g. charcoals), as well.

Two bulk samples were selected from the lower half of the core
for radiocarbon dating (Table 1). The calibrated dates suggest
late-glacial age. However, these ages show an ‘age inversion’which
is difficult to explain. According to the position of samples, it seems
the inversion is due to concentration of reworked organic matter



Table 1
Radiocarbon age report for two radiocarbon ages from core HMN3 from Lake Hamoun. 14C ages were calibrated on the basis of IntCal 13 calibration dataset (Reimer et al., 2013).

Sample number Lab code Depth (cm) 14C age (yr BP) Calibrated age (cal BP) Age-ranges (cal BP) Material dated

HMN-3535 Poz-61286 535e536 13,730 ± 70 16,592 ± 284 16,312e16,880 Mud
HMN-3615 Poz-61477 615e616 11,420 ± 60 13,264 ± 138 13,126e13,403 Mud
deposited after an erosional event near the upper sample (Fig. 3).
Thus, the older sample was excluded from age data (Fig. 3).

In this paper, we are cautious about giving a detailed chronology
and we try to attribute a very rough chronology to our sedimentary
units based on the radiocarbon dating. To rectify this situation,
we have tried to correlate our results with other regional palae-
ohydrological and palaeoclimatic records.
4.2. Core description

The core lithology generally consists of clayey silt, silt and sandy
silt layers. Based on basic sedimentological data, MS and sediment
color as well as fossil content, we have recognized three main units,
A, B and C. The brief description of the units is shown in Fig. 3.
According to Fig. 3, some abrupt changes in MS andmean grain size
values can be distinguished, which could be related to changes in
sediment transportation/deposition conditions.

Unit A. Unit A with a thickness of 2 m, is characterized by
greenish grey to grey color, high TOM (2.3%e12.2%, average: 8.2%)
and CaCO3 content (17.0%e34.1%, average: 26.3%) and suggests a
palustrine (marsh) environment. However, in the upper 30 cm of
the unit, mean TOM (6.5%) and CaCO3 content (23.9%) decreases.
The clay portion varies from 11.6% to 41.2% and has a mean value of
24.0%. Silt content fluctuates between 58.2% and 76.5%, with an
average of 68.1%. By contrast, sand has a low average content of
7.9%, although it oscillates between 0.6% and 27.9%. Relatively high
sand fraction is found at the depth of 560 cm. Low MS values for
both sub-units A1 (3.1e4.6 � 10�4; mean: 3.7 � 10�4) and A2
(4.9e6.3 � 10�4; mean: 5.6 � 10�4) mean that in this period lower
amounts of detrital grains were carried into the basin. In a core
about 2 km west of core HMN3 (not studied in detail), the
correlated layer is pale brown with much lesser TOM% and higher
amounts of gypsum. This confirms that the organic-rich unit A is
limited to the eastern part of the basin and laterally changes into a
flood plain facies.

Unit B. The sub-unit B1 (thickness: 1.5 m) is characterized by
lamination of pale brown aeolian sand and fluvio-lacustrine silt.
The clay fraction along the sub-unit B1 varies between 7.7% and
24.0%, with an average of 16.2%, while the silt content
fluctuates between 36.6% and 74.5%, with an average of 60%, the
lowest silt content of the whole core. The TOM and calcium
carbonate content in this unit are 4.9% and 23.0%, respectively. The
upper part of Unit B (sub-unit B2) shows evidence of a more
productive environment such as plant remains, gastropod, and
ostracod shells.

Unit C. Light brownish green to light green of clayey silts of
sub-unit C1 (depth: 205e250 cm) seems to be evidence of an
intermittent or permanent shallow lake that allowed oxidization of
the bottom sediments. Moving upward, the sand fraction increases
gradually to reach to aeolian sands of sub-unit C2. In this thin layer
(10 cm thick), sand percentage reaches its maximummean value of
62.2%, containing reworked shell fragments. Generally, the sub-unit
C3 (depth: 0e190 cm) is distinguished by its relatively fine
sediments. However, the sand fraction increases dramatically in
three different horizons (70 cm, 120 cm and 160 cm) which is
coeval with higher MS values. Mean values of sand, silt and clay
content in this unit (except above mentioned horizons) are 11.2,
68.7 and 20.1, respectively. Sub-unit C3 contains frequent plant
remains, charophytes, shells, and peat/gyttja. The characteristics of
sub-unit C3 along with the light grey to light greenish grey color of
the sediments indicate an intermittent to perennial lake that had
oxygen deficient conditions at the bottom. At 35e50 cm depth,
charcoal appears in large amounts. Significant presence of root
traces in the upper parts suggests that a palustrine environment
replaced the former lacustrine environment towards the top of the
core, allowing development of pedogenic features.
4.3. Sediment partitioning based on grain size distribution

Sediment grain size is a useful proxy that has been widely used
in palaeoenvironmental investigations. Grain size frequency curves
are often implemented to distinguish different sediment
components deposited in lake environments (Jiang and Ding, 2010;
An et al., 2012). Deciphering aeolian records from lacustrine
sediments (Sun et al., 2002; Jiang and Ding, 2010; An et al., 2011,
2012) could provide direct information on the variation of dust
storms due to palaeo-droughts and changes in wind direction and
intensity.

We compared grain size distribution diagrams of the sediment
samples with typical diagrams of dust in the Sistan Basin as well as
modern dust, dust storm, loess, lacustrine and fluvial sediments
fromother parts of theworld. Fig. 4 shows the polymodal grain-size
frequency distribution curves for samples from different units.
Here, we have used the average values of similar grain-size
frequency to draw the curves. According to Fig. 4, two types of
frequency distribution curves are observed. The Type-1 curve has
two or three Modal Peaks (MP), with the highest peak (MP1) about
20e30 mm and lower peak (MP2) between 1 and 4 mm. The third
and the lowest peak (MP3) is between 200 and 300 mm (Fig. 4a, e,
g). However, the relative amplitude of peaks in a particular diagram
differs from other diagrams.

Compared to Type-1 curves, the curve of Type-2 shows higher
values for MP1 (~50e120 mm) while other peaks are the same as in
Type-1 (Fig. 4b, c, d, f, h). The areas of overlapping in the two types
of curves could correspond to similar sedimentary components.

Based on Rashki et al. (2013), the median grain size (d0.5)
distributions of deposited dust in the Sistan Basin ranges between
~10 and 118 mm. According to the results of this investigation and
comparison with the findings of Sun et al. (2002), the sediments of
Lake Hamoun could be classified based on sources and depositional
environment.

For sub-unit A1, two MPs of 28 and 3 mm show a typical lacus-
trine environment with two suspension components relating to
two fluvial events. In sub-unit A2, however, MP1 represents typical
aeolian sand. Other modal peaks are similar to that of sub-unit A1.
Sub-unit B1 demonstrates aeolian sediments (MP1: 48 mm), com-
parable with current windblown dust in the Sistan Basin (Rashki
and Kaskaoutis, 2012) as well as suspended load of fluvio-
lacustrine sediments (MP2: 23 mm). MP3 and MP4 show the fine
grained suspended load and dust storm deposits, respectively. The
higher mean grain size in sub-unit B2 confirms higher wind ve-
locity during this period. Sub-unit C1 resembles fine grained
lacustrine sediments with two modal peaks. MP1, MP2 and MP3 in
Sub-unit C2 indicate storm, lacustrine and fluvial deposits



Fig. 3. Lithology and brief facies description of core HMN3. Stars show dating samples.



Fig. 4. Summarized frequency diagram of grain size in core HMN3 (filled diagrams: aeh), compared with typical grain-size distribution curves of different sedimentary origin (i).
Sistan dust: data from Rashki and Kaskaoutis (2012) dust storms: data for 11 dust storms materials in Qaidam Basin, from Qiang et al. (2010); loess: data for Yulin loess section, from
Sun et al. (2002); fluvial and lacustrine sediment: data from Sun et al. (2002); modern dust: data from Jiang and Ding (2010). The modal peaks of each diagram are also indicated by
numbers.
respectively. In arid regions, rivers with low discharge are
normally not able to carry coarse particles (e.g. >60 mm) into
the centre of a lake basin (De Deckker et al., 1991). McMahon (1906)
recorded a storm in 1905 with an average velocity of 39.3 m s�1

for a 16 h period in the Sistan Basin. During that storm, a
maximum velocity of 53.6 m s�1 was recorded. Comparison of
the wind velocity of severe storms in Sistan Basin with the
data of Tsoar and Pye (1987) indicates that medium to coarse
sand of sub-unit C2 can be easily moved by saltation in severe
storms.

In the sub-unit C3, lacustrine sediments with two MPs of
18e28 mm and 2e4 mm indicate two fluvio-lacustrine sedimenta-
tion phases in different times. Moreover, three aeolian
sedimentation periods were observed at depths of 70 (MP1:
81 mm), 120 (MP1: 83 mm) and 165 cm (MP1: 136 mm) that are
relevant to dusty phases.

The correlation betweenmean grain size and skewness could be
applied to infer changes in energy and source of sediments in lake
basins (Miousse et al., 2003; Yang and Ding, 2004; Jiang and Ding,
2010). For the sediments >5F in Fig. 5, skewness shows an inverse
correlation with F, indicating that coarser grains are correlated
with higher skewness. Therefore, samples with grain size more
than 5F (less than about 30 mm in diameter) are indicative of a
low-energy environment (Miousse et al., 2003) or a lacustrine
environment in the study area. Grains with less than 5F (more than
about 30 mm in diameter) are rapidly deposited in a high-energy
environment relating to an aeolian source. Based on Figs. 3e5,
the sediments in units of A and C (except sub-unit C2) mostly
consist of a mixture of lacustrine sediments with minor aeolian
sediments. In horizons of 70, 120, 160 and 210e220 cm, the aeolian
grains increase dramatically. Sediments of unit B consist of aeolian
and fluvial deposits.
4.4. Grain morphoscopy

Each depositional environment leaves its morphoscopic finger-
prints on clastic grains. Grains of subaqueous environments are
generally more rounded and polished with V-shapes in some cases,
whereas grains from an aeolian environment are well-rounded and
have saucer-shaped depressions, but in some special cases they also
show sub-rounded shapes (Sun et al., 2002).

Samples from HMN3 core of different units show all the above
features (Fig. 6), suggesting both aeolian and fluvial origins. The
observed aeolian features suggest strong wind energy. For
instance, Fig. 6d, e, g show regular concavities on round grain
surfaces with rounded edges formed by repeated collision of
grains. Coarser grains (100e500 mm) show evident aeolian
features, while finer grains (<100 mm) are rarely influenced by
wind action. Particles 200e400 mm in size are well sorted,
which corroborates the saltation mechanism for their
transportation, while particles 10e15 mm in size are poorly sorted.
The poorly sorted grains are representative of a suspension
component.



Fig. 5. Skewness versus mean grain size of samples from the core HMN3. The vertical dashed line indicates the grain size <5F. Coarse grains represent grains rapidly deposited in a
high-energy environment, while >5F, fine grains denote grains slowly deposited in a low-energy environment. Blue and orange colors represent mostly lacustrine and aeolian units
respectively. Note that the skewness shows a medium inverse correlation with F, representing the sediments consist of lacustrine deposits and aeolian dust. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.).
4.5. Petrography

Mud aggregates are the most distinctive feature observed in the
studied thin section (Fig. 7), showing temporary desiccation of Lake
Hamoun. Various mechanisms have been proposed for the
formation of mud aggregates in arid environments: 1) disruption of
clay-rich sediments by salt efflorescence due to fluctuating water
table and high evaporation rate (Price, 1963; Bowler, 1973); 2)
weathering of argillaceous rocks (Nanson et al., 1988); 3) pedo-
genesis (Rust and Nanson, 1989); and 4) alternative inundation and
Fig. 6. Microscopic images for samples >63 mm, from different depths of HMN3 core. (aec
evident in these picture, from lower to higher depths, the roundness of grains decreases. T
grains with big dish shaped and V-shape depressions and smooth surface; (f) a well-rou
depressions. All images of above samples show obvious Aeolian and fluvial features (Scale
desiccation of clay rich soils (Freytet and Plalziat, 1982). Clay
aggregates may also form through biogenesis forming fecal pellets.

Mud aggregates could be used for palaeoenvironmental studies
as they could indicate the alternation of inundation and desiccation
periods. Mud aggregates are frequently found in sediments of unit
B and to a lesser extent, unit C. Because mud aggregates do not
survive in long-distant aeolian transport (Bowler, 1973), they are
indicative of local variations in water table. According to Rashki
et al. (2013), high shear velocity winds in the Sistan Basin tend to
erode the lake bed and consequently produce dust with relatively
) Subangular, Sub-rounded to rounded quartz and other grains (mostly carbonatic). As
his is due to recycling of the Aeolian and fluvial grains. (dee) sub-rounded to rounded
nded, high sphericity grain; (g) well-rounded grain with several small dish-shaped
bar: 100 mm).



Fig. 7. Photomicrographs of some selected facies of core HMN3, including: a. Micro-grains of chlorite in the clay and carbonate matrix, a typical feature of lacustrine sediments; b.
Evaporitic micro-grains formed around mud aggregates, an evidence of a temporary desiccation of the lake bed; c. Mud aggregates consisting of palustrine carbonates and clay.
A bryozoan is seen at the center of view; d. Mud aggregates around a bivalve mollusk. The oriented aragonite crystals in the wall structure yield a pseudo-uniaxial cross in
cross-polarized light; e. Sub-angular to sub-rounded quartz micro-grains and mud aggregate; f. Sub-rounded, rounded and well-rounded detrital grains and mud aggregates in clay
and palustrine carbonate matrix; g. rounded to well-rounded quartz grains, polycrystalline quartz and mud aggregates mostly consist of palustrine carbonates; h. Rounded to
well-rounded mud aggregates and quartz grains showing recycling fluvial and aeolian sediments and deflation of dry lake bed; i. A matrix of autigenic carbonate and clay with
sub-angular to sub-rounded silt sized detrital grains. Images b-i are taken under cross-polarized light. M: mud aggregate, B: bivalve, Q; quartz, Pl: plagioclase, Bio: biotite, Qp;
polycrystalline quartz.
high Na2O and MgO content. On the other hand, less strong winds
produce dust with higher Al2O3 and SiO2 from eroding discrete
alluvial fans. Therefore, mud aggregate content in aeolian sands is
positively correlated with severity of dust storms.

Themost frequent detrital mineral in the studied cores is quartz.
Polycrystalline quartz with sutured crystal boundaries is also
frequent, showing the metamorphic origin of quartz (Adams et al.,
1984). Plagioclase, biotite and mafic minerals are mostly altered to
chlorite, sericite, carbonates, and clay minerals. The matrix mostly
consists of pedogenic carbonates, clay minerals, and minor
amounts of evaporites. Chlorite is a relatively abundant mineral in
A1 and C3 units, representative of more humid conditions. Rashki
et al. (2012) also reported similar minerals in the aeolian dust of
the Sistan Basin. Some pieces of gastropods, ostracods, bivalves,
bryozoans, sponges, charophytes, and foraminifers were observed
in the samples. The foraminifera belong to a saline environment. It
seems that they were reworked from older deposits of Neogene
sediments (Jux and Kempf, 1983).
4.6. Palynology

Several samples were processed for palynological study. How-
ever, the samples were barren of pollen. It seems that the long
seasonal exposure of lake bed during depositional period is the
major destructive factor for pollen preservation. Core samples from
more waterlogged areas of Lake Hamoun may be more promising
for future palynological investigations.
5. Discussion

5.1. Sediment transport cycle

Different classes of sediment roundness (sub-angular, sub-
rounded, rounded and well-rounded) with low and high
sphericity represent different degrees of reworking. Prevailing
winds (N-NW winds) deflate the alluvial fans of northern rivers
(Farah Rud, Khash Rud, and Khuspas Rud) and the sedimentary
products experience only one cycle of transportation by rivers and
wind. The source of these fluvial sediments is the highlands of NE
Afghanistan (Rashki et al., 2013). Therefore, these particles are
angular to subangular depending on their size, composition and
transportation distance. This may happen for sediments carried by
the Hirmand and Arghandab Rivers from the Hindu Kush. However,
some particles may experience more than one transportation cycle.
For example, the Hirmand River can bring sediment into the lake
basin and deposit them in the delta (alluvial fans and lakes). These
sediments are then transported by winds into areas close to the
Hirmand River channel (e.g. Jahannam and Margo desert and
Rigestan) and then transported to the lake by water (Fig. 8). This
cycle is mentioned by other authors (Smith, 1974; Whitney, 2007;
Rashki et al., 2013).

As illustrated in Fig. 8, two major sources of dust could be
recognized in the Sistan Basin. The first source (S1) is the Margo
desert which is not currently themain source of dust. Some authors
believe that this area was severely deflated during Last Glacial
Maximum (Jux and Kempf,1983) and now is covered by gravel pans



Fig. 8. Aster Digital Elevation Model data of Sistan Basin showing the cycle of aeolian and fluvial sediment transport pathways. S1 (Dasht-i Margo) and S2 (Alluvial fans of Khash
Rud and Farah Rud, Hamoun Lake basin and Goud-i Zireh) are two deflated areas acting as local sources of dust.
preventing wind erosion. The deflated sediments have been
deposited in Rigestan where the aeolian sediments are presently
stabilized. The darker color of these deposits in satellite images of
central and eastern parts of Rigestan differentiates them from
younger aeolian sediments (Whitney, 2007).

The second source of dust (S2 in Fig. 8) is located in alluvial fans of
northern rivers, lake basin, Hirmand Delta, and Goud-i Zireh. This
source supplies thematerial for thewind-blowndeposits transported
by prevailing winds, mostly during dry periods (Rashki et al., 2013).

5.2. Palaeohydrological evolution of Lake Hamoun

5.2.1. Unit A (late-glacial to early Holocene)
During the relatively long period corresponding to unit A, the

Sistan Basin and/or Hindu KushMountains experienced thewettest
climate since the late-glacial. According to radiocarbon age
data and the stratigraphic position, we attributed this unit to the
late-glacial to early Holocene. As shown in Figs. 3 and 4, sand
deposition in the basin was low at this time. Low values of MS for
sub-units A1 and A2 confirms that the basin received fewer detrital
grains in this period. Moreover, wind actionwas weaker and amore
biologically productive environment prevailed. Correlation coeffi-
cient between silt (as indicator of lacustrine sedimentation) and
calcium carbonate contents (r2 ¼ 0.34) confirms the presence of a
permanent lake with limited lake level fluctuations during this
period, that consequently prevented palustrine carbonate accu-
mulation. As a barrier, well-developed macrophytic vegetation
belts around the lake probably have reduced the detrital input.
High TOM content and frequent shallow water gastropod shells
(Bithynia sistanica, Lymnaea gedrosiana, Gyraulus euphraticus and G.



convexiusculus) (Hamzeh, in press), reveals that Lake Hamoun had
more stable water levels in early Holocene. More water input
provided a favorable condition for a highly productive environment
with low or no aeolian deposition. The MP1 event (increasing
coarser particles) might be related to snowmelt in the highlands
(Owen, 2009) and/or flooding of the rivers due to torrential
monsoonal rains. MP2 (finer grains) represents gradual snowmelt
during the rest of the year.

At the end of unit A deposition, windblown dust was added to
the lacustrine sediments (Fig. 3) by high velocity winds comparable
with those of today, which suggests the establishment of a pressure
gradient between the mountains and the Sistan Basin due to tem-
perature decrease over the highlands. An aridification trend in the
Sistan Basin at this time was probably caused by southward
migration of the ITCZ. This time was coeval with abrupt reduction
of TOM and carbonate content and disappearing shells. On the
other hand, sand fraction increased and coarse sand appears in
upper parts of the unit, which is related to high speed winds.

5.2.2. Unit B (mid Holocene)
An evident dry condition prevailed on the Sistan Basin and its

catchment basin at this time. According to available chronological
data, we can only give a rough mid Holocene age to this unit. High
sand content and high MS are evidence of high frequency wind
storms. The pale yellow, very pale brown and pale brown colours
show oxidation of exposed sediments in an arid environment. Very
low TOM content, absence of shells and plant remains also indicate
dry conditions. Alternating lamination of alluvial silt and aeolian
sand grains in this unit confirms the seasonal interplay of short-
term inundation and wind-blown dust deposition under an arid
environment. Moreover, the sediment partitioning graphs (Fig. 4)
show that medium velocity winds together with seasonal fluvial
events were dominant in Lake Hamoun (Rashki and Kaskaoutis,
2012). At the end of this period, the wind velocity increased as a
consequence of increasing pressure gradient in the area. The pre-
dominance of dust storms at this time is evident (Fig. 4d).

During deposition of sub-unit B2, a relatively wetter period
started, most probably suggesting dominance of Mediterranean
winter precipitation over the Hindu Kush. The sediment color
changed from pale yellow to light brownish grey when Unit B1
transitioned to Unit B2. An abrupt decrease in MS values could be
related to changing the situation to a relatively wetter condition. A
trace of burrowing at the base and reappearance of gastropod and
ostracod shells at the top of the unit also corroborate the wetter
conditions.

5.2.3. Unit C (late Holocene)
Generally, unit C suggests a periodically dried-up shallow lake

similar to present day situation. The base of the unit represents the
complete reappearance of the lake due to inflowing water from
Rud-i Biaban (Tosi, 1983). Low TOM content, low frequency of shell
fragments and rare plant remains in sub-unit C1 show poor
productivity of the environment. However, in the upper parts of
sub-unit C1, the productivity increased gradually. Two fluvio-
lacustrine phases (coarser grains) occurred during generally
stable conditions, corroborated by deposition of fine silts.
Palaeogeographical and palaeohydrologial investigations as well as
archaeological studies (Tosi, 1983) show that the rivers were
permanently reactivated. Water availability led to establishment of
the Shahr-i Sukhteh civilization, the oldest buildings investigated in
Hirmand Delta dating to ~6 ka BP (Tosi, 1983).

Two aeolian sand layers ~5 cm thick at about 205 and 195 cm
depth suggest two drought events. The lower sand layer contains
frequent shell fragments and plant remains, indicating a high
productivity condition. After a period of inundation, another
drought with severe storms occurred in the area. The lack of shell
fragments in the upper sand layer indicates a barren environment
north of Hamoun before the time corresponding to this sand layer.
Correlation of the drought events and palaeostorms with archae-
ological findings such as those in Shahr-i Sukhteh civilization could
be the subject of research that could be conducted based on more
chronological information.

Very low clay fraction in sub-unit C2 could be related to severe
winds that removed the finer grains and concentrated coarser ones.
Jux and Kempf (1983) believe that during a drought in mid to late
Holocene, possibly corresponding to sub-unit C2, the lake consid-
erably shrank in size and consequently the deltaic fan of Hirmand
was exposed. The margins of the delta were gradually covered by
swamp vegetation. Settlements finally had to be abandoned
because of water shortage. This possibility had already been
considered by Huntington (Pumpelly, 1905).

After the dry period corresponding to sub-unit of C2, the climate
gradually became wetter. The sediment color changed from brown
to brownish grey and greenish grey, TOM content increased and
shell fragments appeared suddenly. The lower parts of the sub-unit
C3 show that the lake was not permanent in the initial stages. The
correlation coefficient between silt and calcium carbonate content
in this unit is 0.71, revealing dominance of a shallow lake with high
lake level fluctuations. This condition provided a suitable
environment for lacustrine/palustrine freshwater carbonate con-
centration. As illustrated in Fig. 4, bimodality of fluvio-lacustrine
sediments suggests that rivers were flooding in late spring, while
during the rest of the year conditions were similar to the modern
situation.

A perennial lake prevailed due to increasing water discharge
from the high mountains, and vast lands of the Hirmand deltaic fan
were cultivated due to water availability. As a result, an economic
basewas funded in the region for the Pre-Islamic Persian empires of
Achaemenid (Dahane-i Gholaman archeological site, Tappe-i Sorkh
Dagh near Nad-i Ali) and Sassanid (Kuh-i Khawjeh and Ram
Shahrestan) to early Islamic settlements (Zahedan-i Kohneh and
south and north of Chakhansur) (Jux and Kempf, 1983; Sajjadi,
2007) (Fig. 2a). Many infrastructures such as dykes, canal systems
and domiciles were constructed at this time (Tate, 1910). Environ-
mental conditions during this period were more favorable than
during sub-unit C1. Historical evidence shows that the Sistan Basin
was known as the breadbasket of western Asia, as agriculture
bloomed at this time (Goldsmid, 1875). In contrast, during the
Shahr-i Sukhteh civilization, trading and industrial activities such
as the processing of Lazuli were themajor economic activities (Tosi,
1983). Three dry phases occurred during the interval corresponding
to sub-unit C3 (depths 70, 120 and 160 cm). Comparisonwith grain
size analyses of Rashki and Kaskaoutis (2012) indicates that the
wind shear velocity was similar to the modern situation in the first
two phases. The Sistan Basin experienced much stronger winds
during the last aeolian phase (Figs. 3 and 4).

A charcoal bearing layer is evident at the depth of 35e50 cm,
which could be attributed to a large scale wildfire event at the end
of the 14th century during an invasion by Turkomen (Author, 1935).
However, continuous wind erosion along with lacustrine sedi-
mentation could rework any records of short-term events in the
Sistan Basin.

5.3. Palaeoclimatic implications

Since the late-glacial, the hydro-climatic regime of interior west
Asia has been under the influence of various atmospheric circula-
tion patterns and intensities. High pressure cells of the Siberian
Anti-cyclone from the north, low pressure cells belonging to the
ISM from the south, andMLWgoverned the regional climate during



this period (Ricketts et al., 2001; Dortch et al., 2013) (Fig. 1). The
dominance of each of the major climatic systems through time has
strongly affected the fragile ecosystems of the eastern Iranian
Plateau. In addition, the Holocene hydro-climatic changes have
been influenced by the interplay of local (intra-basin) and regional
(Hindu Kush mountain) climate receiving moisture from ISM and
MLW. In order to increase the precision of our limited chronological
data, and to evaluate Holocene palaeoclimatic evolution of the
Sistan Basin and climatic forcing factors, we correlated our mag-
netic susceptibility record with proxy data of ISM, Siberian High
and MLW domains to find matching climatic events (Fig. 5). Based
on the proxy data and correlations, we divided Holocene palae-
oclimate into three phases.

5.3.1. Phase1: an ISM-dominated climate?
The dry and wet periods in Sistan have been determined by the

amount of water derived from the Hindu Kush. Higher mean grain
size of MP1 in sub-unit A1 (up to 41.2 mm) relative to sub-unit C3
(up to 17.7 mm) corroborates higher river discharge during the early
Holocene. High early Holocene ISM-related snowfall and positive
glacier mass balances in western Himalaya and Hindu Kush
Mountain during the late Quaternary have been documented
(Owen et al., 2002b; Dortch et al., 2013; Owen and Dortch, 2014).
Owen and Dortch (2014) suggest that Quaternary warm periods
increased MLW- and ISM precipitations and consequently led to
high glacial mass balance in the semi-arid western Himalayas. On
the other hand, cold stages corresponding to ISM retreats resulted
in ice preservation on the mountains in spite of decreased MLW-
associated precipitation. As a result of high ISM precipitation,
ISM-associated glaciers of western Himalayas were responsible for
higher water discharge into the Sistan Basin during late-glacial and
early Holocene.

The oxygen and carbon isotope studies of Lake Issyk-Kul in
Kyrgyzstan show that the lake received more freshwater input (via
Tyup and Djergalan Rivers), during the early Holocene due to NW
Himalayan ISM-associated glacier melting (Ricketts et al., 2001)
(Fig. 9c). Leroy et al. (2013) have also suggested that early Holocene
high Caspian Sea level (Fig. 9c) was mainly governed by ISM pre-
cipitations over the NW Himalayas (Pamir and Tien-Shan glaciers)
brought by Amu-Daria and the Uzboy River (Fig. 1). Adjacent
headwaters of major rivers in southwest Asia, such as Indus River
and the Ganga-Brahmaputra river system fed by ISM precipitation
over NW Himalayas, were flowing with highest discharge during
this time (Singh, 1971; Goodbred and Kuehl, 2000). Hence, it could
be concluded that the NW Himalayas ISM-associated glaciers as a
result of high ISM precipitation were responsible for high runoff to
the Sistan Basin during late-glacial and early Holocene.

According to the dated horizon of unit A in our study, the climate
of the Sistan Basin during the early Holocene was mostly affected
by ISM. This is corroborated by findings from Hotti cave, Oman
(Fleitmann et al., 2003), Arabian Sea (Gupta et al., 2003) (Fig. 9e)
and monsoon associated glaciers of semi-arid western Himalayan-
Tibetan stages (SWHTS) defined by Dortch et al. (2013) (Fig. 9b).

Proxy records of the Eastern Mediterranean (Bar-Matthews
et al., 2003) (Fig. 1), Turkey (Lake Van (Wick et al., 2003)) and
western Iran such as Lake Zeribar, Mirabad and Neor (Stevens et al.,
2001, 2006; Sharifi et al., 2015) reveal a delayed increase in mois-
ture during the beginning of the Holocene. Themoisture increase at
early to mid Holocene is correlated with the latter parts of unit A1
in Lake Hamoun (Fig. 9a, d). Hence, during the early Holocene, in
addition to ISM-associated precipitation in the Sistan Basin and
Hindu Kush, the MLW-associated precipitation elevated the mois-
ture input into the region, especially since the latter parts of the
early Holocene. MLWmay have possibly contributed to the amount
of precipitation in the northern parts of the ISM domain during the
early Holocene (Leipe et al., 2013). In contrast to the continental
Middle East, various studies have shown that the post-glacial
intensification of the ISM on the northern coasts of Indian Ocean
caused a dramatic increase in surface water availability at about
13e11.5 ka BP (Van Campo, 1986; Kumaran et al., 2005; Ansari and
Vink, 2007), suggesting that ISM was the only climatic forcing
factor for Sistan at the late-glacial and the beginning of the
Holocene.

Briefly, the early Holocene is characterized by ISM (late-glacial
to early Holocene) and MLW (latter parts of early Holocene)
maximum intensity. Consequently, the area has received moisture
from both sources, as the Sistan Basin experienced a more humid
condition.

5.3.2. Phase2: transitional climate
The southward migration of ITCZ in mid Holocene (Fleitmann

et al., 2007), weakening of ISM over the area (especially over
Western Hindu Kush) and ongoing MLW (Sharifi et al., 2015)
imposed an arid climate on the Sistan Basin. Throughout the early-
mid Holocene transition, the decrease in precipitation in northern
limit of the ISM (northwestern Himalaya, containing Karakoram
and Hindu Kush) was greater than in southern parts such as the
western Arabian Sea region (Leipe et al., 2013). The time of shift
from ISM-associated precipitation to Mediterranean winter pre-
cipitation in northern Oman was around mid-Holocene (Fleitmann
et al., 2007). Geological evidence also suggest that during this
period, the African humid period shifted toward more arid condi-
tions (Ritchie et al., 1985). Ricketts et al. (2001) indicated more arid
conditions since 6.9 ka BP in Lake Issyk-Kul which was attributed to
weakening of the ISM. Their finding is supported by research by
Rhodes et al. (1996) in other basins in CA. An approximately 4000
year low Caspian Sea level period starting from 7.5 ka BP has been
reported by Leroy et al. (2013). The dryness of northern Iran at this
time is also shown by the presence of loess deposits along the
Caspian Sea coasts and in the foothills of the Alborz Mountains
(Frechen et al., 2009). Accordingly, the weakening of the ISM and
southward movement of the ITCZ during the mid Holocene caused
more spring precipitation over the Zagros Mountains and devel-
opment of Zagros oak forests (Djamali et al., 2010).

The time period corresponding to unit B coincides with a cold
phase MLW associated SWHTS in CA and Himalaya, such as K2,
Hunza and Nanga Parbat (Dortch et al., 2013). Altogether, it seems
that during the period corresponding to unit B, decreasing ISM and
MLWassociated precipitation over themountains of NWHimalayas
as a result of a cold phase, were responsible for water shortage and
severe wind storms in the area.

5.3.3. Phase3: modern MLW- dominated climate
Palaeoclimatic records show since the mid Holocene to the

present time, the climate of Sistan and its catchment area more or
less oscillated around a steady state. The gradual expansion of
Zagros oak woodland during this time is explained as a conse-
quence of weakening the ISM and strengthening theMLW, bringing
Mediterranean-type precipitation into the Iranian plateau (Djamali
et al., 2010). Recent investigation in a peat mire at Neor Lake in NW
Iran (Sharifi et al., 2015), and SE Caspian Sea (Leroy et al., 2013),
show unstable climate conditions and frequent lake level fluctua-
tions during the mid to late Holocene. The palaeolimnology of Lake
Issyk-Kul also shows that from 4900 yrs BP to the present, the
palaeoclimatic data are relatively constant, implying conditions
similar to modern conditions, during which moisture is mostly
derived from MLW (Ricketts et al., 2001). By comparing the mid to
late Holocene palaeoenvironment of Sistanwith that of thewestern
Iranian plateau, one can conclude that during the late Holocene,
MLW-induced winter precipitation dominated in the area (Fig. 9).



Fig. 9. Comparison of studied Holocene units and magnetic susceptibility log in core HMN3 (a) with semi-arid western Himalayas-Tibetan glacial Stages (b) shown in Fig. 1
(Dortch et al., 2013) (dark arrows show monsoon associated glacial periods and light arrows show westerly-associated glacial periods). Our records are also compared with
other selected proxy records from; Central Asia (Lake Issyk Kul, Kyrgyzstan (Ricketts et al., 2001) and Gomishan lagoon at SE corner of Caspian Sea (Leroy et al., 2013));
Mediterranean winter precipitation region of western Iran lakes (Lake Zeribar (Stevens et al., 2001) and Lake Neor (Sharifi et al., 2015)); Indian monsoon Asia (Arabian Sea
(Gupta et al., 2003), Hotti Cave, Oman (Fleitmann et al., 2003)) and summer insolation at 30�N (Berger and Loutre, 1991).



6. Conclusions

The sediment core from Lake Hamoun, SE Iran, represents a
late-glacial and Holocene record of dust and fluvio-lacustrine
deposition and provides new insights about the palae-
ohydrological evolution of the Sistan Basin. Grain size distribution,
petrographical characteristics, and basin geochemical measure-
ments of core sediments suggest that:

� Late-glacial to early Holocene in Sistan Basin was characterized
by a high productive lake with relatively stable water levels.
The basin was being fed by both MLW-associated and
ISM-associated precipitation over Hindu Kush mountains. The
position of ITCZ made the ISM as a major possible source of
moisture for SE Iran, Afghanistan and Pakistan.

� During the early to mid Holocene, southward migration of ITCZ
led to weakening of the ISM, and consequently drought periods
in Sistan Basin and semi-arid conditions over NW Himalaya.
Establishment of a high pressure gradient between the Sistan
depression and the high Hindu Kush Mountains caused the
occurrence of severe and frequent dust storms over the area.

� Frommid to late Holocene onwards, the hydroclimatic regime of
the Sistan Basin and NW Himalaya have been mostly governed
by MLW-associated precipitation. In comparison to late-glacial
to early Holocene, lake level dropped and the productivity of
Lake Hamoun was reduced. Frequent lake level fluctuations
show unstable climate of the Sistan Basin during mid to late
Holocene.

As the Sistan Basin has been the host of great civilizations from
mid to late Holocene, it is needed to establish higher resolution
chronologies for the sediments of studied cores (especially in the
sub-unit C1) and future palaeo-records to correlate hydrological
evolution of Lake Hamoun with socio-economic changes of human
communities. As the lake sediments are barren palynologically, it is
recommended to use biogeochemical proxies as an alternative
proxy of the past hydroclimatic conditions.
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