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Abstract 10 

The piedmont zone in the frontal active regions of the orogenic belts exhibits various deformation patterns, which 11 

helps unravel the seismic sources for cities that flourish in such tectonic settings. A detailed analysis of the active 12 

folding, faulting, and related morphological features of the Quaternary alluvial units disclose prominent thrust 13 

faults in the Tehran piedmont zone. These faults are kinematically related and play a vital role in a better 14 

understanding of the seismic hazard of the Tehran metropolitan area. The five south-dipping thrust faults, the 15 

related hanging-wall folding and subsidiary faulting accommodate a considerable amount of north-south 16 

shortening during Quaternary. The shortening is observed in the alluviums and the underlying Eocene volcanic 17 

bedrock. Interestingly, in western Tehran, the Chitgar area discloses a type locality for active fault-bend folding, 18 

backthrusting, oblique-slip normal faulting and fault inversion in the piedmont zone. Our optically stimulated 19 

luminescence dating on the Late Pleistocene alluviums in the Chitgar area constrains the slip rate of the primary 20 

and secondary faults. According to our analyses, we introduce the ‘Master Ray Fault’ as a crucial seismogenic 21 

fault of the Tehran region, manifested as south-dipping thrust faults in the piedmont zone. We estimate the 22 

minimum slip rate on the Master Ray Fault to be ca. 0.50 mm a-1. Our study offers a crucial methodological 23 

framework for improving the existing understanding on Quaternary thrust fault kinematics and associated 24 

morphological features, aiding in the unveiling of potential seismic sources in metropolitan areas located in 25 

piedmont zones adjacent to active orogenic belts. 26 

Keywords: piedmont deformation, OSL dating, Master Ray Fault, Chitgar Fault, seismic hazard, Tehran 27 

 28 

1 Introduction 29 

Forward propagation of deformation fronts in the orogenic systems progressively incorporates the proximal parts 30 

of the foreland basin (e.g., Iaffa et al., 2011). The structures in the proximal foreland region can take on different 31 

configurations depending on regional and local geometry, deformation history, and rheological characteristics of 32 

the foreland terrane. The proximal foreland structures may include compartmentalized piggyback basins or broken 33 

foreland (Jordan et al., 1983; DeCelles and Giles, 1996), inherited extensional faults (Iaffa et al., 2011), forebergs 34 
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(Florensov and Solonenko, 1963), pop-ups (von Hagke et al., 2024), backthrusts and triangle zones (McMechan, 35 

2023, von Hagke et al., 2024), and shortcut thrusts (Coward, 1994). 36 

A drastic change in the deformed materials (bedrock vs alluvium) and structural geometry (thick-skinned vs thin-37 

skinned) across the mountain front, associated with the incorporation of the young and erodible proximal foreland 38 

basin sediments and shallowly-dipping thin-skinned structures, delivers a contrasting geomorphology between 39 

the main inboard orogenic body and its foothills within the piedmont zones. 40 

The North Tehran Fault (NTF) in northern Iran is a major oblique-slip thrust fault which marks the southern 41 

mountain front of the central Alborz Range in the Tehran region. The enormous metropolitan area of the city, 42 

developed over the foothill-plain territory to the south of the NTF since 1554 (Ghassemi, 2023), includes 43 

geomorphological features which are produced by the interaction of active tectonic movements and proximal 44 

foreland deposition, and, therefore, provide crucial information for analyzing the seismic hazard of Tehran. 45 

Our study is focused on and exploits field investigation, geomorphological examination and structural geological 46 

interpretation to provide information on the geometry, kinematics and morphological features of several active 47 

structures in the foothill territory of the Tehran region. We also used the recent microseismicity of the region to 48 

constrain the location and geometry of the active faulting in the Tehran piedmont zone. The studied Quaternary 49 

structures are the Kowsar, Mahmudieh, Davudieh, Chitgar and Ghurd-Daghi Faults and their corresponding 50 

hanging-wall folds and secondary faults. Our study combined luminescence dating to constrain the temporal 51 

interaction of the Quaternary faults and folds with the foreland sedimentation in the Chitgar Fault zone. The 52 

geochronological datasets were later employed to quantify the slip rate on some active faults generated in response 53 

to deformation over the main major active structure in the western Tehran area. 54 

According to our findings, the foreland-involved structures in the Tehran region are dominantly inherited south-55 

dipping faults – and related folds – which reached the surface in the Middle Pleistocene, and continued to act in 56 

the Late Pleistocene and Holocene. We discuss that these structures seem to still dynamically interact within the 57 

current kinematic framework of the southern Alborz region. The geometrical similarity and kinematic coherence 58 

of the piedmont zone faults reveal their association with a master active south-dipping fault at depth, here 59 

introduced as the ‘Master Ray Fault’. Materialization of such active fault, extending into the seismogenic depth 60 

in southern Tehran, can also explain the occurrence of several major enigmatic historical earthquakes in the Ray 61 

area, and, therefore, introduces a new potential seismic source for the Greater Tehran region. 62 

 63 

2 Geological, tectonic and seismotectonic framework 64 

The Alborz Range of northern Iran is an orocline which has evolved within the Arabia-Eurasia collision zone in 65 

the Cenozoic (Allen et al., 2003; Ballato et al., 2013; Mattei et al., 2017). Interaction of the rotating rigid South 66 

Caspian Basin basement with the orogen has deeply influenced the orogen, and appears to be causative of a 67 

transpressional tectonic setting across the orogen (e.g., Ballato et al., 2013; Ghassemi et al., 2023). The 68 

transpressional NTF system is the most prominent active structure at the southern mountain front in the Tehran 69 

region (Tchalenko, 1975) and is inferred to have kinematic links with the active Eastern Mosha Fault and the 70 

Buyin-Zahra Fault, respectively, to its east and west (Tchalenko, 1975; Ghassemi et al., 2016). The reverse dip-71 
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slip component of the movement on the NTF is estimated between 0.28±0.02 mm a-1 and 1.39±0.17 mm a-1 72 

(Heydari and Ghassemi, 2025). 73 

After a prelude compressional period associated with the Arabia-Iran collision in the Oligocene, the major uplift 74 

acts of the southern Alborz orogen were played in three Miocene time frames: 18-14 Ma, 9.5-7.5 Ma and 7-6 Ma 75 

(Ballato et al., 2013). The Miocene uplift events built colossal reliefs, which in turn constructed the southern 76 

foreland basin of the Alborz Range, and shed sediments of ca. 7 km thickness (the Upper Red Formation) into the 77 

basin (Ballato et al., 2008). The foreland sedimentation continued into the Pliocene and Quaternary and was 78 

associated with alluvial-fluvial deposition spanning as far as ca. 50 km south from the mountain front and beyond. 79 

The alluvial stratigraphy of the Tehran region established by Rieben (1955, 1966) is still in use by the urban 80 

geologists who work in the region, and includes the A, B, C and D Units. The oldest (?Pliocene to Middle 81 

Pleistocene) A Unit, also named informally Hezar-Darreh Formation, is the thickest (ca. 1200 m) and the most 82 

laterally continuous unit. For further detailed information on these alluvial-fluvial units' lithology and spatial 83 

distribution across the Tehran metropolitan area, see Ghassemi (2023). 84 

Long-term geodetic monitoring since 2000 reveals 5±2 mm a-1 and 4±2 mm a-1, respectively, for the shortening 85 

and shearing displacements across the Alborz Range (Vernant et al., 2004; Djamour et al., 2010; Khorrami et al., 86 

2019). Most transpressional deformation is accommodated by the range-parallel thrust and left-lateral strike-slip 87 

structures, such as the NTF, Caspian Fault and Mosha Fault. However, the outward propagation of the deformation 88 

front has incorporated the foreland regions to the south and north of the orogen, and has produced prominent 89 

piedmont foothill landforms in the Pliocene and Quaternary sediments, which imply active deformation. 90 

In spite of its association with major and minor active structures and accounts of several destructive historical 91 

earthquakes, the Greater Tehran region – including the NTF zone – lacks any instrumental period (1900-2024) 92 

seismicity greater than ca. 4.0 (e.g., Ashtari et al., 2005). This may reflect the locking of the active faults and/or 93 

the long return period of the major earthquakes on the crucial seismic sources in the region. 94 

 95 

3 Morphology and structure of the Piedmont in Tehran 96 

The piedmont zone in Tehran is a gently rolling small plateau extending between the mountain front along the 97 

NTF in the north and the northern margin of the Tehran plain in the south with the maximum and minimum 98 

elevations of respectively ca. 1850 to 1200 m a.s.l. (Fig. 1). Several generally east-west-trending hillocky 99 

landforms, developed over the folded and faulted A and B Units, dominate the piedmont zone and are incised by 100 

the major southward-flowing rivers. 101 

Strong folding is dominant in the A Unit, while despite the faulting, the other three younger Units might only 102 

show some minor tilting. Stereographic analysis of the 97 bedding attitude measurements in the A Unit indicates 103 

almost pure north-south shortening direction and north-vergent folding associated with south-dipping thrust faults 104 

(Fig. 2). The north-dipping NTF and south-dipping faults described in this research appear to form a narrow 105 

intervening triangle zone structure in the north of the Tehran City. 106 
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 107 

Figure 1: a) Distribution of the faults and the associated morphological features in the piedmont zone of the Tehran 108 
region. The faults are modified after Berberian et al. (1985). The background hillshade topographic map is SRTM DEM 109 
with a spatial resolution of 30 m. b) Geological map showing distribution of the alluvial units in the study area. 110 

 111 

 112 

Figure 2: Kamb contour map of the poles to beddings in the A Unit (Hezar-Darreh Fm.) in the Tehran region. Point 3 113 
on the stereogram illustrates the axis for the cylindrical best fit of the folding, showing an attitude of 02,089 (plunge, 114 
trend). As the diagram indicates, shortening after deposition of the A Unit has an almost sharp N-S orientation. The 115 
conspicuous asymmetry of the poles’ distribution corresponds to the north-vergent folding and thrusting. The 116 
compasses used for the measurements were adjusted for 3° of magnetic declination in the Tehran region. 117 

 118 

As observed on the structures depicted in Fig. 1, all five mapped major thrust faults in the piedmont, including 119 

the Kowsar, Mahmudieh, Davudieh, Chitgar and Ghurd-Daghi Faults, strike east-west to northwest-southeast and 120 
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dip to the south. The sinuous surface trace of the faults suggests low-angle fault geometries. As we will discuss, 121 

these north-vergent thrusts in the piedmont region of the south-vergent NTF, instead of being kinematically related 122 

to the NTF, root in a major inherited bedrock structure within the Eocene volcanic rock sequence in the south of 123 

Tehran. 124 

Some piedmont thrust faults are associated with the secondary minor faults in their hanging-wall. These include 125 

the north-dipping backthrusts, synthetic thrust faults parallel to the original fault, reverse faults oblique to the 126 

major thrust faults, and minor normal faults. Some examples are the backthrust on the western end of the Kowsar 127 

Fault, and the TV Fault and the East-West TV Fault in the hanging-wall of the Davudieh Fault (Fig. 1). 128 

 129 

3.1 The Kowsar Fault 130 

The Kowsar Fault (also named as the Lavizan Fault by some authors; e.g., Solaymani-Azad, 2023) is a shallowly-131 

dipping west-northwest-striking thrust which places the A and B Units over the C Unit to the north (Fig. 3a). The 132 

surface trace of the fault extends as much as 15.5 km in the easternmost suburb of Tehran (Fig. 1). Applying the 133 

bow and arrow rule to the arcuate surface trace of the fault suggests a NNE direction of tectonic transport and 2.8 134 

km of the horizontal component of displacement on the central part of this thrust fault (Fig. 1). Clear folding of 135 

the A Unit alluvial layers in the hanging-wall of this shallowly-dipping fault reveals a fault-bend folding 136 

mechanism for the deformation (Fig. 3b). 137 

 138 
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 139 

Figure 3: The Kowsar Fault in eastern Tehran. a) A roadcut trench along the Babaei Highway depicting the fault trace 140 
(arrows). Note the bedding in the A Unit, which represents a hanging-wall ramp on the C Unit. b) A hand-drawing 141 
illustrating the gentle folding of the A Unit layers in the hanging-wall of the Kowsar Fault in the Omid Town of the 142 
eastern Tehran. c) Photograph of the same fold as in (b), taken from the opposite side of the roadcut. 143 

 144 

3.2 The Mahmudieh Fault 145 

No outcrop of the Mahmudieh fault has been documented so far; however, according to the report by Berberian 146 

et al. (1985), this is a south-dipping fault which has formed a north-facing 10-15 m high scarp near its western 147 

termination. They suggest that the fault may be linked to the Kowsar Fault on its eastern termination. A major 148 

east-west structural depression has developed between the Niavaran Fault in the north and the Mahmudieh Fault 149 

in the south (Fig. 1). 150 

 151 

3.3 The Davudieh Fault 152 

The surface trace of the Davudieh Thrust Fault is 6 km long, and marks the northern margin of the folded and 153 

uplifted A Unit in the fault’s hanging-wall. The TV Fault and East-West TV Fault, located in the hanging-wall of 154 
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the fault, accommodate some shortening in addition to the deformation caused by folding and faulting on the 155 

master fault. The earlier secondary faults are named so due to their proximity to the Second National Iranian TV 156 

Station, which was the only nearby existing place in the area at the time of recognizing these faults (Berberian et 157 

al., 1985). The TV Fault is a high-angle reverse fault which strikes northwest-southeast and dips towards the 158 

southwest. In contrast, the E-W TV Fault dips towards the south (Fig. 4). The latter fault places the older 159 

impermeable A Unit over the younger B Unit. It forms a groundwater barrier, which was once manifested as a 160 

spring discharging of ca. 0.5 liters per second at a trench used for the construction of a ministry building. The 161 

Abbas-Abad Fault is another fault that has left-laterally displaced the morphological features developed by the 162 

Davudieh Thrust Fault. The surface trace of this east-west-striking fault is 2.2 km long, and its major slip 163 

component is strike-slip. Three South-discharging drainages, sculpted into the A Unit’s alluvial deposits, are 164 

displaced by ca. 149, 197 and 286 m, averaging 211 m (Fig. 4b). 165 

 166 

 167 

Figure 4: a) The Davudieh Thrust Fault and the associated secondary faults in its hanging-wall. The colored arrows 168 
illustrate drainage restoration along the Abbas-Abad Fault and indicate an average of 211 m left-lateral strike-slip 169 
displacement. Note the similar displacement of the uplifted landform produced by thrust movement on the Davudieh 170 
Fault (black dashed lines 1 and 2). The aerial photographs used in this figure, figures 5 and 7, belong to 1955. b) Outcrop 171 
of the East-West TV Fault on a roadcut in the Mandela Blvd. The fault displaces the B Unit on the surface and places 172 
the A Unit over the B Unit a few meters below the street’s level. 173 

 174 

The Davudieh Fault, first introduced by Berberian et al. (1985), is a major south-dipping thrust, the surface trace 175 

extending for ca. 12 km in the north-central Tehran region. In addition to the structures above, the fault is 176 

associated with a strong open to tight asymmetric folding in the alluvial A Unit, as well as local normal faulting 177 

(Fig. 5). Thickening of the hanging-wall layers towards the aforementioned normal faults suggests syn-178 

sedimentary faulting during deposition of the B Unit (Fig. 5b). 179 

Fault-related folding of the A Unit in the hanging-wall of the Davudieh Fault is essentially similar to what is 180 

already described for the Kowsar Thrust Fault. The resultant uplift of the relatively erosion-resistant alluvial 181 

materials in the A Unit has produced east-west-trending hillocky morphology that is generally occupied by parks 182 

and vegetated greenways (e.g. Pardisan Park). The active folding in the hanging-wall of the Davudieh Fault has 183 
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resulted in a maximum of ca. 70 m of incision of the Farahzad River into the B Unit (Ghassemi, 2023). The 184 

morpho-structural feature in the Pardisan area was interpreted as folding in a foreberg by Ritz et al. (2012) and as 185 

the recently introduced north-dipping Pardisan thrust Fault by Talebian et al. (2016). We will discuss such 186 

kinematic interpretations in Section 5. 187 

Another interesting manifestation of the active deformation in the hanging-wall of the Davudieh Fault is the Bagh-188 

e-Feyz Oblique-Slip Fault (Figs. 1 and 5a). The fault strikes NW-SE and dips 40° towards the southwest (Fig. 6). 189 

The curved 3.4 km long surface trace of the fault is probably related to a local block rotation. The minimum dip-190 

slip component of movement on the fault exposed in an outcrop is ca. 12 m (Fig. 6), while three drainage talwegs 191 

on the aerial photographs are right-laterally displaced by the fault as long as ca. 92, 41 and 83 m (Fig. 5a). A small 192 

relatively fresh drainage divide, probably related to a more recent period of activity, represents ca. 27 m of right-193 

lateral displacement across the fault (inset in Fig. 5a). 194 

 195 

 196 

Figure 5: a) Structural features in the hanging-wall of the Davudieh Fault. A normal fault of the Vanak-Park Fault 197 
system is illustrated in 5b. The green arrows delineate the grooves sculpted in the landscape due to the tightly folded 198 
and steep A Unit’s alluvial layers. Drainages across the Bagh-e-Feyz Fault show a minor component of right-lateral 199 
movement on the fault. The inset is an enlarged image of a ridge displaced by ca. 27 m. b) Outcrop of a listric normal 200 
fault from the Vanak-Park Fault system displacing the shallowly-dipping B Unit. Note the thickening of some hanging-201 
wall layers approaching the fault. 202 
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 203 

Figure 6: Outcrop of the Bagh-e-Feyz Fault on a highway roadcut in western Tehran. The A Unit’s layering in the 204 
hanging-wall is parallel to the fault. Note a secondary reverse fault in the hanging-wall. The person in the image is for 205 
scale is 170 cm tall. 206 

 207 

3.4 The Chitgar Fault zone 208 

Near the western end of the Tehran metropolis, the Chitgar Hills display another significant structural complex 209 

linked to the south-dipping thrust faulting in the piedmont zone of the city. The highway roadcuts excavated in 210 

2008 revealed a major thrust fault that roots in the Eocene volcanic bedrock and places it – and the overlying A 211 

Unit – over the A Unit – and the overlying horizontal layers of the B Unit alluviums (Figs. 7a, 8d). The resultant 212 

fault-bend folding in the alluvial materials has produced a major bipartite hill, which, akin to the hills in the 213 

hanging-walls of the Kowsar and Davudieh Faults, hosts parks and vegetated greenways. The western and eastern 214 

parts of the hill trend NW-SE and WNW-ESE respectively possibly due to a spatial change in the underlying fault 215 

ramp geometry at the intersection of an oblique ramp and a frontal ramp of the Chitgar Thrust (Fig. 7b). Separation 216 

of the two parts and the intervening inferred normal faults may have evolved due to out-of-plane displacement 217 

near the trailing termination of the oblique ramp resulted in local lateral extension of the hanging-wall (e.g., 218 

Apotria, 1995). 219 

The Chitgar Thrust demonstrates a prominent and relatively fresh fault scarp on the northern rim of the eastern 220 

Chitgar Hills (Fig 7b). From the south to the north, the following features are observed along a highway roadcut 221 

across the Chitgar Fault-related folding structure (Fig. 8): 1) The growth strata of the more recent B or C Unit 222 

over an unconformity above the folded and faulted A Unit. 2) A backthrust zone in the hanging-wall of the Chitgar 223 

Thrust showing few meters of displacements. 3) The main south-dipping Chitgar Fault, which thrusts the bedrock 224 

Eocene volcanic rocks over the A Unit. 4) A zone of reverse and inverted normal faults within the B Unit. 5) A 225 

zone of oblique-slip normal faults within the B Unit. Construction of a semi-balanced cross section for the western 226 

part of the Chitgar structure (Fig. 8d) prescribes ca. 1047 m and 68 m of pre- and post-B Unit displacement on the 227 

fundamental thrust. 228 

The B Unit covers a relatively small low-relief northwestern terminal portion of the fault-bend folded layers of 229 

the A Unit (Fig. 7b). We suggest that such a morpho-depositional setting has been resulted from beveling of the 230 
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fault-bend fold and deposition of the B Unit by an old river; for a detailed example of the processes responsible 231 

for such lateral erosion and deposition (gravel-covered planation surface) over growing folds (see Bufe et al., 232 

2017). 233 

 234 

 235 

Figure 7: a) The Chitgar Thrust Fault ramp on a roadcut west of the Chitgar Park. The Eocene volcanic layers parallel 236 
to the ramp reveal a hanging-wall flat. The volcanic rocks were not exposed before the roadcut trenching. b) The 237 
bipartite hill morphology developed over the Chitgar Thrust Fault, manifesting a complex ramp structure. The oblique-238 
slip normal faults on the western end of the hills within the B Unit are drawn schematically. The blue dashed line 239 
represents an old river course presumably responsible for the beveling of the fault-bend fold and deposition of the B 240 
Unit in this area. Note the sharp fault scarp of the Chitgar Thrust on the northern margin of the eastern Chitgar Hills. 241 
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 242 

Figure 8: Structural setting of the Chitgar area of western Tehran. a) Oblique-slip normal faults within the extended 243 
and inverted zone of the B Unit. The fault traces are generally delineated by the linear growth of the thornbushes (red 244 
arrows). b) A backthrust in the hanging-wall of the main Chitgar Thrust displacing alluvial layers of the A Unit. c) 245 
Growth strata of the B or C Unit over the folded layers of the A Unit. d) Semi-balanced cross section of the Chitgar 246 
area. The section line is shown in Fig. 7b. 247 

 248 

The backthrust zone encompasses shallowly-north-dipping minor thrust faults of a few meters displacement in 249 

the A Unit (Fig. 8a). These faults appear to accommodate the localized thrust sheet deformation during its passage 250 

over the ramp; a phenomenon observed in analogue modelling of thrust systems (e.g., Rosas, 2017). 251 

The southern exposures of the B Unit in the Chitgar area show a zone of minor reverse faults in the footwall 252 

vicinity of the Chitgar Thrust. About eight faults in this zone dip steeply to the NNE, are ca. 1.5 to 4 m apart, and 253 

display reverse displacements of ca. 2-12 cm. Two measured faults of this set strike NW-SE, parallel to the strike 254 

of the Chitgar Thrust, testifying to a dynamic relationship between the major thrust fault and the minor faults (Fig. 255 

9a). This compressional fault zone gives way to an extensional zone of faulting towards the north. However, a 256 

half-graben developed in the latter zone appears to be inverted by the more recent compressional event (Fig. 9b). 257 

Towards the north, the extensional oblique-slip faulting dominates within the sub-horizontal layers of the B Unit. 258 

The slight angle of the faults relative to the N-S roadcut wall, inhomogeneity of the alluvial layers in the B Unit, 259 

and the strike-slip component of the movement on the faults have resulted in irregular exposures of the fault trace 260 

along the studied section (Fig. 10). The curvilinear pattern of the faults may be partially related to the large-scale 261 

ridge and groove structure commonly reported on much smaller scales from the fault planes elsewhere (e.g., Lin 262 

and Williams,1992). 263 

Orthographic analysis of the 155 cm long apparent dip-slip movement observed on the trench wall oblique to a 264 

measured oblique-slip fault plane reveals 131.5, 258.1 and 289.7 cm of, respectively, normal dip-slip, left-lateral 265 

strike-slip and net-slip movements on the fault (Fig. 10c). 266 

 267 

3.5 The Qurd-Daghi Fault 268 

The westernmost fault in the Tehran piedmont region is the Qurd-Daghi Fault. Similar to all other thrust faults in 269 

the piedmont region, the fault dips towards the south and places the Eocene volcanic bedrock onto the A Unit in 270 
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its footwall. The surface trace of this east-west striking fault is 4.2 km long, and occurrence of the south-dipping 271 

A Unit above the Eocene bedrock in the hanging-wall confirms the dip direction of the fault. 272 

 273 

 274 

Figure 9: a) Stereographic projection of the faults measured in the B Unit of the Chitgar area. The red great circles are 275 
reverse faults which are parallel to the major Chitgar Thrust. B) A half-graben in the B Unit inverted by the later 276 
compressional event induced by thrusting. Note that in case of simple half-graben development, the layers’ rotation 277 
should demonstrate an opposite sense. The apparent dip-slip movement on the inverted fault is 9.6 m. 278 

 279 

 280 

Figure 10: Geometry and kinematics of the faulting in the extended zone of the Chitgar area. a) The curvilinear 281 
geometry of the oblique-slip normal faulting in the alluvial B Unit. Hammer for scale (arrow) is 31 cm long. b) 282 
Conceptual model of the movement along a slip vector, which is parallel to the fault’s ridge and groove axes and oblique 283 
to both the layering and the trench wall surface. The lower panel illustrates the resulting section after trenching. c) 284 
Orthographic reconstruction of an oblique-slip left-lateral normal fault in the Chitgar section. The apparent dip-slip 285 
movement measured on the trench wall is sequentially resolved into dip-slip and strike-slip components of movement 286 
and then into a net-slip vector on the fault plane. 287 

 288 

4 Luminescence dating of alluvial materials in the Chitgar area 289 

Due to a good exposure of the faulting and folding in the Quaternary alluvial deposits of the Chitgar area in a 290 

roadcut trench of western Tehran, we planned sampling of the outcropped sediments to evaluate the intricate 291 
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faulting and sedimentation history in this crucial area of piedmont deformation. The outcropped alluvial sequence 292 

of the B Unit here consists of horizontal layers of gray poorly sorted gravels in a sand size matrix, which includes 293 

a few brick-red to pale brown paleosol horizons. We took four sediment samples from B Unit to apply optically 294 

stimulated luminescence (OSL) dating (Huntley et al.,1985). The locations of these sediment samples are shown 295 

in Fig. 11. The sediments were prepared using common procedure for luminescence dating (Preusser et al., 2008). 296 

We extracted polymineral fine-grain fraction (4-11m) to date the samples using post-infrared stimulated 297 

luminescence (pIRIRSL) at 225 °C (pIRIRSL225) after the protocol setting of Buylaert et al. (2009). This grain 298 

size was selected as the coarser ones (100-150 m) led to dim signals hampering accurate measurements. The 299 

measurement protocol was modified to obtain satisfactory dose recovery ratios for samples Ch2 and Ch4. The 300 

single saturating exponential plus linear function fits the datasets and generates the dose-response curve. The late 301 

background subtraction was employed to extract the signal of interest. The arithmetic average and the standard 302 

error of the mean were calculated to represent the equivalent dose (De) and its error (Table 1). The data analysis 303 

was performed using the R (R Core Team, 2023) “luminescence” package (Kreutzer et al., 2023, 2012). 304 

 305 

 306 

Figure 11: Locations of the samples Ch2-5 on the Chitgar roadcut. Maximum thickness of the outcropped sediments 307 
in the middle of the photograph is ca. 22 m. 308 

 309 

The environmental dose rates were estimated using radionuclide concentrations obtained from low-background 310 

gamma-ray spectrometry at VKTA in Dresden, Germany. These values were corrected for the grain size and 311 

converted to the dose rates after Guérin et al., 2011; Guérin and Mercier, 2012. The a-value of 0.11 ± 0.02 was 312 

employed for the polymineral fraction following Kreutzer et al. (2014). The estimated dose rates were then 313 

corrected for water attenuation. The saturated water content was determined using granulometry results (Nelson 314 

and Rittenour, 2015). The fraction of 0.50±0.20 of the saturated water content was used to approximate the past 315 

water content of the sediment. The geographical coordinates and the overburden depth were used to calculate the 316 

cosmic dose rate estimates (Prescott and Hutton, 1994; Prescott and Stephan, 1982). Internal dose rates were 317 

calculated with the presumption of 12.5 ± 0.5 % K concentration in polymineral fine-grain samples (Huntley and 318 

Baril, 1997). The final dose rates were calculated using the online calculator DRAC v1.2 (Durcan et al., 2015).  319 

We have measured the laboratory fading for pIRIRSL225 for two samples Ch2 and Ch4, which exhibited 0.93 ± 320 

3.9 % per decade (g-value2days) and 1.01 ± 2.54 per decade (g-value2days), respectively. Therefore, the obtained 321 

ages were not corrected for the laboratory fading. This observation was in line with the previous luminescence 322 

dating study on the NTF in northern Tehran which showed no considerable fading for the same signal (Heydari et 323 

al., 2024). 324 
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It should be noted that the ages, mainly Ch2, Ch3 and Ch5, can be considered underestimated as the Des lie 325 

between 1052 to 1386 Gy, which seems to be above the upper limit for the pIRIRSL signal (Heydari et al., 2022, 326 

Zhang and Li, 2020). This range is at the non-linear part of the dose-response curve close to the saturation, and as 327 

such, the obtained De tends to underestimation, and its error might not be trustworthy (Duller, 2007; Heydari and 328 

Guérin, 2018). 329 

Nevertheless, given the nature of the alluvial deposits, the possibility of insufficient bleaching cannot be excluded 330 

(Heydari et al., 2020). Therefore, our ages might be interpreted as maximum ages. However, it is worth 331 

considering that the ages systematically follow the stratigraphy, and get older as the depth increases. This could 332 

indicate that it is likely that the alluvial materials were bleached before deposition, yet it is unclear to what extent 333 

bleaching happened. 334 

 335 

Table 1: The Chitgar area luminescence ages using polymineral fine-grain fraction (4-11 m). The pIRIRSL225 signal 336 
was used for signal measurements. 337 

Sample De (Gy)  Dr (Gy/ka)  Age (ka)  

Ch2 1284 25 4.46 0.22 288 17 

Ch3 1386 29 3.81 0.23 364 24 

Ch4 615 25 4.50 0.25 137 10 

Ch5 1052 50 4.37 0.28 241 20 

 Dr is the environmental dose rate, and De is the equivalent dose. 338 

 339 

 340 

Samples Ch3 and Ch5 were taken respectively near the bottom and top of the outcropped B Unit and were used 341 

to estimate a time-averaged alluvium sedimentation rate of the unit, which was 0.1 mm a-1 (more precisely reported 342 

as 0.095 mm a-1). Sample Ch4, was taken from the topmost alluvial sequence to constrain the end of the B Unit 343 

deposition, which yielded an OSL age of 137±10 ka. Since the extensional oblique-slip faults cut the whole 344 

sequence, dividing the net-slip movement on the well-constrained fault, described in Fig. 10, by the 345 

abovementioned age reveals a minimum slip rate of 0.02 mm a-1 for this fault. 346 

The major inverted oblique-slip normal fault in the B Unit shows 9.6 m of apparent reverse slip in the Chitgar 347 

roadcut (Fig. 9b). The fault appears to be incipiently responsible for the development of a half-graben during the 348 

extensional event that affected the B Unit. However, the later compressional deformation in the footwall of the 349 

Chitgar thrust has caused its inversion and reverse movement. Dividing the aforementioned apparent reverse slip 350 

by the minimum age of the faulted B Unit (137±10 ka) and ignoring the early normal component of movement 351 

results in a minimum slip rate of 0.07 mm a-1 for the fault. 352 

The total thickness and age range of the B Unit in the Chitgar area are of major importance for estimating the slip 353 

rate on the Chitgar Thrust Fault. Considering the geometric and kinematic model of the fault (Fig. 8d), we may 354 

consider a pre-B Unit slip (1047 m) whereby the original fault-bend fold developed and a post-B Unit slip (68 m), 355 
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which has cut the backlimb of the fold. Considering the maximum age for deposition of the B Unit (137±10 ka), 356 

the minimum slip rate for the second period of slip on the Chitgar Thrust would be 0.50 mm a-1. 357 

 358 

5 Microseismicity in the Tehran region 359 

As explained under Section 2, the limited instrumental period seismicity in the Tehran region is inconsistent with 360 

the occurrence of the major and minor active faults inside and around the metropolitan area. We analyzed the 361 

region's earthquake catalogue, which was provided by the Iranian Seismological Center (IRSC), Geophysics 362 

Institute, and the University of Tehran. The catalogue includes the recent seismicity spanning between January 363 

2006 and December 2024 (19 years), and reveals the following characteristics of the microearthquakes (Fig. 12): 364 

a) The earthquakes are small in size (magnitudes between 1.0 and 4.0 – Nuttli magnitude scale), but frequent in 365 

occurrence (449 events in 19 years). 366 

b) The reported event depths range from the near-surface to a maximum depth of ca. 20 km. 367 

c) The number of the events located in the north of the NTF’s surface trace are markedly less than those located 368 

in its south. 369 

d) The microearthquakes show a dense population in the eastern part of Tehran as compared to elsewhere in the 370 

region. 371 

e) Fitting a 2D polynomial surface of degree 2 using the linear least squares to the reported earthquake hypocenters 372 

divulges a potential gently-south-dipping source at a depth of ca. 10 km.  373 

 374 

 375 

Figure 12: Recent (2006-2024) microseismicity in the Tehran region. a) Map view. Note the scarcity of the events in the 376 
hanging-wall of the Nort Tehran Fault (NTF) and clustering of the events in the eastern part of the city (hanging-wall 377 
of the Master Ray Faut – MRF). The events' focal depth and magnitude (1.0 to 4.0) are shown by the points' color and 378 
size, respectively. b) Three-dimensional view. The best fit to the earthquakes’ hypocenters is shown as a gently-south-379 
dipping surface spanning at depths of ca. 7 to 15 km. The black and blue lines at the surface indicate the locations of 380 
the NTF and MRF, respectively. The Ray city in the south of Tehran is shown as a red circle both on (a) and (b). 381 
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6 Discussion 382 

The piedmont region of the Tehran metropolitan area is dominated by five major south-dipping thrust faults, 383 

namely the Kowsar, Mahmudieh, Davudieh, Chitgar and Qurd-Daghi Faults, and their related hanging-wall 384 

structures, which generally expose the Pliocene-Pleistocene A and B Units and the subjacent Eocene volcanic 385 

bedrock as elongated hillocky landforms. The south-dipping north-vergent faulting contrasts with the generally 386 

south-vergent and transpressional structural grain of the southern Alborz Range (e.g., Allen et al., 2003; Ballato 387 

et al., 2013). However, some studies document major south-dipping faults in the southern Alborz region. For 388 

example, Ballato et al. (2008) introduce a south-dipping fault in the core of a north-verging fault propagation fold 389 

(the Southern Alborz Anticline) located in the Eyvanekey area to the southeast of Tehran. Our findings defy and 390 

refute the north-dipping foreberg model (Ritz et al., 2012) and the Pardisan Thrust Fault model (Talebian et al., 391 

2016), which tries to explain the causative active structure for the development of the ridge in the hanging-wall 392 

of the south-dipping Davudieh Fault. The sediment sample taken for OSL dating and slip-rate estimate of the 393 

Pardisan Fault in Talebian et al. (2016), in fact, resides on the hanging-wall of the Bagh-Feyz south-dipping 394 

oblique-slip fault. Therefore, the age of this sample might be used to estimate the slip rate on the latter fault. 395 

Statistical analysis of the bedding attitudes in the A Unit of the Tehran region reveals asymmetric north-vergent 396 

folding associated with south-dipping thrust faults. The north-facing cumulative escarpments on the piedmont 397 

faults and the gentle dip-slopes on gently-dipping backlimb structures comply with the dominance of the north-398 

vergent thrusting in the piedmont region. According to our observations, the north-dipping south-vergent thrusting 399 

in the piedmont is much smaller and is limited to the close vicinity (ca. 1 km) of the North Tehran Fault at the 400 

mountain front. As a result, a triangle zone may be envisaged between these oppositely verging thrust faults in the 401 

northern rim of the piedmont zone.  402 

The south-dipping north-vergent thrust faults may be provisionally considered as the structures inherited from the 403 

early stages of the Alborz orogeny in the Oligocene or Early Miocene times before the development of south-404 

vergent retrowedge in the hinterland of the orogen. 405 

The en échelon and partially overlapping array of the Kowsar, Mahmudieh and Davudieh Faults (Fig. 1) imply 406 

the transfer zones where these thrust faults die out, and their displacement is transferred onto the neighboring 407 

faults (e.g., Dahlstrom, 1970). 408 

Recognition of the active south-dipping thrust faults in the piedmont region of Tehran and understanding their 409 

geometry and kinematics are of major relevance to the comprehensive seismic hazard investigation of the Tehran 410 

metropolitan area. We present evidence for the involvement of the bedrock in the faulting, and as such, we suggest 411 

that the faults extend into the seismogenic layer in southern Tehran. 412 

 413 

6.1 The newly defined “Master Ray Fault” 414 

The ancient city of Ray (Rhagae) was the predecessor of the recently flourished Tehran city (since ca. AD 1554) 415 

and was entirely engulfed by Tehran after the 1970s (e.g., Ghassemi, 2023). Historical accounts affirm the 416 

devastation of Ray by some major earthquakes, and the city even received the name (Rhagae) because its land 417 

surface had been rent by earthquakes in the eastern part, and numerous towns and villages were destroyed (Strabo, 418 

1969). The ruined city was reportedly rebuilt by Seleucus Nicator (Starbo, 1969) in 312-280 BC. Ambraseys and 419 

https://doi.org/10.5194/egusphere-2025-500
Preprint. Discussion started: 1 July 2025
c© Author(s) 2025. CC BY 4.0 License.



17 
 

Melville (1982) suggested that this major historical event (Mw≥7.0) must have occurred after Alexander’s passage 420 

through Rhagae in 330 BC, during the reign of Seleucus. The authors also believed that the reported devastation 421 

may refer to more than one earthquake. Two further historical records of destructive earthquakes, with estimated 422 

moment magnitudes of 7.0 and >6.0 in AD 855 and AD 864, respectively (Berberian and Yeats, 2016), reveal a 423 

very high potential for the seismic hazards in the Ray area of southern Tehran. A light earthquake (Mw = 4.3) 424 

occurred on October 17, 2009, east of Ray at a centroid depth of ca. 12 km and has shown almost a pure reverse 425 

mechanism (Yaminifard et al., 2012). Such recent seismotectonic data are rare; however, they may provide useful 426 

insight into the geometry, kinematics, and possible depth range of potential earthquakes in the Ray region of 427 

Tehran. Occurrence of the historical and instrumental period earthquakes in the Ray region has been differently 428 

ascribed to the North Ray, South Ray, Kahrizak and Parchin Faults (e.g., Berberian and Yeats, 2016). Most of 429 

these faults show surface traces very close to Ray City, and hence, considering a finite dip for these faults, which 430 

are generally of reverse mechanism, demands macroseismic epicenters a couple of 10 km distant from the city in 431 

the north or south. Although it is worth noting that such distances between the epicenters of the past major 432 

earthquakes and the ancient city of Ray could not certainly prevent the destruction of the city, as the ancient 433 

constructions were not likely designed to be earthquake-resistant. Nevertheless, as an alternative solution, we 434 

propose that the south-dipping thrust faults in the piedmont region of Tehran (i.e., Kowsar, Davudieh, Mahmudieh, 435 

Chitgar and Qurd-Daghi) manifest a major active fault on the surface that provides the earthquake source at the 436 

seismogenic depth for the Ray region (Fig. 13). We name this active fault the ‘Master Ray Fault’ and suggest that 437 

it has to be considered a major earthquake source to evaluate the seismic hazards in the Greater Tehran region. 438 

The Master Ray Fault described here differs from the North Ray and South Ray Faults introduced by Berberian 439 

et al. (1985). As a parallel interpretation, the occurrence of major earthquakes on such fault can cause surface 440 

rupture hazards on the studied Quaternary faults dispersed in the piedmont zone of the highly populated northern 441 

Tehran area, where important vulnerable lifelines and residential areas would be affected. Both the Master Ray 442 

Fault and its surface counterparts in northern Tehran may be potentially active in the current roughly north-south 443 

shortening kinematic framework of northern Iran. 444 

Study of the microseismicity of the Tehran region uncloak a gently-south-dipping seismic source at an average 445 

depth of ca. 10 km. This hypothetical surface is geometrically coherent with our model of the seismogenic Master 446 

Ray Fault. The frequent microseismicity, specially on the eastern portion of the Master Ray Fault, notifies the 447 

moment release on the fault which may be associated with some corresponding (aseismic) creep (e.g., Gans and 448 

Furlong, 2003).  449 

According to our interpretation based on the thrust fault geometries in the piedmont zone, the Master Ray Fault 450 

has a minimum surface trace length of 57 km. We suggest that due to the shallowly dipping expression of the 451 

fault, its maximum dip at the seismogenic depth would be ca. 30°. 452 

Considering the calculated slip rate on the Chitgar Thrust to be representative of the slip rate on the Master Ray 453 

Fault, and using the average displacement-magnitude relationship of Wells and Coppersmith (1994), the average 454 

return period for the earthquakes of moment magnitude 7.0 for this important seismic source would be ca. 1,321 455 

years. 456 
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 457 

Figure 13: A conceptual model for the geometry of the Master Ray fault, and its connection to the piedmont zone faults 458 
at depth.  Reaching the seismogenic depth in the south, the fault is capable of producing major earthquakes for the Ray 459 
City and the southern Tehran metropolitan area. The red star represents a hypothetical hypocenter on the fault plane. 460 

 461 

7 Conclusion 462 

The uplifted and incised piedmont region of northern Tehran furnishes a unique opportunity to study active 463 

structures and the related seismic hazard within the metropolitan area of this exceptionally vast and highly 464 

populated capital city. Such an abundance of exposed surface faulting in the city overrules the general scarcity of 465 

surface ruptures associated with the thrust faults (e.g., Ghassemi, 2016). Five south-dipping thrust faults of 466 

variable surface trace lengths have created eminent fault-related folding and the related secondary structures in 467 

the region, which accommodate the north-south shortening in the southern foothills of the central Alborz Range. 468 

In addition to the folding, other active structures in the hanging-wall of the major thrust faults, including the 469 

reverse, normal, strike-slip and backthrust faults, as well as growth strata, reveal a complex deformation history 470 

for the piedmont zone in the Quaternary. 471 

The asymmetric north-vergent folding in the alluvial A Unit, the field evidence for the south-dipping thrust faults, 472 

and the microseismicity data point to a major south-dipping fault, which is manifested as several subsidiary 473 

surficial active structures in the piedmont zone of Tehran region. Our model for the kinematics of the 474 

aforementioned piedmont structures contends some recent interpretations of the piedmont structures being 475 

developed by the south-vergent north-dipping thrust faults associated with the movement on the NTF (e.g., 476 

Talebian et al., 2016), as such interpretations can have an essential bearing on the trustworthy assessment of the 477 

seismic hazard for the densely populated Tehran metropolitan area.  478 

The Chitgar Thrust Fault in western Tehran is associated with a combination of fault-bend folding, growth strata, 479 

backthrusts, minor reverse faults, oblique-slip normal faults and beveling of the folded A Unit, which make this 480 

area a pragmatic lab for the study of the Quaternary deformation in the piedmont zones. 481 

The OSL dating of the B Unit alluvial materials in the Chitgar area implies an average 0.1 mm a-1 rate of deposition 482 

for the B Unit and minimum and maximum ages of respectively 137±10 and 364±24 ka for the exposed section 483 

of the B Unit in this part of Tehran. 484 
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Our kinematic analyses, along with the luminescence-based chronology, provide a small slip rate on the order of 485 

0.02 and 0.07 mm a-1, respectively, for an oblique-slip normal fault and an inverted normal fault of the Chitgar 486 

Hills area. Moreover, the minimum slip rate of the Chitgar Thrust after deposition of the B Unit is calculated to 487 

ca. 0.50 mm a-1. Therefore, we expect the cumulative slip rate of the secondary faults in the Chitgar area – and 488 

elsewhere in the piedmont zone – to be less than 0.5 mm a-1 estimated for the Master Ray Fault.  489 

Geometrical and kinematic analyses of the actively deforming south-dipping thrust faults in the piedmont region 490 

of Tehran, in combination with the data on historical seismicity of the southern Tehran region as well as the 491 

microseismicity information of the region, have led us to introduce the ‘Master Ray Fault’ as an important seismic 492 

source for the Ray City, and therefore for the Greater Tehran region. Seismic activity on such a crucial thrust fault 493 

may lead into surface rupture hazard of the piedmont zone faults which cross the foundations of the city in its 494 

northern half. The dominance of south-dipping thrust faults, and the asymmetry of folding in the alluvial A Unit 495 

comply with north-vergent tectonic transport direction, and defies the recent interpretation of the south-vergent 496 

active faulting in the piedmont region of Tehran. 497 

Our study establishes a critical methodological framework to advance the understanding of Quaternary thrust fault 498 

kinematics and their geomorphic signatures, while also addressing and rectifying misinterpretations in existing 499 

analyses of these structures. This framework enhances the identification and assessment of potential seismic 500 

sources in densely populated metropolitan regions situated within piedmont zones near active orogenic belts, 501 

contributing to improved seismic hazard evaluation. 502 
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