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Abstract

Although numerous studies have been done on the Alborz Mountains, few have examined Quaternary events based on alluvial
fans which are located in front of the southern limb of the Central and Eastern Alborz Mountains. This study analyzed the
morphometric indexes for 131 alluvial fans (three generations) in the Eyvanekey, Garmsar, and Semnan areas (A;, WLF, Bull, F,,
Fy, Fg, F¢, R) as well as for basins (D,, AF, T, B;), mountain fronts (Fmf, Smf, Vf, Fd), and rivers (SI). The morphometry results
show that a young deformation in this area has caused on uplift in the crust along structures in the Alborz. The Garmsar area is
more active than the Semnan area in which both are more active than the Eyvanekey area. All of the alluvial fan evolution in this
area relate to the Quaternary events. The study on the information obtained from the exploitation wells and geoelectric profiles of
the region shows that the Alborz uplift in the north is associated with the erosion and deposition of the new deposits in the form of
alluvial fans. The bedrock behavior at the base of the fans has a direct effect on the formation of the second- and third-generation
fans. The effect of the continual compressional tectonics in the Late Quaternary is associated with the uplifting evaporite masses,

the uplifting hanging walls of the reverse faults, and the growth of the folded structures.
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Introduction

The intracontinental Alborz range in Northern Iran (Djamour
et al. 2010) is an active deformation and seismic zone
(Jackson et al. 2002). The Alborz Mountains, with ~ 600 km
length, ~ 100 km width, and an almost eastern—western direc-
tion, is located on the southern margin of the Caspian Sea and
the northern Central Iran. This range is extended from the
Ararat Mountains in the west and joins the Hindu Kush
Mountains in Afghanistan in the east, passing through the
north of Iran (Allen et al. 2003). Alborz is divided into the
three parts: Western, Central, and Eastern Alborz (Stocklin
1974). The Central and Eastern Alborz are active orogenic
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belts. They are located on the northern part of the Arabia—
Eurasia collision zone. The deformation in these areas indi-
cates that from the Late Cenozoic, they have been affected by
oblique shortening in the NE direction (Jackson and Mckenzie
1984; Allen et al. 2003). Based on the tectonic observation
(Allen et al. 2003; Ritz et al. 2006) and seismicity (Jackson
et al. 2002), oblique motion across the Eastern and Central
Alborz is partitioned to left lateral strike slip faulting and
thrust faults, which are parallel to the belt (Jackson et al.
2002; Allen et al. 2003). The epicenter of recent earthquakes
and the documented historical seismicity (Ambraseys and
Melville 1982; Berberian and Yeats 1999) in the Central and
Eastern Alborz indicate that there is an active zone with var-
ious fault activities (Tchalenko 1974; Berberian 1976; De
Martini et al. 1998; Berberian and Yeats 1999; Ashtari et al.
2005). More fault focal mechanisms are reverse, and some
such as the Mosha fault is reverse with a sinistral component
(Ashtari et al. 2005). The depth of most earthquakes is be-
tween 10 and 20 km and, therefore, is not deep and mostly
limited to the crust (Jackson et al. 2002; Berberian and Yeats
1999).
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Most studies in the Central and Eastern Alborz focus on
structural analysis, deformation, and seismic activity in a large
scale. The fan morphology, catchment basin area, mountain
front, and morphology of rivers are very little known in the
Central and Eastern Alborz. Poor morphology data in these
areas are a strong motivation in this study. Based on the testing
morphometric indexes, various features of the shortening crust
and the compressional deformation occurred on the southern
margins of the Central and Eastern Alborz in the Late
Quaternary. In this study, we focused on the fan morphology
as evidence for understanding the young activity in these
areas. Fans are the key landforms that are sensitive to the
functions of external and internal factors of the crust of the
Earth. They are common landforms that usually form along
highland areas such as mountain ranges, faulted and folded
structures, and regions uplifted by salt domes (Heward 1978;
Gloppen and Steel 1981; Blair 1987; Moreno and Romero-
Segura 1989; Silva et al. 1992, 2003; Nemec and Postma
1993; Srivastava et al. 1994; Mack and Leeder 1999;
Robustelli et al. 2002; Benvenuti 2003; Viseras and
Fernandez 1994; Viseras et al. 2003; Singh and Tandon
2007; Sancho et al. 2008; E1 Hamdouni et al. 2008;
Goswami et al. 2009; DeCelles 2011; Bahrami 2013). Such
fans formed the southern front of the Central and Eastern
Alborz Mountains (Fig. 1a). Alluvial fans have mostly eroded
from high elevations in the north and have been deposited on
the front of Alborz (Fig. 1b, ¢). The depositional process is a
factor for classifying alluvial fans as area debris flow
(Robustelli et al. 2002) and mountain front fans (Harvey
1988; Robustelli et al. 2002).

The morphology, morphometry, and the development of
the alluvial fans are controlled by factors such as tectonic
activity (Whipple and Tucker 1999; Calvache et al. 1997; Li
etal. 1999; Viseras et al. 2003; Harvey 2005, 2012; Goswami
et al. 2009; Bahrami 2013; Castillo et al. 2017), climate
(Beaumont 1972; White et al. 1996), lithology (Lecce 1991;
Blair and McPherson 1998; Berlin and Anderson 2007;
Limber and Barnard 2018), and base level change (Koss
et al. 1994; Harvey 2002; Storz-Peretz et al. 2011; Limber
and Barnard 2018; Struth et al. 2019). These alluvial fans
are the major features of the compressional tectonics (Salfity
et al. 1984; Rodriguez-Fenandez et al. 1999; Sancho et al.
2008; Castillo et al. 2017) and other deformations during the
Late Quaternary.

Alluvial fan morphometry allows us to distinguish the role
of the faults, folds, salt growth, and positive and negative
isostasy in the form and growth of the fans. The morphometric
indexes of the fans indicate the newest signs of the reaction of
the crust to the compressional tectonic effect in the
Eyvanekey, Garmsar, Semnan areas, given clear vision to
the reconstruction of the geodynamic evolution of the
Central and Eastern Alborz and Central Iran during the Late
Quaternary. The major question is to describe how the results
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of the Late Quaternary compressional tectonics affect the
Central and Eastern Alborz based on the morphometric index-
es, including the fan model in Eyvanekey, Garmsar, Semnan
areas.

After an overview of the morphometric indexes, an impor-
tant conclusion of this paper shows that Garmsar area in the
Central Alborz is more active than the Semnan and
Eyvanekey areas. This means the Central Alborz is formed
from two parts: the west and east Central Alborz in which
the east Central Alborz is more active than the west Central
Alborz. Moreover, the data of geoelectric profiles and exploi-
tation wells indicate the role of bedrock to morphology of the
fan and spreading in the front of the Central and Eastern
Alborz Mountains.

Geological setting

The Alborz Mountains were affected by Katangai orogeny
during the Late Precambrian (Stocklin 1968; Nabavi 1976;
Berberian 1976; Berberian and Yeats 1999). Metamorphism,
folding, and deep faulting were formed during this orogeny.
Along these faults, magmatic activity has occurred in the
Western and Eastern Alborz. During this period, the Alborz
part of the Gondwana passive margin (Guest et al. 2006a) and
a shallow continental sea extended there. Based on the activity
of the faults, horst and graben structural form formed on the
Central (Assereto 1963) and Eastern (Stampfli 1978) Alborz
Mountains. They structured a suitable area for exposing intru-
sive and extrusive magma. Based on the magmatic activity,
the Alborz crust rifted away from the Gondwana during the
Ordovician to the Silurian (Guest et al. 2006b) and continued
further into the Lower Devonian. Therefore, the transgression
of the sea developed during the Hercynian epirogenic activity.
The Paleotethys oceanic crust subducted under the Turan con-
tinental crust (e.g., Stocklin 1968; Stampfli 1978). The
Paleotethys ended, and the Alborz collided with Eurasia dur-
ing the Triass (Stocklin 1974; Stampfli 1978; Berberian and
King 1981). The suture zone is probably situated along the
northern front area of the Alborz (Guest et al. 2006a). During
the Early Cimmerian orogeny, the Alborz area and especially
the Eastern Alborz rapidly uplifted (Stocklin 1968).
Simultaneously or possibly shortly after the closure of the
Paleotethys in Northern Iran, the Neotethys entered the rift
phase in Southern Iran. The Alborz zone was affected by the
compressional tectonics as the Neotethys ocean closed and the
Arabian plate had collided with the Eurasia plate during the
late Eocene to early Oligocene (Berberian 1983; Haghipour
etal. 1987; Berberian and Yeats 1999; Alavi 1996; Axen et al.
2001; Jackson et al. 2002; Allen et al. 2003; Agard et al. 2005;
Guest et al. 2006a, b, 2007; Zanchi et al. 2006; Ritz et al.
2006; Vincent et al. 2007; Allen and Armstrong 2008;
Horton et al. 2008; Rezaeian et al. 2012; McQuarrie et al.
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Caspian Sea

Fig. 1 a Geographical position of study area (white rectangle) over
SRTM image. b Topographical map of the study area. Northern high
and low areas reveal how fans occur at the boundaries of these areas. ¢

2003; Ballato et al. 2013, 2015; Francesca et al. 2014). The
Alborz zone was strongly affected by the Laramid orogenic
activity during the Paleocene, and the northern Alborz protru-
sion developed and shaped from the water. Furthermore, the
Laramid orogeny in the Alborz is associated with thrust faults,
folds, and rising intermountain sedimentary basins. During the
sea transgression, conglomerate and sandstone have covered a
major area of the Alborz. During early to middle Eocene, a
shallow sea had developed at the southern area of the Alborz
Mountains, and the Central Alborz composed of submarine
basaltic eruptions with andesitic, dacitic, and tuffit rocks with
a thickness of over 1500 m (Annells et al. 1975). The
Pyrenean orogeny during the late Eocene and early
Oligocene accompanied the compressional tectonics and the
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Close up of the study area, Eyvanekey in the west, Semnan to the east,
and Garmsar in the middle area, are denoted by a white dashed line

uplifting crust in the Alborz. Based on this orogeny, the
Oligocene units did not form in the Central Alborz
Mountains (Dellenbach 1964). Furthermore, the Eocene rocks
in the southern Alborz Mountains were covered unconform-
ably by Miocene continental sediments. During Late
Miocene, strong erosion affected the formation of the
Alborz; therefore, a thick conglomerate of the Hezardareh
Formation was deposited in the front area of the Alborz
Mountains (Rieben 1966). During the late Alpine orogeny in
Late Pliocene or Early Pleistocene, thrust faults and fold struc-
tures have developed in the Alborz (Nabavi 1976, 1998;
Pedrami 1987; Westaway 1994; Allen et al. 2004; Hosein-
Khannazer 2015). This indicates the association of the short-
ening of the crust and the compressional tectonics with the
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uplifting of the Alborz (Allen et al. 2004; Guest et al. 2006b;
Ballato et al. 2008, 2011, 2013; Van Hunan and Allen 2011;
Mouthereau et al. 2012). Modern Global Positioning System
(GPS) data confirm that the deformation of the Central Alborz
is ~ 5 mm/year over 100 km (Vernant et al. 2004b) and a NNE
maximum horizontal stress orientation (Allen et al. 2004,
Vernant et al. 2004a, b; Masson et al. 2007) from Late
Miocene to the Holocene is active in the Central Alborz. It
is partitioned into the 5+2 mm/year of the shortening crust
and the 4 £2 mm/year left lateral shearing (Vernant et al.
2004a, b; Masson et al. 2007). The shortening crust in the
southern of the Alborz is 3 mm/year (Vernant et al. 2004b),
and that in the Eastern Alborz and Kopet Dagh is 14 +2 mm/
year (Guest et al. 2006a), whereas in the Eastern Alborz,
3.5 mm/year is seen (Tavakoli 2007). The shortening crust
in the Alborz is a range between 30 km (Allen et al. 2004)
and 53 £3 km (Guest et al. 2006b). This fact is related to the
regional 2 cm/year convergence rate of the Arabia—Eurasia
collision (McQuarrie et al. 2003; Allen et al. 2004). The mod-
emn deformation in the western area of the Central Alborz is
due to the transpressional deformation which is consistent of
the thrust and the left lateral faults (Vernant et al. 2004b; Guest
et al. 2006a).

Methods

In order to study the youngest deformations of the Central
and Eastern Alborz regions in response to the compressive
tectonics, the morphology of the fans has been studied in
the Eyvanekey, Garmsar, and Semnan areas. For this pur-
pose, in addition to the surface evidence and studies, sub-
surface evidences have been investigated.

In the studies on the surface, a digital elevation model
(DEM) was first developed. After a comparison and apply-
ing it to QuickBird satellite images (with a precision lower
than 1 m), the polygons of the fans and the catchment
basins were determined. The structure of the area, includ-
ing folds and faults along with the evaporite masses, was
extracted from Tehran and Semnan geological maps in a
scale of 1:250,000 and from Semnan and Garmsar maps in
a scale of 1:100,000 (prepared by the Geological Survey of
Iran). The structural map was combined with the SRTM
images (Shuttle Radar Topography Mission) to determine
the structural position of the fans and their catchments. As
a result, 17 morphometric indexes (Table 1) were measured
for 131 fans (alluvial and debris), 26 catchment basins,
rivers, and the mountain frontal area of the Central and
Eastern Alborz Mountains.

Fan area (F,) indicates the total planimetric area of
each fan. Fan slope (F}) is the gradient measured along
the axis of each fan. The ratio of the width/length of the
fan (WLF) was determined, which expresses the
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elongation of the fan (Viseras and Fernandez 1994). Fan
cone (F,) shows the conical shape (Mukerji 1976). Sweep
angle (A,) indicates the angle between the outermost po-
sitions of the channels of a fan (Viseras and Fernandez
1994). Fan radius (R) shows the maximum radius of each
fan. Fan symmetry (F;) indicates the fan symmetry (Keller
and Pinter 1996). Catchment basin area (D,) shows the
total planimetric area of each fan. Catchment basin shape
(Bs) indicates the elongation of the basin. The ratio of
length/width of the basin was determined (El Hamdouni
et al. 2008). Stream length gradient (SI) indicates the
slope variation along the length of the river (Keller and
Pinter 1996). The topographic symmetry factor of each
basin is shown with the variable 7 (Keller and Pinter
1996). Basin asymmetry (AF) shows the percentage of
asymmetry of each basin (Keller and Pinter 1996). Index
of cut (Fd) shows the percentage of the cutting mountain
front of each mountain (Bull 2007). Multifaceted surface
(Fmf) indicates the percentage of the multifaceted surface
to the straight line of the mountain front (Bull 2007). The
ratio of floor/height of the valley (Vf) indicates the valley
of the fan (Azor et al. 2002). The ratio of sinuosity/
straight line of the mountain front (Smf) expresses the
sinuosity of the mountain front (Keller and Pinter 1996).
Longitudinal profile (Bull 1964) shows the change of al-
luvial fan slope along the longitudinal profile.

In the substructure study, in order to recognize the charac-
teristics of the fan bedrock (based on geoelectric data of the
Semnan Province water organization), geoelectric sections of
Eyvanekey, Garmsar, Dehnamak—Safaeyeh, and Sorkheh—
Semnan were sketched. Moreover, to determine the sedimen-
tary sequence of the fans, a stratigraphic column was drawn
based on the data from the exploitation wells. During field
work, evidence of young crustal movement in the fans was
examined and occasionally measured.

Thus, by linking the results obtained from the surface stud-
ies, subsurface investigation, and field work, the model of the
Eyvanekey, Garmsar, and Semnan fan development was
provided.

Results

To understand the alluvial fan evolution, the study area has
been split into three areas: Eyvanekey, Garmsar, and
Semnan (Fig. 2). The Eyvanekey and Garmsar areas
formed in the Central Alborz with an E-W trend, and the
Semnan area formed along the Eastern Alborz with an NE
trend. Most alluvial fans were formed by rivers that flow
through the Alborz Mountains. Following the morphomet-
ric indexes, for the fans, catchment basins, mountain front,
and rivers in three areas are interpreted.
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Table 1 Parameters used in the morphometric analysis of fans, catchment basins, mountain fronts, valleys, and rivers

Symbol Parameter Unit Meaning

F, Fan area km? Total planimetric area of each fan

F, Fan slope (gradient) Nondimensional Gradient measured along the axis of each fan

WLF  Ratio of width/length of the fan Nondimensional Expresses the elongation of the fan

FC Fan conically Nondimensional Expresses the conical shape

A Sweep angle Degree Angle between the 2 outermost positions of the channels of a fan
R Fan radius m Maximum radius of each fan

F Fan symmetry Nondimensional Expresses the fan symmetry

D, Drainage basin area km? Total planimetric area of each basin

By Drainage basin shape Nondimensional Expresses the elongation of the basin

S1 Stream length gradient Nondimensional Expresses the elongation of the river

T Topographic symmetry reverse Nondimensional Topographic symmetry reverse of each basin

AF Basin asymmetry % Percentage of symmetry measured of each basin

Fd Index of cut % Percentage of cutting mountain front of each mountain

Fmf Multifaceted surface % Percentage of multifaceted surface to straight line of mountain front
A% Ratio of floor/height of the valley Nondimensional Expresses the valley of the fan

Smf Ratio of sinuosity/straight line of the mountain front Nondimensional Expresses the sinuosity of the mountain front

Bull Longitudinal profile Nondimensional Expresses the fan group

Eyvanekey area

In the Eyvanekey area, two alluvial fans have been formed:
the Komes fan with ~ 14 km? area and the Eyvanekey fan with
> 85 km? area from the west to the east, respectively (Fig. 2).
They are fed by the Komes and Eyvanekey rivers and origi-
nate in the Kalarz and Hoseinkhani mountains 2331 m into the
Central Alborz Mountains.

The Eyvanekey area is bordered by the Eyvanekey—
Parchin fault from the north, Varamin plain to the west, the

Sardareh evaporite mass to the east, and the Abardezh fault
and folded structure to the south (Fig. 2). In the northern part
of the Eyvanekey—Parchin fault, the highland area with
1500 m height is formed. There is a catchment basin area of
the Eyvanekey area. It is composed of Paleozoic rocks such as
limestone, sandstone, and sandy shally marl. This is followed
by Eocene tuff units, green and black shales, sandstone, con-
glomerates, and limestone. It is covered by Oligocene evapo-
rite sedimentary units, and Miocene Upper Red Formation
with sedimentary rocks. Hezardareh conglomerate and sandy
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Fig. 2 Structural features of the study area (based on Haghipour et al. 1987; Aghanabati and Hamedi 1994) with three area fans of the Eyvanekey,
Garmsar, and Semnan and fan number
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conglomerate units of the Kahrizak Formation are shown in
Fig. 3.

Toward the southern part of the Eyvanekey—Parchin
fault, there is the Central Iran area which is covered by
Quaternary deposits and the alluvial fans of the
Eyvanekey area formed in the area. The bedrock of the
alluvial fans based on geoelectric section (Fig. 4a) is made
from gypsum units from the Lower Red Formation. Also,
the Komes alluvial fan stratigraphy column that is prepared
based on the exploitation well 28 (Fig. 5) is formed from
fine and coarse sand with clay and gravel.

The morphometric indexes have been measured for the
Eyvanekey area. Based on the study of Bull (1964), the
Eyvanekey fan is in group B and the Komes fan in group
C. The A, values (Table 2) change from 95° to 137° for the
Komes and Eyvanekey fans, respectively. The WLF is
0.671 in the Komes fan and 1.232 in the Eyvanekey fan.
They are fed by the permanent rivers, and the fan slope
(Fg) in the Eyvanekey area is <2 (Table 2). The radius
(R) is 977 to 992 m in the Komes and Eyvanckey fans,
respectively. The fan cone (FC) index in the Eyvanekey
fan and Komes fan is 1.101 and 0.751, respectively. The
F value or fan symmetric index in the Komes fan is 65.693
relatively bigger than that in the Eyvanekey fan which is
49.241. The valley width-to-height ratio (Vf) for the
Eyvanekey River is 2.451, and that for the Komes River
is 2.358. The sinuosity of the Central Alborz Mountains in
the Eyvanekey area is 1.263. Also, the Fmf and Fd indexes
are 4.178 and 0.312, respectively. Catchment basins in the
Eyvanekey area are located in the Central Alborz area, and
their morphometric indexes with the stream length gradient
(S1) are shown in Table 2.

Garmsar area

The Garmsar area includes 43 fans, 12 of which are alluvial
fans and the rest debris fans (Fig. 2). Due to the evaporite units
and fault structure, the Garmsar fans were distributed in 7
subareas (Table 2) (Garmsar 1-5, Jalilabad 6—14, Sarasiab
15-19, northern Sarasiab 20-23, western Dehnamak 24-27,
eastern Dehnamak 28-36, and Abdolabad 37-43) (Table 2).
At least three fan generations have been identified in the
Garmsar area (Fig. 2).

The Garmsar area is bounded by the Eyvanekey area to the
west, the Semnan area to the east (Fig. 2), and the Central
Alborz Mountains to the north. Firuzkuh with 1900 m and
Gharbilak with 997 m are the highest and lowest mountains
in this area, respectively.

The Garmsar thrust fault zone on the E-W trend is the main
border between the Central Alborz area in comparison to an
uplifted area in the north and the Central Iran toward the south.
In this area, catchment basins are on the northern side. The
Eocene rocks are the oldest outcrop in the uplifted catchment
area. It consists of tuff, green and black shale, sandstone,
conglomerate, and limestone. They are continued by
Oligocene sandstone, conglomerate, marl and gypsy marl,
and Miocene units. The Miocene units include the Upper
Red Formation, consisting of red and velvet marl, gypsum,
sandstone, shale, conglomerate, and light brown to reddish
brown shale. The youngest units of this section are
Miocene—Pliocene conglomerate and Pliocene—Pleistocene
sandstone, conglomerate, and marl (Fig. 3).

The Central Iran in the Garmsar area is covered by
Quaternary deposits. The bedrock of the Garmsar area based
on the geoelectric sections (Fig. 4b, c¢) is composed of

540725
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=

Fig. 3 Simplified geological map of the study area (after Bouzari et al. 2013)
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Fig. 4 Geoelectric sections in the study area. a The Eyvanekey area with
bedrock uplift near Sardareh evaporite mass. b The Garmsar area with
lenses, although relatively smooth. ¢ The Dehnamak to Safaeyeh area

Oligocene gypsum units of the Lower Red Formation. The
stratigraphic column of well (48) (Fig. 5) on the western
Garmsar fan and well (36) of the Garmsar fan mostly consists
of gravel, conglomerate, and sandy conglomerate. The alluvi-
al fan deposits in the wells (37, 26), the Jalilabad (well 40),
and the old channel of Dehnamak (well 53) are generally
composed of sandy clay, sandy mud, clay, and coarse sand
(Fig. 5).

In the Garmsar area, morphometric indexes are measured
for 43 fans, catchment basins, rivers, and the mountain front.
According to the index of Bull (1964), about 40% of fans of
this area are of group B, about 50% of the others are of group

showing relatively smooth bedrock and uplift near evaporite mass. d
The Sorkheh to Semnan area showing bedrock made by block faulting

C, and 10% are of group D. The WLF and Ay indexes for the
Garmsar subarea fans show a variety of conditions. In the
Garmsar, Jalilabad, Sarasiab, western and eastern
Dehnamak, and Abdolabad fan subareas, A, was > 60 and
WLF < 1. The exception is Garmsar fan (5) at WLF > 1 and
Ag> 50 which is in group A, according to the study of Viseras
and Fernandez (1994) and Viseras et al. (2003). In some cases,
such as the debris fans of the northern Sarasiab, A; was <50
and WLF was < 1. The alluvial fan area (F,) ranges from a
maximum of 761.561 km? in the Garmsar fan to 3.685 km? in
fan 23 in north Sarasiab (Table 2). The catchment basin arca
(D,) in the Garmsar area is in a range between 1092.702 km?
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Fig. 5 Exploitation wells in the study area. Wells 7 and 36 show alluvial
lithological characteristics maximally to 160 m in depth. Alluvial
sequences are primarily coarse at elevation, showing uplift in this area.
Well 26 shows alluvial channels in Garmsar fan. Well 15 in Lasjerd fan

in the Garmsar fan (5) and 20.042 km?” for fan 30 (Fig. 6,
Table 2). The fan slope (F) of alluvial fans varies from 1°
to 5°, but generally, the index of <2 for debris fans has in-
creased. The FC index value in the Garmsar area is mostly < 1,
but for fans 6, 9, 18, and 21-23, the value is > 1. Based on
Table 2, the F index is mostly < 50, but in some fans, it is >
50, for example in fans 3, 6, 9, 15, and 39. The Vf index for
the Garmsar area rivers (Table 2) ranges from 1.673 for the
Hableh River and primarily a V-shaped valley in the west to
0.544 for Abdolabad River and a U-shaped valley in the east
(Fig. 2). The Vfindex in the Sarasiab subarea seasonal stream
is 0.279. The Smf index ranges from 1.008 in the Jalilabad
subarea in the west to 1.422 in the Dehnamak to Abdolabad
subareas in the east. The multifaceted mountain front index

@ Springer

shows flooding current deposits in the area. The fine grading sequence in
wells 14 and 16 in Sorkheh fan and in well 12 in Semnan fan shows the
effect of factors such as fan inclination

(Fmf) is in a range between 2.857 in the Jalilabad and 8.894 in
the western Garmsar area. The Fd index is < 1 for the other
subareas, except the west Garmsar and Garmsar subareas with
1.231 and the Jalilabad with 1.124. The AF index is generally
> 50, and the 7T index is between 0.361 in fan 43 and 0.791 in
fan 19. Based on the catchment basin shape (BS) index, catch-
ment basin for fans 27 and 42 have maximum (4.256) and
minimum (1.355) elongation, respectively. The other morpho-
metric indexes are shown in Table 2.

Semnan area

In the Semnan area, the 86 fans identified are classified into
three generations and 8 subareas (Table 2): southern Lasjerd
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Table 2 (continued)

Viseras et al. (2003)

Sl BS Bull (1964)

T

AF (%)

Fmf Fd

vt Smf

FS

FCI

R (m)

Fy

BA (km?)

FA (km?)

WLF A (%)

Fan

1.689 C

0.195 229.042

54.099

7.022

0.234  65.879

1594

1.673

39 2.962

78 0.401
3-8: Semnan

1.199

0.279 324.130

1.152 5.880 0.934 47.612

1.706

7950 0.620 49.545
0.901

308.852 1.611

33.025
34.166

79 0.760 45

80 0.680

81

40.513

8284

1.641

60

0.403 36.631
0.699 35.183
0.341

4.714 3002

4.714
20.249 2.351

65

0.706

4.775

0.545 578.104
0.692 98.584

0.370

61.139
36.097
51.314
60.274
39.034

2.649

35.534 6701

60
47

82 0.583
83 0.371
84 0.578
85 0.503
86 0.378

1.723

53.609

2.872 6507
3.281

11.120
9.097

8.346
5.824
15.275
73.455

1.970
1.569
0.772

187.672

0.522

4073

40

0.228 69.253
0.552 514.124

3.292 6849 0.288 28385  0.685
5.333

8.838

50
30

5.849

15,703 0.857 64.451

107.512

anticline (1-8), eastern Lasjerd and western Dehaghin (9—-14),
Dehaghin (15-17), eastern Dehaghin (18-23), Sorkheh (24—
25), eastern Sorkheh or southern Namakdan fault (26-65),
northern Momenabad fault (66—78), and Semnan (79-86)
(Fig. 2). Nine of these fans are alluvial fans, and the remaining
ones are debris fans. The Semnan area is bordered to the west
by Garmsar, to the east by the median uplift of the Semnan
and Damghan basins, and to the north by the Eastern Alborz
Mountains (Fig. 2). Kuh-e-Tang (>2780 m) and Kuh-e-
Royan (1890 m) are the highest and lowest northern moun-
tains, respectively. The Lasjerd, Dehaghin, Sorkheh, and
Semnan rivers flow straight from the Eastern Alborz
Mountains to the southeast and southwest and feed alluvial
fans (Fig. 2).

Semnan and Rameh fault zones serve as a border between
the Eastern Alborz in the north and the Central Iran in the
south. The Eastern Alborz has formed the uplifted catchment
area. Jurassic sandstone, shale, and limestone are the oldest
outcrops in this area. It is covered by Cretaceous limestone
and Eocene units. The Eocene units are formed of milky
green, black tuff; dacite; shale; and marl with an interbed of
green—light gray coarse-grained sandstone, shear conglomer-
ate, and very coarse sandstone (Fig. 3).

The Central Iran in front the fault zone is covered by
Quaternary deposits. The characteristic of the bedrock of the
Semnan area based on a geoelectric section (Fig. 4d) shows
that the bedrock is formed from two parts: Eocene rhyolitic
rocks with a specific resistance of 210-217 2m and Upper
Red Formation with marl and sandstone with a specific resis-
tance of 122—-178 Qm.

Based on the exploitation wells and stratigraphy column
(Fig. 5), the deep well (~ 150 m) is in the Semnan fan (well
7) and the alluvial fan deposits are gravel, conglomerate, clay,
and sandy clay to sand. Also wells 12 and 7 are in the distal
and proximal parts of the Semnan fan, respectively. Well 15 in
the new Lasjerd fan is mostly sandy clay. In the old and new
Sorkheh fans (wells 14 and 16), the young deposits consist of
gravel and conglomerate to sandy clay.

The investigation of morphometric indexes in the Semnan
area (Table 2) indicates that based on Bull (1964), about 57%
of fans are in group C, ~20% in group B, and 10% in group D
and the remaining 13% have the ordinary condition or group
A. The WLF index (Viseras and Fernandez 1994; Viseras
et al. 2003) for 8 subareas (Table 2) was maximum 1.367 in
fan 8 of the south Lasjerd anticline subarea. The index is < 1 in
the other subareas, except the Sorkheh subarea (WLF > 1).
The A, value varies from 135° (fan 24) in the Sorkheh subarea
to 25° (fan 18) in the east of the Dehaghin subarea. The max-
imum fan area (F, index) is related to the Sorkheh subarea
fans (24 and 25) with 87.829 km? and 50.548 km? areas. The
catchment basin area (D,) is maximum 308.852 km? in the
Semnan subarea (Table 2). The slope of the fans (F)) is gen-
erally between 2° and 5°. In some fans, for example fans in the

@ Springer
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Fig. 6 Alluvial fans and catchment basins in the study area over SRTM image

south Namakdan fault subareas and Sorkheh fans, the index
was >5 and <2, respectively. The FC index ranges from
0.119 (fan 52) to 0.952 (new Sorkheh fan 25). The F, index
is <50 for the south Lasjerd anticline, east of Dehaghin sub-
areas; > 50 for the Dehaghin and north Momenabad sub-
groups; and > 50 and <50 for the Semnan subarea. The Vf
index in this area is generally >2. It is 1.379 in the Sorkheh
and < 1 in the south Lasjerd anticline subareas. The Smf index
in the south Lasjerd anticline to the east of Dehaghin subareas
is 1.211. It changes to 1.152 in the Semnan and 1.063 in the
east of Sorkheh subareas. The multifaceted surface index
(Fmf) of the Eastern Alborz varies from 8.855 in the west to
3.063 in the south Namakdan fault subarea in the east. The Fd
index varied from 0.989 to 0.934 in the west to the east of the
Semnan area. It is 1.038 for the east of Sorkheh subarea. The
AF index is both > 50 and < 50; for example, in the Sorkheh
subarea, the index is <50, but in the Dehaghin subarea, the
index is > 50 (Fig. 6). The BS index is in a range between
1.199 and 4.775. It is 1689 in the Sorkheh subarea.

Interpretation

The characteristics of the alluvial fan of the bedrock at the
depths of greater than 250 m (based on geoelectric profiles)
show the alluvial part is composed of sand, clay, gravel, and
conglomerate materials, and the bedrock is composed of
Eocene rhyolitic rock and Upper Red Formation in Semnan
and Oligocene gypsum units from the Lower Red Formation
in the Eyvanekey and Garmsar areas. The Garmsar bedrock
topography is similar to the Eyvanekey area. The bedrock
depth is shallow in the north, near the Eyvanekey—Parchin
and Garmsar fault zone, and its depth increased toward the

@ Springer

southwest in the Eyvanekey area and east in the Garmsar area.
In these areas, there are no sharp or sudden changes in lithol-
ogy. In the Semnan area, the bedrock topography affects the
fans’ shape on the surface. In addition, the bedrock lithology
suddenly changes from volcanic rocks as a high land to the
Upper Red Formation as a subsided area (Fig. 4d). The infor-
mation obtained from the 12 exploitation wells shows the
sedimentary sequence in the Komes and Garmsar fans is sim-
ilar to that in the Semnan fan. These sequences consist of fine
sand, coarse sand, and gravel in the Eyvanekey and Garmsar
fans. The sequence in the Semnan fan is mostly conglomerate,
gravely sand, and gravel. In these fans, the grain size becomes
primarily coarse as observed upward. As can be seen in Fig. 5,
the stratigraphy column in wells 14 and 16 in the Sorkheh
subarea is different with each other. It started with gravely
sand, gravel, or conglomerate and continued with clay and
sandy clay. The fine grain of the sedimentary sequence in
the stratigraphy columns shows that erosion rate increased
after uplifting (retrogradation). In addition, the sediment size
is larger in the Eyvanekey—Parchin, Garmsar, and Semnan
fault zones, and it changes to fine grain in the plains, located
in front of the fault zone.

Based on the fan morphometric data analysis, uplifting
in the Alborz Mountains coincides with sedimentation (B;
Bull 1964) which is a common factor for forming fans in
Eyvanekey, Garmsar, and Semnan areas (Table 3). Young
mountain uplifting (C; Bull 1964) is more effective in the
Komes fan in the Eyvanekey area and in the second-
generation fans in the Garmsar and Semnan areas.
Precipitation (D; Bull 1964) is another factor that is active
in the Garmsar and Semnan areas. Based on Table 3 and
according to Viseras and Fernandez (1994) and Viseras
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et al. (2003), alluvial fans in the Eyvanekey area and first-
generation fans in the Garmsar and Semnan areas (Fig. 2)
with A; > 50 were open and WLF > 1 formed in high tec-
tonic subsidence. The second- and third-generation fans in
the Garmsar and Semnan areas are mostly elongated, and
they formed in low tectonic subsidence (WLF < 1, A;<50)
and base level changes (WLF < 1, A;> 60). In other areas
except the Eyvanekey area with just one generation,
second- and third-generation fans are formed over the pre-
vious fans. The second-generation alluvial fans in the
Garmsar area (Garmsar, Abdolabad, and Seyedabad fans)
are extended toward the Garmsar basin (Stécklin 1968),
and in the Semnan area, the fans extended toward the
Semnan basin (Figs. 2 and 3). In the Sorkheh, Lasjerd,
and Dehaghin subareas, fans extended to the local basin
in the Semnan area. It is noticeable that the second-
generation fans of Abdolabad (38), Seyedabad (42) in the
Garmsar area, Lasjerd (8), and Sorkheh (25) in the Semnan
area with a long neck were formed on the first generation.
The Safaeyeh fan (43) is formed with long neck, too. Also,
third-generation fans are formed along the minor faults
such as the Sarasiab fault in the Garmsar area, the Kuh-e-
Namakdan fault, and the Lasjerd anticline in the Semnan
area (Fig. 2). Except the third-generation fans which are
mostly debris fan without catchment basin, the first- and
second-generation fans are alluvial fans and catchment ba-
sin for the second-generation fans is the same with that for
the first-generation fans (Fig. 6). There is a direct relation
between the first-generation alluvial fans and the catch-
ment basin area (Fig. 7). According to Blissenbach
(1954), the first- and second-generation fans are flat to
gentle. They are fed by permanent rivers and are extended
to wide area. The fan slope changed to steep for debris fans
along the fault and fold structures. It is clear for debris fans
in the Jalilabad and Sarasiab subareas in the Garmsar area
and the south Lasjerd anticline, south of the Namakdan
fault subareas in the Semnan area. The slope of the alluvial
fans decreases toward the fault zone and increases and ends
in a plain with a relatively slight slope. The agricultural
land around the Eyvanekey, Lasjerd, Sorkheh, and
Semnan is centralized in these areas. The fan cones are
generally elongated (mean FC < 1) and asymmetric (mean
F,<50) in the Garmsar and Semnan areas (Table 3) but are
relatively complete and symmetric (mean F ~ 50, Table 3)
in the Eyvanekey area. For instance, the west side of the
Garmsar fan rose and extended toward the east, but the
Abdolabad and Seyedabad fans extended to the west. In
addition, the mountain front morphology analysis gives
more detailed information for understanding active defor-
mation in these areas. Based on the Vfindex (El Hamdouni
et al. 2008), the mean Vfindex (Table 3) in the Eyvanekey
area is U shape with low uplifting rate. In the west of
Garmsar area, valleys are V shape (e.g., Hableh River)

and U shape in the east (Abdolabad River). In the
Semnan area except the Sorkheh River valley with V
shape, the other valleys are U shape. Based on the study
of El Hamdouni et al. (2008), the Semnan area is totally
semi-active and the Garmsar area is active. The Sorkheh
River’s valley is narrower than the others. Although the
Eyvanekey and Garmsar areas are a part of the Central
Alborz, the Smf index is different in this area (Table 3).
The Smf index in the Jalilabad and Sarasiab subareas is
1.008 in the northern part of the Garmsar thrust fault, and
the rate of uplifting is larger than that of erosion. This rate
is decreased toward the Dehnamak to Abdolabad subareas
in the Garmsar area (1.442) and Eyvanekey area (1.263).
Similarly, in the Semnan area, the rate of uplifting in-
creased along the Kuh-e-Namakdan fault (1.063) and
Lasjerd anticline and this is decreased to the eastern part
of the Semnan subarea (1.152). There is a direct relation
between the Fmf index value and evaporite mass. For in-
stance, the Fmf index in the Jalilabad and east Sorkheh
subareas is low with lack of evaporite units and it is in-
creased in the west Garmsar subarea and Eyvanekey fan
which are near the Sardareh evaporite mass. The maximum
multifaceted index (Fmf) is related to the western part of
the Semnan area (Table 3). The Fd index is minimum in the
Eyvanekey area and maximum in the Garmsar area. Based
on AF and T indexes, catchment basin in the Komes fan is
symmetric, but in the Eyvanekey basin, it is relatively
asymmetric; the left side of basin is uplifted (Fig. 6). In
the Garmsar area, catchment basins are asymmetric and the
right side are uplifted. In the Semnan area, it is similar and
asymmetric (Fig. 6). The rivers in Eyvanekey, Garmsar,
and Semnan arcas feed from the north (Central and
Eastern Alborz) and stream to the south, southwest, and
southeast. Based on Sl index, Eyvanekey, Lasjerd,
Semnan, and Dehaghin rivers and Abdolabad have maxi-
mum slopes. According to the By index, sudden uplift did
not happen in the Eyvanekey area, but for first generation
in Garmsar and Semnan areas, it has happened. As a result,
the Eyvanekey catchment basin is not elongated.

Discussion

The Alborz Mountains located in the northern part of the
Arabia—Eurasia collision is caused by the effect of com-
pressional tectonics, since Late Miocene (Guest et al.
2006a). The results of the collision are uplifting, shorten-
ing, and thickening of the continental crust in this region
(Allen et al. 2004; Guest et al. 2006b). The structural mod-
el of the Central Alborz presented by Stdcklin (1968),
Alavi (1996), Allen et al. (2003), and Guest et al.
(2006a). In the mentioned model, the main structures along
the north and south flanks of the Alborz are presented.
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faults. The result of the latest compressional deformation
as a young mountain uplift and base level change are
forming the third-generation fans, mainly in the east
Central Alborz and Eastern Alborz. Based on the relatively
complete cone shape in the west Central Alborz and the
elongate shape in the east Central Alborz and Eastern
Alborz, crust uplifting in the hanging wall of the
Eyvanekey—Parchin reverse fault is less than the that of
the Garmsar, Rameh, and Semnan thrust faults. Based on
the uplifting hanging wall, all catchment basins are asym-
metric and stretching. It means uplifting deformation is
active in the Late Quaternary. The basin deformation in
the east Central Alborz is more than the other parts. It is
a direct relation between the alluvial fan area and catch-
ment area in the first generation. In second-generation al-
luvial fans, in which generally the catchment area is bigger
than the alluvial fan area, we supposed the catchment area
is the same for two generations, so the second-generation
fans are formed over the first based on the crust uplifting in
the Alborz (Fig. 6). The crust shortening and uplifting in
the Alborz Mountains is reflected to the fan slope and
radius: the greater slope and radius of the Garmsar area
in the east Central Alborz and then Semnan area in the
Eastern Alborz and relative to the Eyvanekey area showed
that the uplifted area in the east Central Alborz is higher
than that in the Eastern Alborz. It is noticeable that evap-
orite mass movements (e.g., Sardareh, Rameh, and
Lasjerd) in Late Quaternary affected the shape of alluvial
fans. Around the evaporite mass, the alluvial fans are in-
clined (e.g., second-generation Lasjerd toward east and
Garmsar fans to the east and Eyvanekey fan to the west).
According to Stocklin (1974), Allen et al. (2003), and
Guest et al. (2006a), we believe that the northern part of
the Central and Eastern Alborz accumulated with internal
shortening. It is reflected on the catchment basin asymmet-
ric shape and mountain front morphology indexes. So,
more regional uplift was marked in the east Central
Alborz. Also, Fmf and Fd in the Eastern Alborz (Table 3)
suggested that fold active and evaporite mass uplifting in
the Lasjerd to Sorkheh are caused by increasing multifac-
eted surface and raised the braided parts of the mountain
front in the southern front of the Eastern Alborz zone. The
evaporite mass uplifts are reflected to the Abdolabad and
Garmsar fans extending in the east Central Alborz, too.
Field evidences (Fig. 8), for instance the fracture of 4 m
depth with N40OE strike, to the south of the Sorkheh fan
(Fig. 8m) are a result of the base level change in the
Eastern Alborz or cutting the young deposits by the
Sardareh evaporite mass (Fig. 8a) as reflected by crust
uplifting in the Central Alborz. According to Guest et al.
(2006a), McQuarrie et al. (2003), and Allen et al. (2004),
fan morphology evidence indicated that in Late
Quaternary, crustal shortening accommodated with
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Fig. 7 Direct relationship between fan area and catchment basin area in
the Eyvanekey, Garmsar, and Semnan areas

compressional deformation and uplifting in the east
Central Alborz and Eastern Alborz. Although deformation
rate is considerably decreased in the Eyvanekey area in the
west of the Central Alborz, there are morphological evi-
dences to indicate that this area is not completely inactive.

In addition, we suggest a fault zone in front of the east
Central Alborz (Fig. 9a). This zone is between the Sarasiab
sinistral fault system in the north and the Garmsar dextral
fault system in the south (Fig. 9b). According to Guest
et al. (2006a), these faults mostly show transpressional
deformation.

Displacement of the direction of Hableh and Rameh rivers
(3.57 km in the north and 1.33 km in the south) in the Garmsar
and Dehnamak fans (Fig. 9b) is a result of this fault zone.
According to Ballato et al. (2015), we believe that tectonic
deformation is affected on the rivers in the Central Alborz.
The fault zone (Fig. 9¢c) moved toward the east, and evaporite
masses were exposed at the eastern part. It should be noted
that these uplift and transpression deformations were linked to
compression deformation (Fig. 9d). The changing orientation
of Alborz structures from W—E to NE-SW, respectively, was
probably the result of exposing these evaporite units (Fig. 9c).
There is very little information on the Rameh and Lasjerd
evaporite masses. Since these units are linearly exposing
along the Rameh fault, it is likely might be a relationship
between the fault direction and exposed evaporite units
(Fig. 9c). Evaluation of the evaporite masses and salt
sequence in the Garmsar Sardareh by Baikpour and Talbot
(2012) showed that this salt unit was buried in the Garmsar
basin and was exposed as the Garmsar salt nappe or the
Garmsar salt glacier on the surface. This salt mass is alloch-
thonous. They believed the ductile behavior of the salt sheets
caused the aseismic strain of the area or to have less than
recorded 3.5-magnitude earthquakes. In addition, the presence
of'these evaporite masses has been influenced by the reduction
of wavelengths, surrounding folds. Its localization displace-
ment has affected the behavior of faults, causing inversion in
fault performance.
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Fig. 8 a Evaporite unit uplift of Lower Red Formation and rupture of
Quaternary deposits 5 km west of the Garmsar, view toward northeast. b
Shrinkage and uplift of young Quaternary deposits in the Garmsar fault
hanging wall in the Jalilabad region, view toward north. ¢ Young
Quaternary units with unconformities on Pleistocene tilted
conglomerate unit along the Hableh River margin in the Garmsar, view
toward east. d Base level changes in the Abdolabad riverbed showing
deep gypsum valley with steep walls in smoothed bed, view toward
south. e Linear uplift of Quaternary deposits along the Abdolabad fault
in Dehnamak fan, view toward north. f Quaternary clay and sand fine
sedimentary deposits + 10 m in thickness at the end of the Abdolabad fan
in south the Abdolabad fault, view toward east. g Cross section of the
sedimentary sequence in the Lasjerd fan with angled boulders among fine
deposits showing heavy flooding of the Lasjerd River, view toward east.

We believe that the studied morphometric indexes of
the adjacent fans to these evaporite masses provide
valuable information on the movements of these evapo-
rite masses. For example, the inclination of the second
generation of the Garmsar fan to the east or the
Eyvanekey fan to the west (Fig. 9¢) could be the result
of the Garmsar salt glacier movement or the shape of
Lasjerd fans controlled by the Lasjerd evaporite mass
(Fig. 2).
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Abdolabad Fault

h Minor reverse fault and wall uplift of the Lasjerd River and formation of
alluvial terraces, view toward northwest. i Uplift and formation of
grooved water channels in ends of the Lasjerd fan, view toward south. j
Evaporite mass uplift along the Rameh fault south of the Lasjerd fan that
dam waters exit and rise in adjacent underground water level (proper land
for agriculture), view toward south. k Alluvial terrace with medium-sized
grain in the Dehaghin fan. Gypsum units form eastern uplift, view toward
east. 1 Sorkheh northern anticline limb consisting of marl and limestone
units of Qom Formation covered by Quaternary unconformity conglom-
erate, view toward northeast. m Changes in base level-forming groove of
4 m in depth at the southern end of the Sorkheh fan, view toward north-
west. n Cross section of clay and sandstone sequence in Semnan River
energy change. Base level changes in riverbed increased with uplift of old
deposit outcrops, view toward east

According to Hoth et al. (2007), we have shown evi-
dences that strain or deformation in active structures has
gradually transferred to the east Central Alborz front in the
south (Fig. 2). The Abdolabad reverse fault parallel to the
Garmsar—Rameh fault zone as a blind structure in the
Central Iran shows continuation of Alborz dynamics. It is
recognized according to geoelectric profiles (subsurface
data) and the Safaeyeh fan (43) in the Garmsar area. The
fan morphometry indexes (Table 2) such as the BS index
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Fig. 8 (continued)

caused the sudden uplift along this fault. There are two
possibilities existing in the Abdolabad fault: the first pos-
sibility, as an old structure which has been reactivated by
the compressional tectonics, and the second one, as a new
structure being formed under conditions of shortening de-
formation in the Late Quaternary.

Rameh evaporite

Based on the study of Bull (1977), Dorn (1994), Roberts
(1995), Calvache et al. (1997), Harvey (2002, 2005),
Viseras et al. (2003), Gaetano et al. (2005), and Ballato
et al. (2015), tectonic processes, base level changes, cli-
mate, and lithology are influenced in the formation and
evolution of fans. In addition, we suggest the bedrock
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Fig. 8 (continued)

situation under the fans has a direct effect on the extended
fan and its morphology.

Proposed fan models

According to Hosein-Khannazer (2015), during the
Quaternary, epeirogeny is as active as orogeny but relatively
weaker with regional and local activities. The results are
uplifting and depressing of crustal blocks (horst and graben).
As confirmed by Stocklin (1968), these structural features
have formed the southern front of the Eastern Alborz.
Following Pinter et al. (2003) and Ballato et al. (2008), posi-
tive isostasy in the Alborz Mountains and negative isostasy in
the Central Iran (in front of the Alborz Mountains) are active.
Therefore, the result of the growth folds and uplift of the fault
hanging wall is the thickening Alborz crust. Meanwhile, the
response uplifting crust is subsiding in the vicinity blocks
(Bloom 1967). We suggest this subsidence might have pro-
vided suitable places for forming alluvial and debris fans in
the southern front of the Central and Eastern Alborz.
According to Pedrami (1987), severe precipitation and
flooding are characteristics of the Alborz glacial periods, sug-
gesting, around the same time, the bedrock subsiding was
necessary for providing enough space for forming and devel-
oping fans.
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A summary evolution of the three generation fans in front
of the Central and Eastern Alborz areas based on bedrock
characteristic is shown in Fig. 10a and b.

In suggested models, the morphology of alluvial fans
records important information about the bedrock topogra-
phy in these areas. It is noticeable that in Late Quaternary,
compressional tectonics and positive isostasy occurred
with uplifting in the hanging wall and negative isostasy
has occurred with subsidence in front of the Alborz
Mountains.

The fan models of the Eyvanekey and Garmsar areas in
front of the Central Alborz are shown in Fig. 10a. It should
be mentioned that the bedrock in these areas is the same. So
based on the bedrock topography, the first-generation and the
second-generation alluvial fans formed to the southwest in
Eyvanekey and continued southeast for Garmsar fans. As
shown in this model, crust shortening and uplifting in the
hanging wall of reverse faults parallel to the Garmsar fault
caused the formation of the third-generation fans along these
faults. On the other hand, the Sardareh evaporite mass move-
ment along the Takht-e Rostam fault zone at the border be-
tween Eyvanekey and Garmsar areas caused tilting of the
Eyvanekey fan to the west and Garmsar fan to the east. In
addition, the Abardezh reverse fault in the southern
Eyvanekey area controls this area fan extending to the south.
The scarp fault in Fig. 10a shows that the uplift rate in the
Garmsar area is relatively greater than that in the Eyvanekey
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Fig. 9 a Location of the fault zone (red rectangle) in front of the Central
Alborz Mountains, over simplified tectonic map with arrows showing
sense of relative motion of shortening and shearing (Venant et al.
2004a). b Offset in the direction of the Hableh River in the Garmsar fan

area. One reason might be position of the Central Alborz
Mountains to the general stress direction.

The fan model in the Semnan area in the Eastern Alborz is
shown in Fig. 10b. Positive isostasy and crust shortening with
compressional deformation in the Eastern Alborz occurred

A
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. ~ * Sardareh Evaporate

A A A A
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Sarasiab Fault zon¢

Garmsar Fault zone

D Dehaghin
So Sorkheh
M menabad
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(G) and Rameh River in Dehnamak fan (Dn). They are showing the
transpressional deformation on the Garmsar and Sarasiab fault zone. ¢
Close up of the fault zone. d Schematic model of the fault zone and
centralized evaporite mass in the east

with uplifting in the hanging wall of thrust faults and uplifted
the Rameh evaporite masses along the thrust faults and growth
of the Lasjerd—Sorkheh folded structure.

These processes formed the second- and third-generation
fans along the structures. The remarkable point is the

Eastern Alborz

Fig. 10 Schematic models of alluvial fan development. a Eyvanekey and Garmsar. b Semnan
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morphology of second-generation fan, such as the Lasjerd,
Dehaghin, Sorkheh, and Semnan, which follows the topogra-
phy of the bedrock. The brittle bedrock in the Semnan area
and fracture along the minor faults (Sorkheh, Darjazin)
formed horst and graben in the bedrock; thus, in this area,
the second-generation fans trend toward grabens.

Therefore, the bedrock in the Garmsar and Eyvanekey
areas is ductile, but in the Semnan area, it is brittle that
reflected to the morphology of fans.

Conclusions

The southern front of the Central and Eastern Alborz
Mountains in Eyvanekey, Garmsar, and Semnan is a notice-
able area for recording significant data related to the late stages
of the Arabia—Eurasia collision in Late Quaternary. The
continent—continent collision caused the compressional defor-
mation (e.g., Allen et al. 2004) and erosion (Morley et al.
2009) in this area. The reflect of continent convergence in
the Alborz Mountains is accommodated with crust shortening
and uplifting of the Alborz Mountains (Ballato et al. 2008),
and transpressional deformation in the west Central Alborz
(Guest et al. 2006a). In addition, positive isostasy (Ballato
et al. 2008) and rising base level in the northern part of the
Eyvanekey—Parchin, Garmsar, and Semnan reverse to thrust
fault zone make a different topography along these faults
(uplifted crust in the north and negative isostasy with subsided
crust in the south). However, during the Quaternary, erosion
and deposition of the sediment deposits caused the alluvial
and debris fans to form in the southern front of the Central
and Eastern Alborz. Analysis of 17 morphometric indexes for
131 fans in the Eyvanekey, Garmsar, and Semnan areas shows
that the Alborz Mountains are affected by compressional tec-
tonics. There is a relationship with uplifting and shortening
crust. Positive isostasy and rising base level in the hanging
wall of the thrust and reverse faults as well as the uplifting of
folded structures and evaporite mass movement (Baikpour
and Talbot 2012) are compensated for by negative isostasy
and subsidence in the foot wall of the faults and southern front
of the Central and Eastern Alborz. This phenomenon makes
an efficient space for sediment deposits and formation of al-
luvial and debris fans along the reverse and thrust faults. The
continuation of continent convergence and young uplifted
crust in the Alborz Mountains are reflected to the shape and
extended second- and third-generation fans over the first-
generation fans. The third-generation fans reflect the young
evolution of the east Central Alborz Mountains in this area. In
this regard, the effect of the young pulse of the Pasadenian
orogeny is often associated with base level changes. Fan mor-
phology shows that the extended fan depends on various fac-
tors, like presence of rising structures such as the Abardezh
structure in the south of the Eyvanekey area; evaporite mass

@ Springer

like Rameh evaporite mass in the south of the Lasjerd fan
prevents the growth of fan longitude, or the continuation of
Sardareh evaporite mass movement is tied to the inclination of
the Garmsar fan toward the east and the bedrock topography
and activity.

The bedrock is not similar in these areas. Although in the
Eyvanekey and Garmsar areas the bedrock is relatively duc-
tile, the bedrock in the Semnan area is brittle. The subsided
bedrock makes a suitable space for inclination of the fan to-
ward it. The sudden trend change of the second-generation
(Sorkheh) fan toward the west probably reflects the graben
structural form on the bedrock. Crust uplifting is active in
the Central and Eastern Alborz mostly in the east Central
Alborz Mountains. It is indicated by the formation of valleys,
deep grooves, and stepped terraces in the river traverse. River
deposits form parallel layers, medium sorting, relatively good
roundness, and medium-to-high thickness. The deposit facies
are mostly fine to coarse grain.

Based on the morphology of alluvial fans, the young com-
pression deformation in the east Central and Eastern Alborz is
focused on the southern front of the Alborz toward Central
Iran. For instance, formation of the Safacyeh fan along the
Abdolabad reverse fault (recommended in this research) in
the east Central Alborz and formation of channels perpendic-
ular to fans’ extended direction (e.g., Sorkheh alluvial fan) in
the Eastern Alborz mostly indicated the uplifting of crust and
base level change in the east Central Alborz and Eastern
Alborz, respectively. The morphology of Hableh and Rameh
rivers which caused a fault zone with transpressional defor-
mation is formed in the southern front of the east Central
Alborz. In this fault zone, a local compressional deformation
occurred in the eastern part.

We suggest fan morphology evidences give more de-
tailed information related to the young compressional de-
formation in front of the mountains. Based on the evi-
dences, we divided the southern front of the Central
Alborz to the west (Guest et al. 2006a) and east. The
uplifting crust in the east Central Alborz (Garmsar area)
is relatively greater than that in the west Central Alborz
(Eyvanekey area) and Eastern Alborz (Semnan area).
Also, base level changes in the eastern Alborz are relative-
ly higher than those in the east and west Central Alborz.
Shortening and uplifting of crust, transpressional deforma-
tion in the fault zone, and formation or reactivity of the
new reverse fault in the southern front of the east Central
Alborz show compressional deformation is mostly accu-
mulated in this part of the Central Alborz.

Fan evolution in the Central Alborz Mountains (Garmsar
and Eyvanekey areas) follows a relatively simpler model than
that in the Eastern Alborz Mountains (Semnan area) because
of the brittle behavior of the bedrock in the Semnan area.
Activation of the evaporite masses has effected fan morphol-
ogy and must be considered in the analysis.
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Moreover, the Quaternary climate (Pedrami 1987; Ballato
et al. 2008) has definitely affected fan morphology and evo-
lution in the study area.
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