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The interior of the Central Iranian Plateau is an important area for the study of the palaeoenvironmen-
tal controls of early human dispersal in arid regions. In the now hyper-arid region, human migrations
may have been affected by the major Quaternary climatic changes. However, due to the difficult ac-
cess and harsh climate in the central desert, there are scarce palaeoenvironmental data available to
reconstruct the interplay between migration of past cultures and environmental change. In the Khur
Basin, located in the central part of the Iranian Plateau and on the eastern edge of the central Great
Kavir, geomorphological landscape archives have been preserved that provide valuable information
about the landscape evolution and climate dynamics of this characteristic desert region. As the spa-
tiotemporal relationships between the dominant geomorphological forms and processes in this area
have mostly been studied in isolation, this study adopted an integrative approach to better assess the
diverse interactions. This involved geomorphological mapping and detailed field-based geomorpho-
logical and stratigraphical analyses of 12 sedimentary sequences distributed over eight geomorphic
units of the Khur Basin. The resulting relative chronological classification of the morphostratigraphy
suggests a logical sequence of six main phases of landscape evolution. By combining our mapping
results with dated geoarchives of the region, a tentative chronology was developed. The early stages as
observed in the stratigraphically oldest preserved landforms were characterised by a sequence of dif-
ferent processes, including pediment erosion, alluvial fan and dune formation, and soil development,
and probably date to the phase before and during Marine Isotope Stage (MIS) 3. The subsequent land-
forms and deposits are to be interpreted as a result of alluvial fan progradation into the basin interior as
well as dune development, which are probably attributable to the cold and arid conditions during the
Last Glacial Maximum (LGM). The most recent morphostratigraphic findings correlate with the com-
bined effects of pedological and geomorphological processes, including the formation of gypsum-rich
soils, sand dune reactivation, and the deflation of playa surfaces. These findings indicate an increasing
aridity in the area, which is often associated with the climatic development of the Holocene. Through
the systematic integration of stratigraphical and geomorphological evidence, this study provides a first
comprehensive historical-genetic model of landscape evolution in the Khur Basin.
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Kurzfassung:

Paldookologische Verdanderungen im Inneren des zentraliranischen Plateaus hatten groflen Einfluss

auf die frithe Ausbreitung des Menschen. Wihrend die Region heutzutage hyperarid ist, konnten
feuchtere Klimabedingungen wihrend des Quartérs die Wanderungsrouten beeinflusst haben. Auf-
grund der Abgeschiedenheit der Region und des rauen Klimas in der zentralen Wiiste sind jedoch
nur wenige paldookologische Daten verfiigbar, anhand derer sich die Wechselwirkungen zwischen
der Migration vergangener Kulturen und den Umweltveridnderungen rekonstruieren lieen. Im Khur-
Becken, das sich im zentralen Teil des iranischen Plateaus und am Ostlichen Rand des zentralen
Groflen Kavir befindet, haben sich geomorphologische Landschaftsarchive erhalten, die wertvolle In-
formationen iiber die Entwicklung und Klimadynamik dieser charakteristischen Wiistenregion liefern.
Da die raum-zeitlichen Beziehungen zwischen den dominierenden geomorphologischen Formen und
Prozessen in diesem Gebiet bisher meist isoliert untersucht wurden, wurde in dieser Studie ein inte-
grativer Ansatz gewdhlt, um gerade die vielfiltigen Wechselwirkungen besser bewerten zu konnen.
Die Untersuchungen umfassten sowohl detaillierte geomorphologische Kartierungen als auch die ge-
omorphologische und stratigraphische Aufnahme von zwolf Sedimentsequenzen, die sich auf acht
verschiedene geomorphologische Einheiten des Khur-Beckens verteilen. Die daraus resultierende rel-
ative Chronologie ermoglicht die Identifizierung von sechs Hauptphasen der Landschaftsentwicklung.
In Kombination mit bereits datierten Geoarchiven der Region konnte die Landschaftsentwicklung
zeitlich eingegrenzt werden. In einer ersten Phase kam es im Khur-Becken zur Erosion der Pedimente
am Rande der Gebirgsketten. Zudem bildeten sich ausgedehnte Schwemmficher und erste Diinen. An
verschiedenen Stellen gibt es Hinweise auf Bodenbildung. Diese Prozesse erfolgten wahrscheinlich
bis zum Ende des MIS 3. Unter den kalten und trockenen Bedingungen des LGM kam es zur Progra-
dation der Schwemmfécher ins Beckeninnere sowie zu ausgedehnter Diinenbildung. Im Holozén kam
es zur Deflation der Playaflachen, zur Reaktivierung von Diinen und zur Bildung von gipsreichen
Boden. Mithilfe der systematischen Integration stratigraphischer und geomorphologischer Analysen
konnte im Rahmen dieser Studie ein erstes historisch-genetisches Modell der Landschaftsentwicklung

im Khur-Becken erstellt werden.

1 Introduction

The Iranian highland is part of the Alpine—Himalayan oro-
genic belt, which hosts a complex landscape (Maghsoudi,
2021). Today the region is hyper-arid. However, previous re-
search indicates significant palaeoenvironmental variations
during the Pleistocene and the Holocene (e.g. Hamzeh et al.,
2016; Kirsten et al., 2023). This is especially important as
the region serves as a crucial migratory connection, linking
Europe and Central Asia (Armitage et al., 2011; Groucutt
et al., 2021). Central Iran was presumably important for hu-
man dispersal and human trade routes during more humid
periods (Nasab et al., 2013; Shoaee et al., 2023) as already
indicated for other regions in western Asia (Breeze et al.,
2015; Delagnes et al., 2012). Yet it remains unclear when
these routes were active and how their usages were related to
climate changes (Shoaee et al., 2023).

Over the past decades, there has been growing interest in
understanding past environmental changes in western Asia.
However, environmental investigations in Iran are mostly fo-
cused on the continuous lake archives of western Iran (e.g.
Djamali et al., 2008; Jones et al., 2014; Saeidi Ghavi Andam
et al., 2021; Sari et al., 2024; Sharifi et al., 2015; Stevens et
al., 2006; Wasylikowa et al., 2006) and north-northeastern
loess—palaeosol archives (Karimi et al., 2011; Kehl et al.,

E&G Quaternary Sci. J., 74, 193-212, 2025

2021; Vlaminck et al., 2016). These archives offer in-
sights into palaeoclimatic development due to their continu-
ous development and long-time, high-resolution stratigraphic
record. Increasing evidence indicates that climate changes
in western Asia during the late Pleistocene—Holocene were
related to obliquity and precession-controlled cycles of the
Northern Hemisphere (Mehterian et al., 2017, Roberts et al.,
2018). Some sparse but valuable efforts have been under-
taken to highlight the landscape and palacoenvironmental de-
velopment of the Iranian highlands including their alluvial
fans and river terraces (e.g. Arzani and Jones, 2018; Bayat et
al., 2018; Biidel et al., 2017; Biidel, 2020; Khosravichenar et
al., 2020; Walker and Fattahi., 2011), floodplains (Busch et
al., 2024), playa and playa lakes (e.g. Biidel, 2020; Jones et
al., 2014; Pourali et al., 2023; Rahimpour-Bonab and Abdi,
2012; Torabi et al., 2023; Vaezi et al., 2019), sand dunes
(Rahimzadeh et al., 2019), and soil carbonates (Bayat et al.,
2023). Despite that, our understanding of geomorphological
archives and landscape evolution of the vast Iranian high-
lands remains vague and incomplete (Kehl, 2009). Concur-
rently, there is a deficit in the comprehension of the spa-
tiotemporal relationships between the dominant geomorpho-
logical processes that have so far mostly been investigated in
isolation. Therefore, there is a high demand for the consoli-
dation and integration of further palaeoclimatic archives with
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their geomorphic interrelations and for the evaluation of new
types of geoarchives from landscape elements that are more
common and characteristic for the extreme environments of
central Iran.

The Great Central Desert or Great Kavir, the largest salt
desert in Iran, is located at the centre of the Iranian Plateau
and extends to the eastern part of Iran (Jackson et al., 1990;
Krinsely, 1970). Various geomorphological features consti-
tute the primary components of the landscape in the Great
Kavir, including fluvial landforms such as alluvial fans and
pediments, aeolian features like deflation pans, sand dunes,
and ergs, and composite landforms such as desert pavements.
However, the preservation of organic material in such hyper-
arid environments is generally very poor, as demonstrated in
other desert regions (e.g. Dunseth et al., 2017). Additionally,
many archives in dry areas are discontinuous (e.g. Stauch,
2016; Bartz et al., 2020), resulting in further challenges in the
interpretation. The Great Kavir, from the geoarchaeological
perspective, has hosted numerous historic and prehistoric set-
tlements situated along the alluvial fans and fringes of playa
lakes spanning from the Pleistocene to the Holocene periods
(Maghsoudi et al., 2019). Formation patterns and the dynam-
ics of the settlements indicate the profound dependence of
the prehistoric desert inhabitants on geomorphological con-
ditions and environmental changes (Maghsoudi, 2021; Nasab
etal., 2013).

The fact that for this part of the Iranian Plateau only lim-
ited data on stratigraphy and landscape evolution are avail-
able can primarily be attributable to challenging accessibil-
ity and harsh climatic conditions (Walker and Fattahi, 2011).
The Khur Basin (Fig. 1) is located in the southeastern edge
of the Great Kavir. Our objective was to establish an ini-
tial outline of the late Quaternary geomorphological and
sedimentological archives of the basin. This will (i) offer
insights regarding distinctive landforms (geomorphic posi-
tions) and their sediments and (ii) represent the first step
towards understanding the interrelation and relative order
of the dominant landscape-shaping processes and their re-
lation to palaeoclimatic evolution. The role of palacoclimate
change in landscape evolution is critical. A thorough under-
standing of palaeoclimate history strongly relies on accurate
and precise age control (Sirocko, 2007). Since we have no
direct chronological controls on the Khur Basin archive, we
compare the observed field evidence with other analogous
palaeoclimate records from the Iranian Plateau. This compar-
ative approach provides a first picture of landscape evolution
during the late Quaternary. This facilitates a better under-
standing of the contribution of palacoenvironmental condi-
tions and landscape evolution to the establishment of the Old
World Dry Belt and human trade routes (Kehl et al., 2023;
Rashidi et al., 2019; Shoaee et al., 2023).
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2 Study area

The study area of Khur is situated 40 km southeast of the city
of Khur and at the easternmost border of Isfahan province
and in the southeastern part of the Great Kavir (Fig. 1). The
area of the Khur Basin is 120km? with an average altitude
of 800 m above sea level. The lowest point (playa) is about
700m above sea level, and the highest peaks reach above
1400 m.

The activity of the major Eurasian synoptic systems
including the Siberian anticyclone, midlatitude westerlies
(MLWs), and the Indian summer monsoon (ISM) impacts
western Asia and particularly the Central Iranian Plateau.
The convergence of these systems has controlled the climate
conditions of the plateau since the late Pleistocene (Hamzeh
et al., 2016; Mehterian et al., 2017).

Based on meteorological station data, the recent climate is
characterised as hyper-arid (hot desert climate), with erratic
rainfall concentrated between November and April. Based on
a 30-year measurement period (1987-2017), the mean annual
temperature and rainfall amount to approximately 20 °C and
86 mm, respectively, while a high potential evaporation rang-
ing between 3000 and 3200 mm yr~! indicates a severe water
deficit in the region (Rezaei and Ghasemieh, 2019).

The relief of the Khur study area is placed in the Yazd
block, northwest of the Central-East Iranian Microcontinent
(CEIM; Takin, 1972), an independent structural unit within
the complex Mesozoic tectonic plate mosaic of the Mid-
dle East. The late Alpine orogenic events followed progres-
sively from the Middle Alpine (65-20 Ma) and extended to
the present, during which the main structural features of
present-day Iran were formed. These orogenic movements
including folding and uplift followed by subsidence occurred
across much of Iran, including central regions (Berberian
and King, 1981). The extensive (predominant) Neogene vol-
canic activity, together with rapid orogenic uplift and ac-
tive erosion, reached a climax in the Pliocene—Pleistocene.
These tectonic and erosional processes contributed to the
separation of numerous basins along mountain fronts in cen-
tral Iran and initially folded and eroded the Neogene sedi-
ments that constitute the base of the pediments and the Great
Kavir (Berberian and King., 1981; Eghbal et al., 2018). The
Great Kavir (Doruneh), Turkmeni-Ordib (Biabanak), and
Chupanan faults are the main faults that surround the study
area (Shadman et al., 2022).

The Cretaceous sediments of southeastern and central Iran
are related to the Mesozoic Tethys geosyncline (Farpoor et
al., 2004; Farpoor and Krouse, 2008; Khademi et al., 1997a,
b). During late Oligocene to early Miocene, a relative sea
level rise initiated open marine conditions in central Iran, re-
sulting in the formation of an extensive basin where evap-
orites precipitated and gypsum deposited from brines. Dur-
ing the Miocene closure of the Tethys Sea, significant tec-
tonic activity led to the widespread development of shallow
marine environments across much of Iran, including central
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Figure 1. Study area (own map; data: GTOPO30 DEM; ESRI ArcScene). 1 — Anar; 2 — Neyshabour; 3 — Damghan Basin; 4 — Kashmar; 5
— Marvast (Dehshir fault); 6 — Zagros Faults; 7 — Minab; 8 — Ardakan sand-ramps; 9 — Isfahan (Baharan); 10 — Isfahan; 11 — Bajestan; 12
— Persepolis; 13 — Lake Zeribar; 14 — Lake Neor; 15 — Lake Mirabad; 16 — Konar Sandal Peatbog; 17 — Jazmurian Playa; 18 — Oman Gulf

core; 19 — Pounel Mire.

regions, contributing to the formation of several sedimen-
tary basins, closed lakes, and lagoons (Farpoor et al., 2004;
Krinsely, 1970). The restriction of the open marine circula-
tion resulted in hypersaline lagoons, supratidal sabkhas, and
evaporites (upper red formation) in the inner part of the cen-
tral Iranian platform (Rahimpour-Bonab and Kalantarzadeh,
2005).

Most of the Khur area is covered by Quaternary alluvium,
while the oldest rocks are Cretaceous sediments consisting
mainly of limestone, sandstone, siltstone, and shale (Torabi
and Arai, 2013). The Hoz-e-Mirza Mountains are composed
of three main formations: the Mirza, Biabanak, and the Dar-
reh Anjir. The Mirza formation mostly consists of shale, silt-
stone, limestone, calcirudite, sandstone, and conglomerate,
while the Biabanak formation includes marly slate, clay slate,
and limestone. Moreover, the Darreh Anjir formation is cov-
ered by lower Eocene sediments such as andesite, dacite,
basalt, and tuff and the Miocene upper red formation (Nav-
abi and Houshmandzadeh, 1969). The upper red formation is
the most extensive Miocene rock unit in the central Iranian
geological zone. It mainly consists of marl, sandstone, and
gypsum red beds. This formation overlies the marine sed-
iments of the Oligo-Miocene Qom Formation, which were
deposited from the Oligocene to late Miocene after the late
Eocene Pyrenean orogeny (Abbassi et al., 2021).

E&G Quaternary Sci. J., 74, 193-212, 2025

3 Methods

To establish a regional geochronological framework a struc-
tured literature review was conducted that also addressed
the discontinuity and the spatial and temporal fragmenta-
tion of existing Pleistocene and Holocene palacoenviron-
mental archive data. Due to the limited number of publica-
tions, the scarcity of numerical age data, and the risk of a
publication bias emerging from interlingual publication prac-
tices, all available literature and all Iranian and international
publication databases were screened for published numeri-
cal age data. Further publications and grey literature were
identified from the references listed by the screened publi-
cations. In a second step the compiled age constraints were
structured by type and time, their explanatory power was
evaluated, and gaps in the proposed geochronological mod-
els for central Iran were identified. The resulting reviewed
data (Table 1) are essential for contrasting an independent
relative chronostratigraphy of the region. The latter was in-
dependently achieved through own geomorphological map-
ping (Sect. 3.1) and stratigraphical analysis (Sect. 3.2) of the
study area’s landforms, with a focus on their differentiated
genesis. This, in turn, is decisive for the critical examination
and objective interpretation of the sediment dating results de-
rived from different numeric dating methods and protocols
that might cover our presented archives in the future.
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3.1 Geomorphological mapping and site selection

Geomorphological features were mapped based on satel-
lite imagery (Landsat Archive via Google Earth Engine,
Bing Maps Aerial via ESRI ArcGIS Pro), digital elevation
model data (Copernicus DEM GLO-30), geological maps,
and field observations. Mapping was conducted at a scale of
1:10000, implementing the German GMK25 geomorpho-
logic mapping symbology (latest version “GMKS5” in Leser
and Stéblein, 1985, modified by Biidel, 2020). The datasets
were integrated within an ArcGIS mapping environment.
Based on the DEM a multiple topographic position index
stack was created using the focal statistics tool and evaluated
in combination with the geomorphons output from the spa-
tial analyst extension. Together with the aerial imagery, this
enabled the systematic classification of major linear morpho-
metric features. Basins and channels were modelled using the
hydrology toolset and used to outline watersheds and alluvial
fan subsets. Structural changes and changes of geomorpho-
logical process and structure were highlighted for the precise
delineation of geomorphic domains (cf. Biidel, 2020), addi-
tionally taking Landsat bands SWIR I, II, and BLUE into ac-
count. Finally, all mapping units were evaluated, completed,
and additionally described in the field.

3.2 Stratigraphical fieldwork

Fieldwork was conducted in three campaigns in 2023. Based
on the sedimentary pathways and depositional relationships
that were identified by the geomorphological mapping, we
selected 12 sites for stratigraphical sections distributed over
eight different geomorphological units (Fig. 2). Localities
were also deduced from their representativity within the
identified sediment cascades. Latitude, longitude, and eleva-
tion were recorded by a handheld Garmin eTrex 30 GPS.
Field information and stratigraphic descriptions of the pre-
selected outcrops and excavator sections were recorded using
the methods and terminology outlined in Tucker (2011). Sed-
imentary logs were systematically created for each profile,
capturing the stratigraphic sequence and sedimentological
characteristics of the exposed deposits. Sediment properties
that were logged cover the coarse and fine texture and struc-
ture. Soils and palaeosols of each exposure were described
using the methods of IUSS Working Group WRB (2022).

4 Results

4.1 Khur Basin geomorphology

The geomorphology of the Khur area is determined by a
large-scale source-to-sink sediment cascade, with sediment
transport predominantly from the Cretaceous sedimentary
rock formations of the Hoz-e-Mirza Mountains, through the
pediments of the Miocene marls and mudstones, which are
partly covered by alluvial fans, to the erosional base formed
by the playa of the endorheic basin 14 km away (Fig. 2). The
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regional slope of the pediments dips towards east-southeast
with a mean angle of less than 1.5° in the distal areas. Sand
dunes are located on top of the most distal parts of the ped-
iments and on the playa’s margins. Here, they block the al-
luvial fan deposits that are mantling the pediments. In the
southern part of the area, an isolated playa surface formed.

Nine geomorphic units were mapped in the Khur area
(Fig. 2). The units are described below according to their cor-
responding study sites and sections, except the “structural,
mountain ranges” unit.

1. Medial alluvial fan (section KBO1, see Fig. 2 for loca-
tion): the medial zones of the fans are characterised by
mature desert pavements and several dissected channels
that are incised up to 2.5m below the adjacent plain,
which is mostly composed of angular gravels.

2. Incised alluvial fan and pediment (section KB02 and
KB12): dissection of the alluvial fan surfaces involves
active backward erosion and incision into the underly-
ing pediment, with sharp erosional scarps and surfaces.
This area is mostly covered by fluvial fine-grained and
gravelly deposits encrusted by gypsum.

3. The cover sediments of the distal alluvial fan surface
(sections KBO03): downslope of the medial fan surface,
the distal apron is formed by an active alluvial cover
and characterised by a mixture of finer and coarser allu-
vium with shallow (1-2 m) saucer-shaped channels and
rill erosion in between.

4. Undissected alluvial fan toe (section KBO0S5): the distal
part of the active alluvial fan surface ends in an undis-
sected alluvial fan toe. It forms a transitional fringe be-
tween the playa and the alluvial fan, which is charac-
terised by thin, recent fluvial gravels on the surface.

5. Eroded alluvial fan toe (section KB06): to the north, the
alluvial fan toe is isolated by erosion of the surrounding
sediments. It is covered by cobbly desert pavement and
predominantly fine-grained well-sorted alluvium.

6. Sand dunes-alluvial fan contact zone (section KB04
and KBO7): this zone of fluvial-aeolian interplay is sit-
uated at the western margin of the dune fields where the
dunes confine the distal part of the alluvial fan.

7. Dune fields and sand dunes (section KBO0S, 9, 10): the
Khur dune fields are located on the west-northwest mar-
gin of the main Sargardan and Shotoran sand seas in the
southeast part of the Great Kavir (Maghsoudi, 2021).
The Khur sand dunes are categorised into complex and
barchan dunes (Fig. 2) and were classified as fully active
dunes by Abbasi et al. (2019); northwestern winds are
predominant. These geomorphic units are dominated by
well-sorted aeolian sands with different stratigraphical
structures. Wind ripples are also ubiquitous in the sur-
face of the Khur dune fields, which have a wavelength
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Figure 2. Generalised geomorphological map of the study area.

between 150-200 mm and amplitude of 0.5-10 mm and

align with the predominant NW wind direction in the
Khur Basin.

8. Playa (section KB11): the playa surface is separated into
two distinct elevation levels. The first level presents the
extensive main playa at a level of 700 ma.s.l. (KB11,
playa). The second is the dune-dammed playa surface,
which is raised up to 4m above the main playa sur-
face. The geomorphic unit features a puffy surface and
reveals structural variations where the central salic—
gypsic crusts are interspersed with exposed mud and
sand covers. A shallow groundwater level was observed
by intrusion in a depth of approximately 2 m, further re-
sulting in high soil moisture throughout the entire KB11
section due to capillary rise. Homogeneous fine-grained
sediments are prominent features of this unit.

4.2 Stratigraphy and sedimentary units

A total of 12 sedimentary sections are distributed throughout
the basin (Fig. 3), with six sections located along the central

E&G Quaternary Sci. J., 74, 193-212, 2025

alluvial fan (KBO1, KB02, KB03, KB04, KB05, KB06), five
sections located in the sand dunes and playa (KB07, KBOS,
KB09, KB10, and KB11), and KB12 representing the north-
ernmost alluvial fan surface.

4.2.1 Central alluvial fan sections

Six sedimentary sections are distributed across the central
alluvial fan (Fig. 3). They include the medial fan surface
(KBO1), the incised portion of the alluvial fan (KB02), al-
luvial cover of the distal alluvial fan surface (KB03, KB04),
and the non-dissected alluvial fan toe (KB0S5) at the border
of the alluvial fan and the playa. Where erosion has low-
ered the surrounding surfaces, dissected alluvial fan toe rem-
nants (KB06) prevailed at slightly higher elevations (Fig. 2).
These sections are generally composed of four common sed-
imentary units consisting of fluvial gravel (G), palaecosol (P),
gypsic soil (By), and undifferentiated and partly reworked
marls and mudstones (M) (Fig. 3). Unit M is mostly com-
posed of densely packed homogeneous reddish-brown, silty
clay and clay deposits, including evaporites. By is com-
monly characterised by a pale brownish massive loamy tex-

https://doi.org/10.5194/egqsj-74-193-2025
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Figure 3. Stratigraphic sketch of the Khur Basin sections (C: clay, Si: silt, S: sand, G: gravel, Gy: gravel with gypsum interlayers, Pq: playa
deposits, M: reworked marls and mudstones, p: palaeosols, By: gypsic soil, Sa: aeolian sands, S;: lacustrine sands, Sy: fluvial sands). Sites:
KBO01-KBO06 — central alluvial fan; KB07-11 — dune field and playa; KB12 — northern alluvial fan.

ture with low gravel content (< 10% gravel volume) and
~30%-50% secondary gypsum accumulations in various
forms such as pendant, filament, and blocky and irregular
shapes. The palaeosol unit P typically features consolidated
red-brownish clay loam with a distinct angular—subangular
blocky structure, as well as secondary gypsum and carbonate
accretions.

The sedimentary units the five central alluvial fan sec-
tions exhibit a similar pattern. The uppermost units consist
of fluvial gravels (G) that exhibit downstream sorting and
rounding towards the distal alluvial fan toe. The gravels in
the middle of the KBO1 sections show no systematic verti-
cal fining or coarsening trend. The stratigraphy of KBO1 sec-
tion (Fig. 4d) is characterised by lateral discontinuities of the
individual fluvial gravel strata and interbedding with finer-
grained sediment lenses that are typical for braided river en-
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vironments. Section KB02 is a 7m high scarp in the incised
area of the alluvial fan that allows a broad overview of the
sedimentary successions (Fig. 4b and g).

A layer of undifferentiated and partly reworked marls and
mudstones (M) exists in the lowermost part of these sections
(Fig. 3). Interfingering of the reworked marl and mudstone
deposits (M) and fluvial gravels (G) was observed at the base
of the KBO1 and KB04 sections (Fig. 4g, h, and k), while
KBO06 showed the interfingering of the reworked marls (M),
fluvial gravels (G), and fluvial sands (S¢) at its base layer
(Fig. 3). At KBO1 and KBOS, there is a distinctive change
from coarse fluvial gravels (G) to overlying palaeosols (see
Figs. 3, 4d and k), which is also exposed at KB06 (Figs. 3
and 4j).

Generally, reddish palaeosols (P) and gypsic soil (By)
units are placed in the middle of the section below the gravel
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Figure 4. Visual impressions of the Khur Basin landscape and record. (a) A westerly view of the mid-fan with a 2.5 m incised terrace. (b) A
view of the dissected fan with erosional scarps and surfaces. (¢) A westerly view of the Khur playa toward the sand dunes and mountains.
(d) KBO1 section stratigraphy; note the reddish palaeosol, with the interfingering of reworked marl deposits (M) and fluvial gravels (G) at its
base. (e) Laminated aeolian sand dune (Sa) in section KBO7. (f) The red arrow shows the contact zone between aeolian dune deposits (Sa)
and playa sediments (Pq) in a depth of 470 cm in the KBO7 section. (g) A broad view of the KB02 section stratigraphy in the wall of the
backward erosion scarps in the alluvial fan, which has incised down into the clayey sediments of marl and mudstone. (h) The KB04 section
stratigraphy; the red arrow shows the contact zone between aeolian deposits and marl deposits (M) as well as the interfingering of reworked
marl deposits (M) and fluvial gravels (G) at a depth of 280-400 cm. (i) KB 12 section stratigraphy is composed of fluvial sands (S¢), lacustrine
sands (S), and aeolian sands (S). (j) KB06 section stratigraphy; note the palacosol horizons separated by a thin layer of gravels and the
interfingering of reworked marl deposits (M) and fluvial gravels (G) at its base. (k) KBOS section stratigraphy; note the contact zone between
gravels (G) and reworked marl deposits (M) at a depth of 370 cm.
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units (G), while in the KB02 and KBO06 sections, the gypsic
soil appears at the surface. While gypsic soil horizons ex-
hibit weak structures with few to no aggregates — and sec-
ondary gypsum accumulation predominating in many lay-
ers can be interpreted as results from pedogenesis — the
palaeosol horizons show strong evidence of soil formation.
These palaeosols (P) characterised by the clay-enriched red-
dish horizons (e.g. KBO1 and KB06, KB0S5) have a strong
angular structure with more blocky appearance than the
overlying and underlying horizons. Most of these soil hori-
zons have observable clay coatings and can be classified as
argillic (B;) horizons (Soil Survey Staff, 2022), argic hori-
zons (IUSS Working Group WRB, 2022), or palaeoargillic
horizons (Khormali et al., 2003). The two palaeosol units
have a comparable degree of soil formation, while they show
different degrees of gypsum precipitation. In contrast to the
KBO1 section, which includes two joined palaeoargillic hori-
zons with a gradual boundary (Fig. 4d), KB06 palaeosol hori-
zons are separated by a thin layer (10 cm) of fine fluvial grav-
els (G) (e.g. see Figs. 3 and 4j). Note that the KB06 section
is located in the distal course of the incised channel, down-
stream of KBO02. The area appears to constitute a separated
alluvial fan toe remnant, which got isolated in the course of
the fan toe dissection by backward erosion. This section has a
stratigraphic pattern similar to the KBOS section, but it lacks
the recent gravels at the surface. Instead, a gypsic soil (B,)
developed at the top of the section (Fig. 4k).

In contrast to the other four sections on the alluvial fans,
section KB04 includes two units of aeolian sediment strata
(Sa), consisting of coarse to medium sands with both cross-
bedding and horizontal bedding in the middle of the section.

4.2.2 Dune and playa sections

Section KBO7 was excavated near the toe of the alluvial fan.
This ~ 6 m deep section exhibits sets of aeolian sand strata
(Sy) in the form of aeolian plane-bed lamination or cross-
stratified beds down to 470 cm depth (Figs. 3, 4f). At the base
of this section from 470-550 cm depth, moist sediments were
detected, indicating the presence of groundwater. The contact
zone between aeolian dune deposits and playa sediments was
observed in a depth of 470 cm (Fig. 4f). The playa sediments
(Pg) are interbedded by aeolian sands (S,) and contain gyp-
sum crystals.

Further to the northeast, three sections were excavated into
the dune field deposits named KB08, KB09, and KB10. The
dune surfaces are partly covered by a layer of coarse to very
coarse sand. The two sections of KB08 and KB09 consist
of 550 and 500 cm of laminated aeolian sand dune (Sa) de-
posits, respectively (Fig. 3). In KB10, the easternmost sec-
tion of the sand dunes, a unit similar to the base of section
KBO07 was found at the lowest part of the section. This unit
consists of playa deposits (Pq) mixed with aeolian sand, un-
derlying the sand dune deposits. Section KB11 is a 4 m deep
excavated section in the playa, located approximately 800 m
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east and 300 m south of the dune field, respectively. Near the
surface, the playa deposits are moist; however, they may ap-
pear superficially dry, at least during the summer. The KB11
section consists of clastic sediments characterised by homo-
geneous and massive playa deposits (Pq) mixed with evap-
orites, primarily halite and gypsum. In the upper 1 m of the
section, finely bedded aeolian sand is intercalated with mas-
sive clayey playa sediments, followed by playa deposits ex-
tending to a depth of 4 m. From a depth of 2 to 4 m, the playa
deposits are heavily compacted and water-saturated.

4.2.3 Northern alluvial fan section

KBI12 is 4 m high natural exposure (Fig. 4i) at an erosional
scarp in the northern part of the incised alluvial fan. Gyp-
sic gravels and soils are found above infilled palacochannels.
Thus, the stratigraphy of the KB 12 section features four sed-
imentary units (Fig. 3). From top to bottom these sediments
are (i) gypsic soil cover (By) partly buried by fluvial gravels
(G), (i1) fluvial sands (Sg), (iii) lacustrine sands (S;) partly
fining-upward, and (iv) aeolian sands (S;) at the base.

5 Discussion

In this study, no numerical ages are available for the estab-
lishment of a geochronological framework. However, the re-
sults obtained allow the development of a relative chrono-
logical morphostratigraphy, which we interpret in the discus-
sion with the help of the available literature and, thus, evalu-
ate its regional significance. Firstly, the landforms and strata
are analysed in Sect. 5.1 to deduce and characterise the ge-
omorphic process domains in which they formed. Drawing
analogies to comparable processes described in the literature
helps to delineate periods in which such processes were pre-
dominant in the region. Secondly, the morphostratigraphic
sequence and spatial extents of the landforms and strata pro-
vide the basis for a relative chronological model of hetero-
genic landscape evolution. The model and its palaeoclimatic
implications are discussed in Sect. 5.2. Table 1 summarises
numerical geochronological data from regional geoarchives
used for the critical examination and spatiotemporal classifi-
cation of the relative chronostratigraphy of this study.

5.1  Morphostratigraphic interpretation

This study aimed to decipher geomorphological features and
responsible processes that have shaped the current hetero-
genic landscape of the hyper-arid Khur Basin in central Iran
based on field observations. The main findings reveal that
the Khur Basin underwent several cycles of stabilisation and
reactivation that are evident within the pedo-sedimentary
record and have been controlled by past climate changes.
We focus on the geomorphological processes that occurred
after the formation of the pediments which resulted from the
Neogene—Quaternary orogenesis (Eghbal et al., 2018). These
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old pediments were mainly formed in reworked fine-grained
sediments originally deposited during the Miocene (Eghbal
et al., 2018) and are presently being eroded.

Based on the observed pedo-sedimentary and geomorpho-
logical inventory five main phases of dominant geomorphic
process domains can be distinguished:

1. Alluvial fan aggradation and progradation
2. Playa and playa lake development

3. Surface stabilisation and soil formation

4. Inactivation phase and soil aridisation

5. Aeolian activities/processes

5.1.1 Alluvial fan aggradation and progradation

The alluvial mantling of the pediments is represented by the
layers of fluvial gravels and sands at the base of distal and
medial sections at KBO1, KB04, KB05, and KB06. The ped-
iment lithology was classified as the Miocene upper red for-
mation (Navabi and Houshmandzadeh, 1969), and therefore
the observed, undifferentiated and partly reworked marl, and
mudstone sediments (M) are considered to originate from
these Miocene pediments. They are intercalated with fluvial
gravels (G) and sands (S¢) at the base of the KBO1, KB04,
and KBOG6 sections (Figs. 3, 4d, h, and j) and indicate expan-
sive aggradation and progradation of the alluvial fans during
and after the phase of pediment erosion. This is most proba-
bly related to the continuous uplift of the mountain systems
(Eghbal et al., 2018).

Lateral discontinuities of the individual fluvial gravel
strata and interbedding with finer-grained sediment lenses
mostly observed in the medial fan surface (KBO1 section,
Figs. 3, 4d) represent the typical morphodynamics of braided
alluvial fan channels and related avulsions. Such slope—
fluvial geomorphic systems characterised by high sediment
availability usually indicate conditions of infrequent high
transport capacity resulting from intensive precipitation and
discharge events in the catchment (May et al., 2008; Walk et
al., 2019).

The last glacial history of alluvial fan development is well
defined in Iran. Evidence of early alluvial fan abandonment
during Marine Isotope Stage (MIS) 3 and earlier periods has
been recorded in the alluvial fans of Marvast (Le Dortz et
al., 2011), the central Zagros (Authemayou et al., 2009),
Neyshabour (Hollingsworth et al., 2010), Minab (Regard et
al., 2006), and Kashmar (Fattahi et al, 2007). However, ev-
idence of younger alluvial fan development during the MIS
2 is suggested by the abandonment ages of the Neyshabour
(24.1 ka; Hollingsworth et al., 2010), Minab (20.1 ka; Regard
et al., 2006), and Mavast (26.9 ka; Le Dortz et al., 2009) fans
located in northeastern, southern, and central Iran, respec-
tively. In their review of luminescence studies of alluvial fan
surface ages in Iran, Walker and Fattahi (2011) conclude that
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sediment supply predominantly controlled alluvial fan devel-
opment in Iran. A cold and arid climate, with high sediment
supply between 30 and 13 ka, is followed by a phase of in-
creased rainfall and varying sediment availability between 13
and 9ka, with wet conditions limiting the sediment supply
between 9 and 7 ka. After 5Ska, increased aridity ceased al-
luvial fan development (Walker and Fattahi, 2011). Recent
palaeoclimatic modelling conducted by Kirsten et al. (2023)
covers the middle and late Holocene phases and supports this
historic—genetic interpretation. However, the youngest allu-
vial fan progradations in central Iran could have continued
until 5.8 + 3.6 ka (Le Dortz et al., 2009). The semiarid large-
scale sediment cascades of the Damghan Basin in northeast-
ern Iran are characterised by a succession of alluvial fan sur-
faces that developed since the late Pleistocene (15 ka, maxi-
mum ages derived from OSL) with the onset of the youngest
alluvial fan progradation in the late Holocene about 2.9—
1.9ka. The five individual age clusters of terminal alluvial
fan surface activity can be correlated with four phases of
dominant playa deposition, which suggest cyclic sedimenta-
tion and synsedimentary alteration within both alluvial fans
and playa deposits (Biidel, 2020; Biidel et al., 2017). While
local tectonic activities influenced fan morphology and in-
cision patterns, Walker and Fattahi (2011) infer that climate
exerted a more significant control on alluvial fan aggradation
and progradation in eastern Iran based on regional chrono-
logical abandonment trends. The history of pre-Holocene
alluvial fan development indicates that climate-controlled
abandonment phases can also be inferred for the develop-
ment of alluvial fans in the Khur Basin.

5.1.2 Lacustrine playa development

The central Khur Basin is characterised by homogeneous
playa deposits (Pg) that contain fine-grained clastic sedi-
ments, such as clay and sand mixed with evaporites. The
characteristics of the playa surface sediments are controlled
by the sedimentary processes acting on the playa (Last,
1990). These sediments, as observed in KB10 and 11, are
primarily transported into the main playa by runoff and, to a
lesser extent, by wind. These processes are typical for playa
environments, which are usually fed by ephemeral runoff,
and the fine-grained clasts settle out of suspension during
periods of standing water (Last, 1990; Rahimpour-Bonab
and Abdi, 2012). Gypsum and other evaporites accumulated
in the Khur playa and are deemed to be closely linked to
their abundance in the Miocene sedimentary parent lithology
(Ghorbani, 2019).

Jones et al. (2014) postulate that an early to middle
Holocene highstand of Gavkhoni playa lake levels, 150 m
above the recent level, was linked to the northward move-
ment of the summer monsoon into the Iranian highlands.
However, Shoaee et al. (2023) argue that such a high lake
level required significantly more moisture, suggesting it may
instead be related to wetter conditions during MIS 5, driven
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Table 1. Geoarchives and climate records shown in Fig. 1 and all available age constraints used in this paper: dating methods include the
following. OSL — optically stimulated luminescence; IRSL — infrared-stimulated luminescence; 10Be — cosmogenic 10ge exposure dating;
36¢)-36¢) exposure age; 14¢ _ radiocarbon; 219Pb — 210Pb-based method. Modified and extended after Walker and Fattahi (2011) and Kehl

et al. (2023).

Site name, number, Material Geomorphic Dating Age Ref.
location (~) process
East, northeast Alluvial deposits Alluvial fan OSL < 120ka Walker and Fattahi (2011)

formation
Anar (1) 31°11.9'N, Alluvial deposits — Alluvial fan OSL 11-5ka Le Dortz et al. (2009)
55°09' E) quartz formation 10ge
Neyshabour (2) (36°18 Alluvial deposits — Alluvial fan OSL 24-Tka Hollingsworth et al. (2010)
N, 58°50' E) quartz formation
Damghan Basin (3) Alluvial deposits — Landscape OSL <15ka Biidel (2020); Biidel et al.
(36°17'N, 54°39’E) quartz development 2.9-19ka (2017)
Kashmar (4) (35°17'N, Alluvial deposits — Alluvial fan IRSL 48-10ka Fattahi et al. (2007)
58°09’ E) feldspar formation
Marvast (Dehshir fault) Surface cobble — quartz  Fault scarp CRE, 469 + 88ka Le Dortz et al. (2011)
(5) (30°33'N, 54°17'E) development OSL 175+ 62ka

26-21ka
10+ 0.6ka
Zagros Faults (6) Carbonate boulders Fault scarp CRE 36-69 ka Authemayou et al. (2009)
(~31°58'N, 51°14'E) development
Minab (7) (27°30"N, Surface boulders Fault activity 10ge 12, 20, 44 ka Regard et al. (2006)
57°15'E)
Ardakan sand-ramps (8) Aeolian deposits — Aeolian OSL 28-18ka Thomas et al. (1997)
(32°25'N, 54°16' E) quartz activity
Isfahan (Baharan) (9) Soil carbonates Soil formation l4c 32-2ka Bayat et al. (2023)
(32°25'N, 52°06' E)
Isfahan (10) (32°40’ N, Alluvial deposits — Soil formation OSL, 40, 37, 107 ka Rashidi et al. (2019, 2021)
51°51'E) quartz IRSL
Bajestan (11) (34°33'N, Alluvial deposits — Soil formation OSL 35+ 7ka Rashidi et al. (2021)
57°53'E) quartz
Persepolis (12) Alluvial/aeolian Alluvial, IRSL, < 169ka Kehl et al. (2005)
(29°56' N, 52°52'E) deposits — quartz, aeolian TL,
feldspar processes, soil l4c

formation
Lake Zeribar (13) Bulk sediment Lacustrine l4c <17ka Stevens et al. (2001)
(35°32'N, 46°07' E) sedimentation
Lake Neor (14) Bulk sediment Lacustrine l4c < 13ka Sharifi et al. (2015)
(37°59'N, 48° 33’ E) sedimentation

Gyttja, wood l4c 15-7ka Aubert et al. (2017)

Lake Mirabad (15) Charcoal Lacustrine l4c <9.3ka Stevens et al. (2006)
(33°5'N, 47°43' E) sedimentation
Konar Sandal Peatbog Seeds, charcoal Wetland l4c 19-7ka Safaierad et al. (2020)
(16) (28°27'N, 57°46' E) development
Jazmurian Playa (17) Bulk sediment Playa processes e <2lka Vaezi et al. (2019)
(27°33'N, 59°7"E)
Oman Gulf core (18) Bulk sediment Marine 14C, <2.lka Miller et al. (2016)
(25°8' N, 60°49' E) sedimentation  210pp
Pounel Mire (19) Bulk sediment Wetland l4c <4.3ka Homami Tomaj et al. (2021)
(37°31'N, 49°7'E) development
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by northward migration of the Intertropical Convergence
Zone (ITCZ) and possibly midlatitude westerly (MLW) am-
plifications (Kutzbach et al., 2014; Shoaee et al., 2023). Also,
during MIS 2 considerable lake-level highstands were ob-
served in Lake Van records (Cagatay et al., 2014). A study of
alluvial sedimentary archives in Isfahan, central Iran, hypoth-
esises that the interaction between the Mediterranean Sea,
the Indian monsoon, and the northward shift of the ITCZ led
to increased precipitation and high-magnitude runoff events.
As aresult, alluvial fans were able to advance far towards the
playa, while at the same time fine sediment input caused the
playa to grow, which led to alternating deposits of playa and
alluvial fan layers. Solely based on a literature review, Jones
et al. (2014) interpret the observed fluctuating lake levels
as an indication of early Holocene climatic and hydrologic
changes in central Iran. The parallel aggradation of both al-
luvial fan and corresponding playa surface was also observed
by Biidel et al. (2017) and Biidel (2020) and dated to max-
imum ages of 55-11ka (OSL), where the main alluvial fan
deposits date to 15 and 13-3 ka. Although direct evidence of
lake-level fluctuations, such as lake terraces, was not iden-
tified in the Khur Basin, various features of backward ero-
sion of the distal to medial alluvial fan can be interpreted
as a result of a lake regression and concomitant decrease
in the erosional base. Subsequent playa development during
the Holocene has been reported from the Jazmorian playa
in southeastern Iran, where several dry periods with intensi-
fied aeolian inputs were recorded during the middle to late
Holocene. These changes were attributed to the southward
migration of the ITCZ and a shift in precipitation sources
from monsoonal to MLW (Vaezi et al., 2019), which is in
line with the Thar Desert playa archive (Singhvi and Kar,
2004).

5.1.3 Surface stabilisation phase soil formation

Periods of landscape stability and soil development are indi-
cated by reddish-brownish palaeosols, which reflect phases
of higher precipitation than today and are presumably corre-
lated with surface stabilisation on the alluvial fans (May et
al., 2008; Yakouti et al., 2024). Although precise chronolog-
ical dating is required to confirm whether a soil qualifies as
a palaeosol, in this study, the designation of reddish argillic
soil horizons as palaeosols is intended to emphasise their de-
velopment under environmental conditions markedly differ-
ent from the present hyper-arid environment. Some of the re-
spective palaeoargillic horizons (P) (Fig. 4d, KBO1, Fig. 4k
KBO05) have sharp lower boundaries that can be interpreted
as a lithological discontinuity between argillic horizons and
allochthonous fluvial gravels (G). The palaeoargillic hori-
zons can be considered in situ palaeosols due to the pres-
ence of visible intact coatings of illuvial clay on the peds and
strong aggregation of the palaeosols observed in the field.
However, precisely distinguishing between the in situ formed
palaeosols and allochthonous soil sediments requires a care-
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ful assessment of vertical patterns of sedimentological prox-
ies through possible palaeosol horizons (von Suchodoletz
et al., 2018). In desert environments, argillic/argic horizons
(B;) indicate wetter past climate conditions (Hirmas and Gra-
ham, 2011; Mohammednoor et al., 2024; Retallack, 2019)
and require thousands to tens of thousands of years to form
(Birkeland, 1999; Walk et al., 2023).

Loess—palaeosol sequences of northern and northeastern
Iran provide detailed records of a regional-scale climate
change between dry (dust accumulation) and moist (soil for-
mation) conditions. It is suggested that clay-rich palaeosols
formed during Marine Isotope Stage (MIS) 5 and loess was
deposited during MIS 4, and the formation of several weakly
developed synsedimentary palaeosols followed during the
MIS 3 (Karimi et al., 2011; Kehl et al., 2021). Applying
luminescence dating and micromorphology to the relict and
buried palaeosols in two alluvial fans showed the estimated
age of 35 £ 7 ka for buried palaeosol of Bajestan (northeast)
and 107 £ 11, 73 £ 6, and 40 % 8 ka for the palaeosols of Is-
fahan (central) (Rashidi et al., 2021). Four main periods of
pedogenesis are recorded for MIS 5, MIS 3, and at the MIS
3/2 transition as well as the MIS 2/1 transition in central and
northeast Iran (Rashidi et al., 2019, 2021).

Recently, Bayat et al. (2023) used chronostratigraphic and
stable isotope analysis of pedogenic carbonates in palaeosols
to identify three main palaeoclimatic stages in central Iran
over the past 32 kyr. The first stage (31.6-26.0ka) featured
sub-humid conditions, deep leaching, and expansion of Cy4
plants, followed by semiarid conditions with increasing arid-
ity until the late Holocene. In the final stage, during the late
Holocene, the region became arid, featuring sparse vegeta-
tion and an evaporative environment. Based on morphologi-
cal comparisons to palacosols studied by Bayat et al. (2023)
and Rashidi et al. (2021) in central and northeastern Iran, it
can be inferred that the soil formation period in the Khur
Basin corresponds to that of these regions, and palaeosols
likely developed during periods of increased precipitation in
the MIS 3 or earlier. Furthermore, initial soil development in
the Khur region might be related to the higher moisture avail-
ability at the end of the last glacial period, as indicated by
stalagmites and lake sediments in Iran (Aubert et al., 2019;
Djamali et al., 2008; Soleimani et al., 2023).

5.1.4 Inactivation phase and soil aridisation

Inactivation of alluvial fan surface occurs when deposition
of alluvial sediments on the alluvial fans ceases over a broad
area of the basin or when proximal fan surfaces are discon-
nected by ongoing progradation. Regional abandonment of
alluvial fan surfaces or cessation of alluvial fan progradation
can occur due to changes in environmental conditions such as
climate shifts or tectonic activity (Walker and Fattahi, 2011;
Lehmkuhl and Owen, 2024). Over time, these abandoned
and inactive alluvial fan surfaces undergo gypsiferous soil
(By) formation, while (fluvial) sediment erosion and depo-
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sition are minimised. Marine sulfates of Cretaceous age are
the main source of the soil gypsum in Iran. Evaporation of
soil water saturated with SO;2 is considered to be the major
mechanism for gypsum accumulation in the soils of these re-
gions (Farpoor and Krouse, 2008; Khademi et al., 1997a). As
Khademi et al. (1997b) suggest for the Isfahan region, here
in the Khur Basin transportation of sulfates from the Cre-
taceous catchment lithology, across the Miocene pediment
bedrock and the alluvial fans to the playa, occurred in a dry
yet slightly more humid climate than today. In contrast, dur-
ing phases of increased aridity the gypsiferous aeolian dust
input from the eroded Miocene formations is deemed to be
the dominant source. Transportation of evaporites by aeolian
processes has been considered an important mechanism for
the source of gypsum and carbonate in arid—semiarid soils of
Iran and other deserts of the world (Bayat et al., 2023; Karimi
et al., 2009; Rech et al., 2003). Gypsum pendants beneath
gravels indicate the vertical movement of saturated soil solu-
tions translocating the allochthonous gypsum. Furthermore,
gypsum transported by both surface runoff along the alluvial
fans and subsurface flow following seepage needs to be con-
sidered a pathway to the distal components of the sediment
cascade (cf. Farpoor et al., 2012).

Consequently, the ubiquitous highly gypsic soil horizons
in the study area may have developed due to increased arid-
ity (Kong et al., 2022) in the final phase of Khur Basin evolu-
tion. The local inactivation phases and surface abandonments
were accompanied by increasing aridity and conditions suit-
able for evaporite precipitation. Bayat et al. (2023) report on
the Quaternary fluvial setting of Isfahan (central Iran), where
gypsum crystals are found to be younger than carbonates,
which have an age of about 10-16ka. These observations
suggest that at least part of the Holocene was drier than the
period of carbonate precipitation between 10 and 16 ka. Al-
though these sites are located 350km to the SW of the area
studied here, it shares relatively comparable elevations, geo-
logical settings, and soil characteristics such as colour, struc-
ture, and pedogenic features (cf. Bayat et al., 2023). This
suggest that the temporal constraints established by Bayat et
al. (2023) may be transferable to the Khur area.

5.1.5 Aeolian activity

The active aeolian sand dunes in the east-southeast of the
Khur Basin are the extension of the active Rig-e Shotoran,
which is characterised by its variety of complex and barchan
dune types. Aeolian deposits at the contact zone of the allu-
vial fans and playa have, at some point in the past, blocked
the drainage from the playa depression, resulting in the el-
evated playa sediments. The 500-600 cm well-sorted aeo-
lian sand deposits (S, in KB07 to KB10) in this geomor-
phic position indicate a prolonged period of aeolian domi-
nance. The internal stratigraphy of the dune sections includes
the presence of the old playa surface at the lowest part of
the dunes, implying aeolian accumulation directly deposited
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upon the playa sediments at the playa margin. This contact
zone recorded the transition of the lacustrine to aeolian de-
positional environment during periods of reduced runoff and
increased wind speed. Another transitional zone was detected
at the western margin of the dune field, where it interacts with
the alluvial fan sediments (KB04). Here, dunes initially ad-
vanced onto the pediment but were later covered by alluvial
sediments.

Complex dunes consist of two or more different types of
dunes that are superimposed or coalesced. This morphology
resulted from different wind regimes with different directions
and strengths, which causes different dune types and orienta-
tions (Bristow and Mountney, 2013; Lancaster, 2013). Mah-
moudi (2002) indicates that most of the Iranian dune fields
have two generations of old (palaeco) and new (young) sand
dunes, which may imply at least two main periods of dune
development with different wind directions in Iran.

However, absolute dates for the aeolian deposits of Iran are
rare and limited to only two studies on the sand ramps and
coastal dunes in central and northern Iran. The chronological
constraints on the 25 m aeolian sand-ramp deposits indicated
an accumulation period of 28-18ka, coinciding with cold
and arid conditions in Iran during the Last Glacial Maximum
(LGM) (Mehrshahi et al., 1999; Thomas et al., 1997). This
is in line with the ages of the dunes at the Persepolis Basin’s
margins that have their origin in the LGM (Kehl et al., 2005).
The formation of dunes and sand ramps in southwest and
central Iran was likely driven by intense frost weathering dur-
ing the LGM (Kehl et al., 2005). According to the time of
dune formation indicated by Thomas et al. (1997) and Kehl
et al. (2005), the Khur dune layers are considered to be of late
glacial period, most likely MIS 2. A dry and dusty period be-
tween 13.2 and 11.4 ka was recorded in the Jazmurian playa
sediments, southeastern Iran, possibly related to the south-
ward migration of the ITCZ in southeastern Iran (Vaezi et
al., 2019). Similar, dry conditions during the Younger Dryas
are indicated by increased salinity and a drop in lake levels as
well as higher dust inputs in Lake Neor (Sharifi et al., 2015),
Zeribar (Kazanci et al., 2016; Snyder et al., 2001; Stevens et
al., 2001; Wasylikowa, 2005; Wasylikowa et al., 2006), and
Konar Sandal peatbogs (Safaierad et al., 2020).

Kehl et al. (2023) recently reviewed several sedimentary
archives of Holocene climate and environmental dynamics
in Iran, which indicate arid conditions during the Holocene,
dry phases concomitant with the 8.2, 5.9/5.2, and 4.2ka
Holocene rapid climate change events (Kirsten et al., 2023),
and several additional dry phases in the Iranian highlands.
Dry and windy climatic conditions and sparse vegetative
cover during the Holocene should favour strong aeolian ac-
tivity and the development of the sand dunes in central Iran.

Pollen spectra from lake Mirabad and Zeribar reflect the
low rainfall until around 6 ka, when oak forests started to ex-
pand in the surrounding of these lakes (Zeist and Bottema,
1991). Similarly, pollen data from Lake Neor show that the
climate remained relatively dry until 8.7 ka in northwestern
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Iran (Aubert et al., 2017). Furthermore, the high-resolution
reconstruction of aeolian input from Neor Lake in northwest
Iran indicates that several episodes of increased dust input
during the middle to late Holocene align with the time of
environmental risks for ancient societies across the Iranian
Plateau, Mesopotamia, and the eastern Mediterranean region
(Sharifi et al, 2015). Evidence of further extended droughts
during 1.7-0.5ka is inferred from the multi-proxy records
from several regions, including Lake Mirabad and Zeribar in
the west (Stevens et al., 2006, 2001), the Gulf of Oman in the
south (Miller et al., 2016), and the Pounel Mire in the north
of the Iranian highlands (Homami Tomaj et al., 2021).

In the Khur Basin, the playa depression structures, along
with the active dunes bordering the playa, are largely influ-
enced by current hyper-arid conditions and strong wind ero-
sion. We argue that wind activity is primarily responsible for
forming the depression (deflation) features (cf. Jolivet et al.,
2021) and active dune migration as currently dominant geo-
morphic processes. Additionally, the presence of dense, frag-
mented, and platy gypsum crystals within the active dunes
and surface soils enriched with secondary gypsum (Fig. 4g
and j) indicates prevailing aridity conditions in the study area.
Mobile wind ripples frequently observed on the surface of the
dune field and its margins suggest current arid and sandy en-
vironments, characterised by the dominance of aeolian salta-
tion (Maghsoudi, 2021) in the Khur Basin.

5.2 Landscape evolution stages and palaeoclimatic
implications

Palaeoclimatic and landscape reconstruction by using dry-
land sedimentary archives is challenging due to episodic
sedimentation, discontinuous archives, and interacting (over-
lapping) geomorphic processes largely driven by climatic
changes (Jones et al., 2014; Stauch, 2016) but still has high
potential to study landscape—climate interactions. Figure 5
summarises the main stages of landscape evolution of the
Khur Basin with relative timescales since the late Pleis-
tocene. The model implies a highly dynamic geomorpholog-
ical evolution of the Khur Basin. Different depositional en-
vironments, wetter and drier conditions, and landscape sta-
bility are directly deduced based on our geomorphological
and stratigraphical results. The proposed stages of landscape
evolution are complemented by geochronological estimates
based on the review of numerically dated regional archives
(cf. Table 1).

— Stage 1: Prior to and during MIS 3 — erosion of ped-
iment and palaeodune development, soil formation in
the old alluvial covers

The first stage is characterised by the dissection and lin-
ear erosion of the pediment surface formed by denuda-
tion in the Miocene sediments, as well as by the forma-
tion of local alluvial sediment covers. The period of fan
deposition in central Iran may have occurred during the
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last glacial, most likely in MIS 3 and earlier. The forma-
tion of the palaeosol 1 in the Khur Basin is attributed to
landscape stability and increased rainfall, probably dur-
ing MIS 3.

Stage 2: ~LGM and MIS 2, cold arid conditions — frost
weathering, high sediment supply, alluvial fan progra-
dation, dune formation

During this period, debris production increased due to
frost weathering and slightly higher precipitation, re-
sulting in widely observed progradation of alluvial fans
along the mountain ranges. Intense frost weathering
along with dry conditions during the LGM or earlier
likely caused the development of the sand dunes in cen-
tral Iran.

Stages 3: Transition from last glacial period to the
Holocene — increased rainfall, high lake level, decreased
sediment supply, lateral erosion, and terrace forma-
tion in incised channels, development of younger soils
within older fan surfaces

A sharp increase in precipitation during this phase may
lead to the formation of a perennial lake in the playa or,
if it already existed, to significantly higher lake levels
and initial soil development. This phase of soil forma-
tion might be related to wetter climate conditions than
today in Iran that occurred at the end of the last glacial.
No fossil lake terraces were observed in the field and
phases of lake-level fluctuations are only indicated by
the ubiquitous presence of backward erosional features.
Their distribution and form may be explained by a pro-
nounced decrease in the erosional base in the course of
a suggested lake-level retreat (Stage 4) that followed the
highstand of a former lake.

Stage 4: Younger Dryas event — severe drought and lake-
level retreat, alluvial fan dissection, dune formation

The intense drought during the Younger Dryas was
accompanied by both a dramatic decline in lake lev-
els in the greater region and the disappearance of the
vegetation that stabilised the surfaces. Intensified au-
tochthonous fragmentation of the previously stable sur-
faces was the result, and inactive dunes and soils were
translocated.

Stage 5: ~ Early to mid-Holocene, arid conditions — re-
activation of dunes and blocking of the alluvial plain,
onset of elevated playa formation

At this stage, the previous, strong decline in the vege-
tation and water areas, contemporaneous with presum-
ably intensified wind strength and, as the mapping of
the dune directions suggests, changed wind directions,
resulted in the partial reactivation and new formation
of the dune fields located at the edge of the basin. The
dune field migrating in a southeasterly direction in the
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a)

Stage 1

Stages 5& 6

Figure 5. Landscape evolution model of the Khur Basin, central Iran.

study area has thus separated a part of the main playa
of the Great Kavir with new, up to 4 m thick playa sed-
iments deposited subsequently. The relatively dry cli-
mate during the mid-Holocene is further supported by
pollen records from several lake archives of Iran.

— Stage 6: Late Holocene to present — overall trend of in-
creasing aridity, deflation of playa surface, and develop-
ment of gypsic soils on abandoned alluvial fan surface,
aggradation and reworking on blocked alluvial fan sur-
face

The final stage led to the current appearance of the
landscape in the study area. The increasing aridity in
the course of the Holocene caused aeolian processes to
dominate and in turn intensive deflation resulted in a
further deepening of the main playa. Initial gypsifer-
ous soils have formed on the abandoned and partially
eroded alluvial fan surfaces. The landscape evolution
model systematically integrates observations from sedi-
ments sequences, soil characteristics, and arrangements
of landforms within the sediment cascade. The complex
spatiotemporal interplay of the processes that primarily
characterise landscape evolution thus becomes appar-
ent and initially isolated observations can be transferred
into a larger-scale but continuous development model.

6 Conclusions

The landscape of the hyper-arid Khur Basin in the central
part of the Iranian Plateau reveals a diverse geoarchive set-
ting with spatially and temporally discontinuous but geomor-
phologically connected and well-preserved records, whose
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|:] Young dunes

- Young playa deposits
Incised valley and terrace

[ Gypsic soils

Paleosols 1
Paleosols 2

combined information spans the Miocene to late Holocene
periods. Despite notable advancements, a gap remains in in-
terpreting the spatiotemporal relationships between main ge-
omorphic process domains, which have often been studied in
isolation. This study fills this gap by integrating stratigraphi-
cal and pedological evidence from 12 sedimentary sequences
and geomorphological features along the basin to reconstruct
the regional landscape evolution and its climatic implica-
tions. Distinctive stages of landscape evolution with various
shifting between depositional environments and varying cli-
matic conditions are outlined in this study. Our findings high-
light the dynamic interplay between erosion, sediment depo-
sition, soil formation, and hydrological processes throughout
the different stages of landscape evolution, from the erosion
of the Miocene pediment surface (Stage 1) to the formation
of gypsic soils on abandoned fan surfaces and the deflation of
present-day playa surface (Stage 6). By systematically link-
ing observations from various stages, we provide a compre-
hensive framework of the heterogenic late Quaternary land-
scape evolution in a relative chronological order. This inte-
grated approach not only clarifies the complex spatiotem-
poral interactions between geomorphic process domains but
also opens a new perspective for future studies on geomor-
phic responses to environmental changes, specifically in ex-
treme environments like central Iran. Further work involv-
ing high-resolution numerical dating is required to refine and
quantify the geochronological framework of the proposed
landscape evolution model and to further elucidate the basin
landscape response to late Quaternary climate changes.
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