
Abstract

The Alborz Mountain range, stretching 600 km in length, 

70–130 km in width, and rising up to 3500–4000 m, divides the South 

Caspian Basin to the north from the Great Kavir Basin to the south. Its 

parallel folds and thrust faults arise from the convergence of Central 

Iran and Eurasia. Current regional kinematics feature strain 

partitioning, characterized by left-lateral strike-slip faulting along the 

range's inner section and reverse faulting at its borders. To the north, 

the South Caspian Basin meets Eurasia at a subduction zone 

(Apsheron sill) traversing the central Caspian Sea and is believed to 

be rotating clockwise. GPS measurements and slip-rate data indicate 

that the northern Alborz margin, near the Khazar Fault, absorbs much 

of the present shortening between the South Caspian and Great Kavir 

basins, although the Khazar Fault's characteristics are not well 

documented. Morphotectonic and paleoseismological studies reveal 

the Khazar Fault as the most rapidly moving active fault in the Alborz 

range, capable of producing earthquakes of magnitude 7 or greater.
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Figure 1: Seismotectonic sketch map of the South Caspian 

region (modified after Talebian et al., 2013). The dashed thin 

and thick red lines represent inferred minor and major faults. 

The thick red line defines the Khazar Fault on the northern 

flank of the Alborz Mountain range. Earthquake focal 

mechanisms are summarized from Jackson et al., (2002), 

Tatar et al., (2007), and the global CMT catalog. All 

instrumentally documented earthquakes in the Alborz are 

shallower than about 35 km. orange dots show epicenters of 

earthquakes with Mw> 5 (Engdahl et al., 1998; Engdahl and 

Villase˜ nor, 2002). Diamonds with dates represent historical 

earthquakes that may be associated with the Khazar Fault, 

after Berberian et al., 1992 and Berberian 1996 (white event 

AD, yellow event BC). Black arrows are GPS velocity vectors 

(in mm/yr) relative to Eurasia (http://www.ncc.ir). ................ 7 

Figure 2: (a) Southwards Google Earth view of the middle 

part of the Alborz Mountain range (red arrows point out the 

topographical scarp associated with the Khazar Fault scarp; 

(b) 3D view of a Digital Elevation Model obtained from 

1:50,000 between Amol and Chalus cities, with 8 topographic 

profiles indicating the altitude of the scarp associated with the 

Khazar Fault. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of 

this article.) ........................................................................... 11 

Figure 3: (a) Oblique view of a section of the DEM between 

longitudes E52◦ and E52.25◦ (around Chamestan city) 

showing the topographic scarp associated with the Khazar 

Fault; (b) Simplified cross-section within the main mountain 

front; (c): Simplified cross-section within a fault-propagation 
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fold (foreberg structure) in front of the main mountain front.
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Figure 4: (a) Westwards Google Earth view showing a 

cumulative fault scarp associated with the Khazar Fault near 

the village of Manuchehrkola. The white lines indicate the 

two topographic profiles shown in (d); the yellow arrow 

points out where sample IR19-2B was collected; (b) Field 

picture showing the alluvial deposits associated with the 

uplifted surface; (c) Field view of the ancient tilted deposits in 

front of the fault-propagation fold; (d): topographic profiles 

(top of the terrace riser and the river bed). (For interpretation 

of the references to color in this figure legend, the reader is 

referred to the web version of this article.) ........................... 17 

Figure 5: (a) Westwards oblique view of a Google Earth 

Landsat satellite image (http://www.earth.google.com) 

showing a fault scarp associated with the Khazar Faultin the 

region of Khalil Shar. (b) Topographic profile across the fault 

scarp shown in a. (c) Processed GPR profile acquired using a 

Malå Geoscience system and antennas with center frequencies 

of 250 MHz, average GPR pulse velocity of 0.1 m/nS (we 

used standard processing steps such as band-pass filtering, 

background removal, normal moveout correction, AGC gain 

and trace averaging (Neal, 2004); the red arrow points out the 

scarp observed in the landscape. (d) Corresponding resistivity 

profile with 2D data inversion using the least-square (Loke, 

2015) method. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of 

this article.) ........................................................................... 23 

Figure 6: (a) South-westwards Google Earth view of the 

foothills of the Alborz at the archeological site of Gohar-

Tappe; (b) Field picture showing the site. The metallic roof to 

the right covers the archeological trench; (c) Field picture 
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showing the trench from the south; (d) A view inside the 
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Figure 7: Joint interpretation of geophysical datasets along 

Gohar-Tappe site. (a) Resistivity model from 2D inversion of 

DC resistivity data (dashed white lines for interpreted faults, 

dashed red line corresponds to the supposed flat thrust fault 

beneath the foreberg). (b) Magnetic profiles; (c) Processed 

GPR sections using 100 MHz shielded antennas. (For 

interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) ....... 29 

Figure 8: Photomosaic (a) and interpretative log (b) of the 

western wall of the re-occupied archeological trench in 

Gohar-Tappe prehistoric site. Event Horizons shown by thick 

black line in Log1. Logs 1 and 2 are separated by ≤2 m. 

Colors allow following the correspondence of the different 

stratigraphic units between the 2 logs. Description of units in 

Log1: U1: Light brown silts and clays, ≤5% clast, a few 

pieces of pottery; moderate consolidated, non-stratified (flood 

plain or lagoon deposits). U2: Grayish brown silts and clays, 

≤3% clast (1–3 mm), porous texture, sporadic chunks of 

charcoal, a few pieces of red to brick color potteries mostly in 

the lower part (less than unit1) (flood plain/lagoon deposits). 

U2a: similar to the upper part of U2. U3: Light brown, ~1% 

clast (1–3 mm), a few pieces of pottery less than in U2, 

sporadic chunks of charcoal, brick color patches (2 mm, rarely 

up to 2 cm), in some part thin layers of carbonaceous, 

moderate consolidated, stratified (flood plain/lagoon 

deposits). U4: Multi-colored silts and clays, alternation of 

white, gray, and brown, increase of silts upward, 20% clast 

(1–5 mm, rarely 3–7 cm of chert), clasts often have brick 

color, pieces of pottery (often 12 cm), numerous charcoals, 

loose to medium compaction, more consolidated in the upper 

part, bits of bone, tilted layers upward, similar to unit 3. U5: 
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Grayish brown silts and clays, a few clasts (1–3 mm), pieces 

of pottery, stone tools, brick color patches (1 mm-10 cm) 

more than in units 1–4, consolidated, in some parts thin layers 

of carbonate, sporadic charcoals and chunks of bones 

(animal?), chalk (thickness 3–7 cm) in the lower part. U6: 

Gray lens of silts and clays, (10–15% clasts (2 mm-1 cm, 

rarely 3 cm), non-stratified, angular to subangular, abundant 

pieces of charcoal, pieces of pottery bones (animal?) and teeth 

(human?), brick color patches (2 mm-3 cm), a piece of brick 5 

cm6cm. U7: Gray lens of silts, 10–15% clast (2–5 mm), 

sorted, patches brick color (2–3 mm, up to 1 cm), pieces of 

pottery in base (7–1 0 cm), interlayers of chalk (thickness 1 

cm), charcoals and chunks of bones, non-stratified, similar to 

unit 6. U8: Grayish buff, alternating of thin layers of silts and 

carbonaceous (3–4 cm), stratified, less 5% clast (1–3 mm up 

to 5 mm), pieces of pottery (1–8 cm), patches brick color (5 

mm-5 cm), loose to moderate hardness. U9: Grey silts and 

clays, a few clasts (1–3 mm), pieces of pottery (rarely 8 cm), 

patches brick color (2 mm-30 cm), the thick brick color 4 cm 

in the top, charcoals, thin layer of charcoal at the base in the 

northern part, sporadic fractures, similar to units 6,7 and 8. 

U10: Light brown silts and clays, 5–10% clast (1–5 mm, 

rarely 1–2 cm), sub-rounded, abundant brick color patches (2–

4 mm, up to 1-3cmm), pieces of pottery (1–7 cm), pieces of 

bones, sporadic chunks of charcoal, medium compaction, non-

stratified (flood plain/lagoon deposits). U11: Non-situ, gray 

silts, and ashes (peat?), without clast, sporadic charcoals 

increasing at the base of the unit, brick color patches (6–12 

cm), loose (flood plain deposits). U12: Gray lens, alternating 

layers of silts and carbonates (ashes?), without clast, patches 

brick color (0.5–3 cm), pieces of pottery (1–2 cm up to 10–12 

cm), a few chunks of charcoal, loose, carbonaceous in the 

upper and lower part, silty in the central part, moderate 
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compaction, like in unit 11. U13: Cream to buff silts and 

clays, 5–10% clast (2 mm-lcm), a few patches brick color 

(0.5–1 cm), pieces of pottery (1–3 cm, rarely 7 cm), 

subrounded, weakly stratified, alluvium deposits? U14: 

Separate in unit 10, brick color, abundant patches brick (2 

mm-lcm), carbonaceous in northern part at the top of the unit. 

U15: Cream to brown silts and clays, 3–5% clast (2–5 mm) 

decreases to the north, pieces of pottery, patches brick color 

(2–3 cm), the thin layer of brick in the northern part (thickness 

5 cm), pieces of bones, moderate compaction, non-stratified 

(flood plain/ lagoon deposits). U15a: similar but looser than 

U14. U15b: Cream to brick, 2–3% clast (2–3 mm up to 2 cm), 

pieces of pottery, charcoal, consolidated (in the southern part) 

which decrease in the northern part, weakly stratified (flood 

plain/ lagoon deposits). U16: Grey to buff, 5% clast (2 mm-l 

cm, rarely 3–5 cm), a few pieces of pottery, patches brick 

(0.5–2 cm), a few charcoals, loose compaction, weakly 

laminated, root print in some part (flood plain/ lagoon 

deposits). U17: Layers of carbonates and silts, without clast, 

loose, roots residual, non-stratified. U18: thin carbonate layer. 

U19: cream to brown, 1% clasts (2–3 mm), a few pieces of 

pottery, loose, non- stratified, ground surface with residual of 

roots and erosional channel. Log 2: U1: Light brown silts and 

clays, ≤3% clast (2–5 mm rarely to 2 cm), pieces of pottery in 

some part, contain thin layers of chalk, charcoals, compact, 

weakly stratified (flood plain deposits). U2: Cream silty layer, 

non-stratified, contain pottery crumbs, 2 pieces of stone (15–

25 cm), similar to handmade soil. U3: Light brown to cream 

silts and clays, none stratified, consolidated, ≤3% clast, pieces 

of pottery, a charcoal layer at the base of unit mostly in the 

northern part, a thin layer of chalk in the lower part, root print 

in the southern part. U4: Light creamy silts, non-clear 

stratified, 2–5% clast (2 mm-5 mm, rarely 1.5–2 cm), pieces 
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pieces of pottery (rarely 10 cm), more compact at the lower 

part (flood plain deposits). U6: A mixed material of units 3, 4, 

and 5. U7: Light brown silts and clays, non-stratified, 1% 

clast (1 mm- 2 mm rarely 1–2 cm), loose deposits, contain 

caliche, pieces of pottery (1–6 cm), contain root prints. (For 

interpretation of the references to color in this figure legend, 
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PART Ⅰ 

1-1- Introduction 

The Alborz Mountain range, stretching 600 km in 

length, 70–130 km in width, and rising up to 3500–4000 

m, divides the South Caspian Basin to the north from the 

Great Kavir Basin to the south. Its parallel folds and 

thrust faults arise from the convergence of Central Iran 

and Eurasia. Current regional kinematics feature strain 

partitioning, characterized by left-lateral strike-slip 

faulting along the range's inner section and reverse 

faulting at its borders. To the north, the South Caspian 

Basin meets Eurasia at a subduction zone (Apsheron sill) 

traversing the central Caspian Sea and is believed to be 

rotating clockwise. GPS measurements and slip-rate data 

indicate that the northern Alborz margin, near the Khazar 

Fault, absorbs much of the present shortening between 

the South Caspian and Great Kavir basins, although the 

Khazar Fault's characteristics are not well documented. 

Morphotectonic and paleoseismological studies reveal 

the Khazar Fault as the most rapidly moving active fault 

in the Alborz range, capable of producing earthquakes of 

magnitude 7 or greater. 

The south-dipping Khazar Fault may also cause 

relatively deep earthquakes, such as the 2004 Baladeh 

earthquake at depths of 20 to 30 km. It represents a 

significant seismic hazard for the densely populated 
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Caspian coast and major cities, including Tehran, on the 

southern Alborz piedmont. The tectonic complexity of 

the Alborz region is further accentuated by its interplay 

with numerous other geological features, such as the 

extensive series of thrust faults and the presence of 

secondary faults that actively accommodate deformation. 

The interplay of these structures is crucial for 

understanding seismic risks, as they may interact in ways 

that either amplify or mitigate earthquake frequencies 

and magnitudes. Recent seismological investigations 

have begun to unravel the history of the Khazar Fault, 

revealing a pattern of recurrent seismic events that 

suggest a potentially devastating cycle. In particular, 

paleoseismological data suggests that the Khazar Fault 

has produced major earthquakes approximately every 

200 to 400 years, implying a pressing risk for future 

seismic activity. Such insights underline the necessity for 

ongoing monitoring and research initiatives, aimed at 

enhancing the earthquake preparedness of urban centers 

bordering the fault, particularly Tehran. The urban 

population, exceeding 8 million, is situated perilously 

close to this seismic boundary, where ground shaking 

could result in widespread infrastructural and human 

loss. 

Additionally, the impact of regional and global 

climate change may exacerbate the existing hazards. 

Alterations in hydrology and temperature can influence 

landslide susceptibility in the steep terrains of the 

Alborz, while changes in precipitation patterns may 
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affect the stability of slopes already burdened by tectonic 

forces. Given the mountainous topography and the 

increasing human activity in these areas, land use 

planning must integrate geological risk assessments to 

mitigate disaster potentials.Considering these 

complexities, it is imperative to establish comprehensive 

disaster response frameworks that incorporate both 

scientific knowledge and community preparedness 

initiatives. Public awareness campaigns, combined with 

robust building codes and emergency response plans, 

could significantly enhance resilience against natural 

calamities. Furthermore, interdisciplinary collaborations 

among geologists, urban planners, and policymakers are 

essential to foster sustainable development while 

maintaining vigilance against the inherent geological 

threats posed by the active tectonic landscape of the 

Alborz Mountain range.1-2- Tectonic setting 

The Alborz Mountains have recorded several 

orogenies from late Precambrian-early Paleozoic to 

Neogene times (Berberian and King, 1981; Alavi, 1996; 

Allen et al., 2003). It is a crustal-scale flower structure 

with a double-verging fold-and-thrust system both to the 

north and to the south (Stӧcklin, 1974; Allen et  al., 2003, 

Nazari, 2006; Ritz et al., 2006, Guest et al., 2006, 

Shahidi, 2008, Nazari and Ritz, 2008) (Figure 1). 

At present, the Alborz Mountains experience 

transpression associated with the mostly NS motion of 

Central Iran towards the South Caspian Basin (Jackson 

et al., 2002). This motion is associated with the 
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clockwise rotation of the South Caspian relative to 

Eurasia (Jackson et al., 2002; Allen et al., 2003; Ritz, 

2006), which is consistent with a fault-block model 

computed from GPS data (Vernant et al., 2004; Djamour 

et al., 2010). The debated age of the onset of the South 

Caspian motion with respect to stable Eurasia varies 

between 1 and 10 Ma (see Allen et al., 2003; Ritz et al., 

2006; Hollingworth et al., 2008). This relatively wide 

range depends on the models used by different authors. 

Ritz (2009) proposed an integrating scenario in which 

the South Caspian Basin started moving north relative to 

Eurasia, subducting below the Apsheron Sill between 10 

and 5 Ma, and then acquired a clockwise rotational 

motion in the Pleistocene (1–2 Ma). This interpretation 

is compatible with: (1) the maximum depth of about 60–

80 km for earthquakes beneath the Apsheron Sill 

(Jackson et al., 2002); this depth would be reached 

within ~ 10 Myr by the South Caspian subducting slab at 

the present-day convergence rate of ~ 6 mm/yr (Vernant 

et al., 2004); (2) the estimated ~ 35 km of WNW-ESE 

along-strike extension of the Kopeh Dagh, the mountain 

range which extends the Alborz to the east of the 

Caspian Sea, would require ~ 10 Myr at the present-day 

GPS rate of 2–3 mm/yr (Hollingsworth et al., 2008); and 

(3) the cumulative displacement of ~ 3–5 km along the 

present left-lateral strike-slip faults of the inner Alborz, 

which would require 1–2 Ma at the present-day slip rates 

of 2–3 mm/yr (Vernant et al., 2004; Ritz et al., 2006; 

Nazari et al., 2014). The Khazar Fault is defined as a 600 

km long thrust fault, placing the Mesozoic and Neogene 
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rocks of the northern Alborz over the 20-km- thick 

Neogene and Quaternary deposits of the South Caspian 

Basin (Ghassemi, 2005; Nazari et al., 2005; Brunet et al., 

2003; Rashidi, 2021). Its surface expression follows the 

major break of slope separating the Alborz foothills from 

the undeformed flat area along the southern shoreline of 

the Caspian Sea (Nazari, 2006, 2015). This feature is 

clear in the western Alborz, whereas the fault is usually 

hidden, segmented, and expressed as fault-propagation 

folds in the eastern Alborz (Ghassemi, 2005). 

Several historical earthquakes have been 

attributed to the Khazar Fault: e.g., at Amol 1809 BCE, 

1224 CE; Polrud-Tonekabon 1485 CE; Rudsar 1400 CE; 

Lahijan 1678 CE; Rasht 1709, 1713, 1854, 1857 CE; and 

Rasht-Anzali-Shemaka 1854 (Ambraseys and Melville, 

1982; Berberian et al., 1992; Berberian, 1996; see blue 

diamonds in Figure 1). In reality, there is no firm 

evidence for their association with any particular fault. 

The 2004 (M 6.4) Baladeh earthquake (Tatar et al., 

2007), is the last large earthquake to have occurred in 

Alborz after the 1957 (M7.1) Sangechal event, about 80 

90 km further east. Local and teleseismic data for the 

Baladeh earthquake allow a convincing association with 

the Khazar Fault (Tatar et al., 2007). There was no 

surface rupture for this event, not surprisingly as it and 

its aftershocks were mostly at depths of –30 km; but its 

well-determined reverse-fault mechanism, hypocenter, 

and south-dipping aftershock zone indicate that the 

causative fault projects to the surface at the expected 
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location of the Khazar Fault. The data for the 1957 

earthquake are poor, though its focal mechanism was 

probably similar to that of the 2004 Baladeh event 

(McKenzie, 1972). Tatar et al., (2007) argue that it, too, 

could have occurred on the Khazar Fault. 

Djamour et al., (2010) calculated a fault-block 

model from GPS data, in which the Khazar Fault is one 

of the main active structures in the Alborz Mountains. In 

its western segment, the fault absorbs a shortening of ~ 6 

mm/yr with a left-lateral component of 1.8 mm/yr, 

whereas in its eastern section, motion is principally left-

lateral strike-slip at ~ 5 mm/yr with minor shortening of 

2–3 mm/yr (the authors specify that these are maximum 

rates with uncertainties of ~ 2 mm/yr). These geological, 

seismological, and geodetic observations raise the 

question of whether the co-seismic earthquake rupture on 

the active Khazar Fault ever reached the ground surface. 

Tatar et al., (2007) suggest that it may be aseismic at 

shallow levels, because of the large thickness of 

overridden weak Caspian sediments. There is a need to 

know better its long-term geological slip rate in the Late 

Quaternary, as well as the likely recurrence interval for 

large earthquakes. 
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Figure 1: Seismotectonic sketch map of the South Caspian region 

(modified after Talebian et al., 2013). The dashed thin and thick red 

lines represent inferred minor and major faults. The thick red line 

defines the Khazar Fault on the northern flank of the Alborz 

Mountain range. Earthquake focal mechanisms are summarized 

from Jackson et al., (2002), Tatar et al., (2007), and the global CMT 

catalog. All instrumentally documented earthquakes in the Alborz 

are shallower than about 35 km. orange dots show epicenters of 

earthquakes with Mw> 5 (Engdahl et al., 1998; Engdahl and Villase˜ 

nor, 2002). Diamonds with dates represent historical earthquakes 

that may be associated with the Khazar Fault, after Berberian et al., 

1992 and Berberian 1996 (white event AD, yellow event BC). Black 

arrows are GPS velocity vectors (in mm/yr) relative to Eurasia 

(http://www.ncc.ir). 
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1-2- Morphotectonic analysis 

1-2-1- General geomorphology of the Khazar fault 

The Khazar Fault is identified as an active thrust 

on the 1:250,000 neotectonic and seismotectonic maps 

by the Geological Survey of Iran, stretching along the 

northern front of the Alborz Mountains from Rasht 

(49.5°E) to Gonbad-e Qabus (55.2°E) (Figure 1). 

Although dense vegetation obscures the northern slopes, 

the Khazar Fault, referred to as a hidden fault (Nazari et 

al., 2005; Nazari, 2006), is evident as a slope break 

between foothills and the flat coastal plain. The WNW-

ESE trending topographic scarp extends continuously 

from longitude 50.00°E (Lahijan) to 52.5°E (southeast of 

Amol) (Figure 2a). Between 52.5°E and 53.3°E (Nek`a), 

the ridges defining the slope break are oblique to the 

main trend, indicating fault segmentation. From 53.5°E 

to 54.3°E (Gorgan), an EW-trending section presents 

topographic scarps aligned with the principal slope 

break. However, east of Gorgan, where the Alborz 

ranges ENE-WSW, there is no geomorphological 

evidence of recent fault activity. 

Topographic profiles, derived from a 1:50,000 

Digital Model (DEM), show the altitude of the Khazar 

Fault's main slope break varies between 20 and 200 m 

(Figure 2b). This variation suggests it is not a shoreline 

feature, despite some paleo-shoreline influences at lower 

elevations (Brookfield and Hashmat, 2001; Guest et al., 

2006). In the DEM's western section, the fault is clearly 
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defined at the main relief's base (profiles P8 - P4), while 

in the east, it bounds a zone of low relief in front of the 

mountain front (profiles P3 – P1; Figure 3a). These 

features are recognized as ‘foreberg’ structures in the 

literature (e.g., Bayasgalan et al., 1999; Ritz et al., 2003; 

Walker et al., 2003), similar to those observed in the 

alluvial piedmont of the southern Alborz foothills, where 

Tehran is situated (Ritz et al., 2012; Talebian et al., 

2016). Recent studies have highlighted the significance 

of the Khazar Fault not only in terms of its geological 

characteristics but also concerning the broader tectonic 

framework of the region. The ongoing convergence 

between the Arabian and Eurasian plates plays a crucial 

role in the fault's dynamics, resulting in localized 

compressional forces that manifest through various 

geomorphic features. These features, which include 

compressional ridges and asymmetric valleys, further 

underline the fault's influence on the landscape. 

Field investigations and GPS measurements have 

begun to quantify the slip rates along the fault. 

Preliminary results suggest a moderate slip rate, which 

underscores its potential to generate significant seismic 

events. The Khazar Fault's capacity for producing large 

earthquakes has implications for urban centers like Rasht 

and Gorgan, where population density and infrastructure 

development render such cities particularly vulnerable. 

Additionally, the interaction of the Khazar Fault 

with adjacent structures, such as the Alborz range's 

thrust systems, raises questions about the complexity of 
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stress transfer mechanisms within this tectonically active 

region. In particular, the segmentation observed between 

key longitudes on the fault indicates that different 

segments may behave independently, which complicates 

predictions regarding future seismic activity. 

Further elucidation of the Khazar Fault’s role in 

landscape evolution is evident through paleoseismic 

studies that investigate past earthquake events. By 

identifying and dating sedimentary layers displaced by 

fault activity, researchers can construct a clearer picture 

of the fault’s seismic history. Such studies could reveal 

intervals of heightened activity, which can be vital for 

understanding the cyclic nature of stress accumulation 

and release in this active tectonic setting. 

As new data emerges, the imperative for 

comprehensive hazard assessments and the 

implementation of mitigation strategies becomes even 

more pressing. The integration of geospatial technologies 

and community awareness programs could enhance 

preparedness and resilience in regions impacted by the 

Khazar Fault, supporting both scientific inquiry and 

public safety initiatives. Ongoing collaborations between 

geologists, seismologists, and urban planners will be 

essential to navigate the challenges posed by the 

geological complexities of northern Iran. 
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Figure 2: (a) Southwards Google Earth view of the middle part of 

the Alborz Mountain range (red arrows point out the topographical 

scarp associated with the Khazar Fault scarp; (b) 3D view of a 

Digital Elevation Model obtained from 1:50,000 between Amol and 

Chalus cities, with 8 topographic profiles indicating the altitude of 

the scarp associated with the Khazar Fault. (For interpretation of the 

references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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Forebergs are fault-bend and fault-propagation 

folds (Bayasgalan et al., 1999) controlled by shallow 

thrust faults reaching a few kilometers in front of the 

main relief and connected at depth with the main deep-

seated thrust fault (Figure 3b). The foreberg morphology 

is related to changes in the dip of the underlying thrust 

fault near the surface. In some cases, the shallow thrust 

fault controlling the foreberg is emergent (e.g., Prentice 

et al., 2002; Ritz et al., 2003), but in many cases, the 

fault remains buried and hidden, as is the case for the 

Pardisan foreberg across the Tehran city (Talebian et al., 

2016). Foreberg structures generally have a limited 

lateral extent of 5–20 km and are not found in the 

foothills of all mountain range-fronts. The Chamestan 

Foreberg shown in Fig. 3a extends over a length of ~ 10 

km. The morphology of the relief on either side of the 

foreberg suggests that the Khazar Fault dips 30◦ to 45◦ to 

the south (Figure 3c). 
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Figure 3: (a) Oblique view of a section of the DEM between longitudes E52◦ and E52.25◦ (around Chamestan 

city) showing the topographic scarp associated with the Khazar Fault; (b) Simplified cross-section within the 

main mountain front; (c): Simplified cross-section within a fault-propagation fold (foreberg structure) in front of 

the main mountain front. 



Geometry, kinematics, and archaeoseismology of the Khazar Fault System in 

Northern Iran, the southern Caspian Sea 
 

14 

1-2-2- Estimating the long-term slip rate, the 

magnitude, and the recurrence intervals for the largest 

events 

Slip rate - It is difficult to determine the long-

term slip rate along the Khazar Fault because both the 

dense forest cover and the intense human activity (e.g; 

rice fields, quarries, villages) have in many places 

modified the original geomorphology. However, a few 

geomorphologic markers can be used to investigate the 

tectonic activity of the fault. One of these, within the 

central section of the fault, 20 km west of Chamestan 

near the village of Manuchehrkola (Figure 4a), 

corresponds to an uplifted alluvial surface slightly tilted 

(≤10◦) to the south and capping older alluvium (Figure 

4b). The older alluvium is strongly tilted (~50◦) towards 

the north in the riverbed and along a road located a little 

further west (Figure 4c). Similarly tilted alluvial units at 

several other places along the main break of the slope 

where inferred the Khazar Fault to be located. Based on 

the such observations it may conclude that the Khazar 

Fault often does not reach the surface. 

The analysis of several topographic profiles from 

the uplifted alluvial surface in the hanging wall of the 

Khazar Fault to the footwall alluvial plain shows a 

vertical separation of 42 to 70 m (Figure 4d). This 

corresponds to the minimum vertical offset associated 

with thrusting along the fault, given that it remains 

hidden below the hangingwall alluvium. On top of the 
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uplifted fluvial surface, a bulk sample collected (IR19-

2B, Figure 4a) from a depth of 3.8 m into a thick silty 

unit capping the older alluvium deposits. This bulk 

sample was rich in organic material and gave a calibrated 
14C age of 28,085 ± 262 yrs BP (Table 1). Dividing the 

minimum vertical offset of the abandoned terrace (56 

±14 m) by this age yields a minimum vertical slip rate of 

2.0 ± 0.5 mm/yr.  

To estimate the minimum horizontal slip rate 

component (i.e., a minimum shortening rate) and the 

minimum slip rate along the fault itself, a SW dip of 34◦, 

considered as determined by Tatar et.al; (2007) from 

teleseismic waveform analysis of the 2004 Mw 6.4 

Baladeh earthquake. Dividing the minimum vertical slip 

rate by tangent 34◦ yields a minimum horizontal 

(shortening) slip rate of 3 mm/yr. Dividing the minimum 

vertical slip rate by sinus 34◦ yields a minimum slip rate 

along the Khazar Fault of 3.6 mm/yr. 

Moment Magnitude of the largest events - The 

morphological scarp along the Khazar Fault zone shows 

its capacity for affecting the near-surface or rupturing the 

surface itself sometimes. Considering that ruptures have 

the same centroid depth (22 km) and the same dip (34◦) 

as the 2004 Baladeh earthquake (Tatar et al., 2007) 

allows estimating a down dip rupture width of 45 ±17 

km. Using Wells and Coppersmith (1994) regression law 

(i.e., Mw = (4.37±0.16) +(1.95 ±0.15) ×log (RW)) 

expressing the Moment magnitude (Mw) with respect to 

the down-dip rupture width (RW), we estimate that the 
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Khazar Fault is capable of producing events with Mw 

between 7.0 and 8.2. This result is consistent with the 

estimate of the Moment magnitude using Wells and 

Coppersmith (1994) regression law (Mw = (5.00 ±0.22) 

+(1.22 ±0.16) ×log (SRL) expressing the Moment 

magnitude (Mw) with respect to the surface rupture 

length (SRL) for reverse faults. Indeed, considering a 

surface rupture length of 230 km (which corresponds to 

the length of the continuous topographic scarp between 

Lahijan and 52.5◦E Amol; see above) yields an Mw 

between 7.3 and 8.5. 

 

 



Geometry, kinematics, and archaeoseismology of the Khazar Fault System in 

Northern Iran, the southern Caspian Sea 
 

17 

Figure 4: (a) Westwards Google Earth view showing a cumulative 

fault scarp associated with the Khazar Fault near the village of 

Manuchehrkola. The white lines indicate the two topographic 

profiles shown in (d); the yellow arrow points out where sample 

IR19-2B was collected; (b) Field picture showing the alluvial 

deposits associated with the uplifted surface; (c) Field view of the 

ancient tilted deposits in front of the fault-propagation fold; (d): 

topographic profiles (top of the terrace riser and the river bed). (For 

interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

 



Geometry, kinematics, and archaeoseismology of the Khazar Fault System in Northern Iran, the southern Caspian Sea 
 

18 

Table 1: 14C age of sample IR19-2B (see Fig. 4a for sample location). The sample was prepared following the 

LMC14 protocol (Dumoulin et al., 2017). Measurements were performed at Artemis National Facility: 

Plateforme Nationale LMC14, CEA Saclay- Bˆat.450- Porte 4E-91191GIF sur YVETTE Cedex; Moreau et al., 

2013). 
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1-2-3- Evidence of surface ruptures along the Khazar 

fault 

Although the Khazar Fault is mostly hidden, 

morphological characteristics of a few places suggest 

that the fault plane locally reaches the surface. One 

example is near the SE corner of the Caspian Sea, 8 km 

to the east of Behshahr (Figure 1). Figure 5a shows a 3D 

view of a fault scarp, affecting a young alluvial surface 

on which the village of Khalil Shar is built, at the 

expected location of the Khazar Fault. The height of the 

scarp is 11.4 to 17.4 m (Figure 5b). 

A Malå Geoscience system with 250 MHz 

shielded antennas was used to collect ground-penetrating 

radar (GPR) data along a 180 m profile across this scarp 

(Figure 5c, d). Besides, 75 apparent resistivity data were 

measured along the same profile. Electrical resistivity 

tomography (ERT) data were measured with an ABEM 

SAS 300 system with a dipole–dipole electrode 

configuration using 19 electrodes. The electrode spacing 

was set to 10 m (i.e., a =10 m) and data were collected 

for 6 levels (i.e., n =1:6). The skin effect due to 

conductive subsurface sediments limited the depth 

penetration of GPR data to the top 2 m of sediments (e.g. 

Nabighian, 1991). However, these high-resolution 

reflectors are visibly deflected near the topographic scarp 

(red arrow in Figure 5c). Recent tectonic activity can 

disturb shallow Quaternary deposits, even in such 

conductive sediments (less than 100Ωm). 
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Automatic gain control (AGC), and trace 

averaging (Neal 2004) used for the processing of the 

GPR data. An average GPR pulse velocity of 0.1 m/nS 

was used for time-to-depth conversion. The model from 

2D inversion of ERT data using the least-square method 

(Loke, 2015) is presented in Fig. 5d. At the scarp 

location, the resistivity model shows a very faint lateral 

variation that could tentatively match the southwards 

dipping Khazar Fault. 

Paleoseimic investigations at Gohar-Tappe 

archeological site – Outcrop evidence of the Khazar 

Fault at the Gohar-Tappe archeological site (36⁰ 

40′43′′N, 53⁰ 24′01′′E), ~12 km to the west of Behshar 

(Figure 6), on a ~ 600 m long, ~400 m wide, and ~ 10 m 

high hill of sand and loess. This isolated, oval shaped 

hill, 1–1.3 km north of the main break of slope of the 

Alborz Mountain range, is one of the largest 

archaeological sites in northern Iran. Between 2000 and 

2002, during a reconnaissance survey carried out by the 

Cultural Heritage Organization mof Mazandaran 

(MCHO), prehistoric artifacts were discovered, which 

motivated joint Iranian-German archeological 

investigations in the following years (Piller and 

Mahfroozi, 2009). These investigations revealed that the 

pre-historic site of Gohar-Tappe was a Bronze Age city. 

The lower layers of the site represent a late fourth-

millennium occupation, and settlement continued until 

around 1500 BCE (Piller and Mahfroozi, 2009). During 

a visit of the trenches of the archeological site in 2013, 
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we identified faults cutting through the near-surface 

deposits (Figure 6 to Figure 8 ). These surface ruptures 

and the fact that they are located within a relief situated 

in front of the Alborz Mountain foothills led (Nazari et 

al., 2021) interpreting the Gohar-Tappe site as a young 

foreberg structure (seesection 3.1).  

In 2014-2018 they ran a subsurface geophysical 

survey of the site to study the structures at depth. They 

investigated a 740 m long profile across the hill using the 

ERT method (Figure 7a). The data were acquired using a 

dipole–dipole array with an electrode spacing of 20 m. In 

areas with distinct resistivity contrasts or topographic 

variations, they used smaller electrode spacing of 10 m 

and carried out GPR and magnetometric surveys (e.g. 

Alahverdi Maygooni et al., 2019) (Figure 7b, c). These 

geophysical methods are sensitive to disparate physical 

and geometrical properties of the subsurface structures 

and provide different resolutions and depths of 

investigation (Gallardo and Meju, 2011; Mohammadi 

Vizheh et al., 2020). 
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Figure 5: (a) Westwards oblique view of a Google Earth Landsat satellite image (http://www.earth.google.com) 

showing a fault scarp associated with the Khazar Faultin the region of Khalil Shar. (b) Topographic profile 

across the fault scarp shown in a. (c) Processed GPR profile acquired using a Malå Geoscience system and 

antennas with center frequencies of 250 MHz, average GPR pulse velocity of 0.1 m/nS (we used standard 

processing steps such as band-pass filtering, background removal, normal moveout correction, AGC gain and 

trace averaging (Neal, 2004); the red arrow points out the scarp observed in the landscape. (d) Corresponding 

resistivity profile with 2D data inversion using the least-square (Loke, 2015) method. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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The same instruments and techniques as in Khalil 

Shar site were used for ERT and GPR data acquisition, 

as well as data processing and ERT data inversion. In 

total, 349 apparent resistivity data were measured along 

the profile. The model from 2D inversion of ERT data 

shows that resistivity values of the subsurface structures 

are from 1 to 70 Ωm, due to the thick Quaternary cover 

of wet, fine-grained sediments (e.g. clay to silt; see 

Figure 6). 
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Figure 6: (a) South-westwards Google Earth view of the foothills of the Alborz at the archeological site of 

Gohar-Tappe; (b) Field picture showing the site. The metallic roof to the right covers the archeological trench; 

(c) Field picture showing the trench from the south; (d) A view inside the trench.  
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The resistivity profile shows distinct contrasts 

that match with the main topographic scarps, notably 

within the northern part of the hill (240–300 m, Figure 

6)) where several steep discontinuities are observed, and 

within the southern part of the hill (at 50 m, Figure 6) 

where there is major discontinuity. These resistivity 

discontinuities interpret as secondary steep normal faults 

above the frontal part of the foreberg and back thrust-

fault at the rear of the foreberg, respectively, while the 

main thrust fault remains hidden (see Bayasgalan et al., 

1999 Figure 4 & Figure 3c). The magnetic records 

(Figure 7b), also show a clear variation in the signal 

matching with the resistivity model within the 

topographic scarp at the rear of the hill. The two GPR 

sections show several discontinuities (e.g. at 270 m and 

280 m, Figure 6) in the stratigraphic layers in the 

northern part of the hill. The observed undulations of 

GPR reflectors between 400 and 460 m reflect variations 

in the corresponding resistivity model (Figure 7a) and 

can be interpreted as a highly fractured area (Figure 7c). 

The various sub-surface geophysical signals are 

coherent. 

A detailed stratigraphic study also carried out in 

Gohar Tappe archaeological trench, located in its 

northern part (Figure 8), to look for evidence of 

deformations or fault planes. The trench shows a 

sequence of well-stratified silty-clayey units interpreted 

as a succession of flood plain and/or lagoon episodes. 

The units dip ~ 15◦ to the north and areaffected by 
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several steep normal faults (F) and fractures (f), 

associated with a few reverse faults (Figure 8b). These 

structures are consistent with the features observed 

within the sub-surface geophysical survey (see Figure 

7a, c), and interpreted as steep normal faults tilted with 

the stratigraphic units within the northern limb of the 

foreberg. 
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Figure 7: Joint interpretation of geophysical datasets along Gohar-Tappe site. (a) Resistivity model from 2D 

inversion of DC resistivity data (dashed white lines for interpreted faults, dashed red line corresponds to the 

supposed flat thrust fault beneath the foreberg). (b) Magnetic profiles; (c) Processed GPR sections using 100 

MHz shielded antennas. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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Detailed logging of the stratigraphic units 

revealed many fragments of pottery and other artifacts 

associated with the human occupation, among which 

pieces of charcoal were collected for radiocarbon dating. 

They yielded calibrated ages between 5500 and 3800 BP, 

which are consistent with the archeological study of the 

Gohar-Tappe site (Piller and Mahfroozoi, 2009). Four 

samples (C77, C72, C57, and C37) in Log and one (C3) 

in Log 2 are not in stratigraphic order. They probably 

correspond to reworked detrital charcoal from older 

units. One sample (C13) is much younger than other 

ages and may reflect contamination an analytic error. 

Those six samples have been discarded from the 

paleoseismic analysis. 

To decipher the different paleoseismic events, 

Nazari et al., (2021) used fault-terminations sealed by 

overlaying units as well as the variations in offset along 

faults between one stratigraphic unit and the subsequent 

one (e.g., McCalpin, 2009). A first event is identified 

within faults and fractures f5, F5′, f7, F10, f10′ in Log1, 

and F12, F13 in Log 2, which all affect the youngest 

dated units and 5 in Log1, and Log 2, respectively. These 

faults and fractures are younger than 3976 ± 152 cal BP, 

which is the age obtained for sample C20 collected in 

unit 17 (Table 2). Note, however, that the faults along 

which the base of unit 17 (Log 1) and unit 5 (Log 2) are 

offset (F10 in Log 1, F12 and F13 in Log 2) may 

correspond to different events that also affected the 

ground surface units 19 (Log1) and 7 (Log2), and that 
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there are no younger deposits to establish precisely Their 

temporal distribution. 

The second event is well characterized by several 

fault termination criteria observed along faults and 

fractures F1, f4, f6, f8, f8, F9, and F11 in Log1, which 

are overlain by units 17–16 in Log 1. Radiocarbon ages 

show that this event occurred between 3824 cal BP C71).   

A third event can be interpreted along fault F10, 

where the base of unit 3 shows a much larger offset than 

the bases of overlaying units 6 and 10. Moreover, along 

this same fault, unit 3 was eroded by the overlaying unit 

4a, which corresponds to tilted stratified silts and clays, 

rich in clasts (20%), with a clear upward sorting. We 

interpreted these deposits as a post-event unit, in which 

localized deposition was controlled by F10 free face. 

After radiocarbon ages, this third event occurred 

between 4844 cal BP (i.e. 5021–177 yrs, sample C7) and 

5214 cal BP (i.e. 5057 + 157 yrs, sample C47). 

Therefore, at least 3 surface-rupturing events occurred in 

the past 5300 yrs (5198 cal BP +the past 70 yrs between 

1950 and 2020), with 2 events between 3976 ±152 and 

5057 +157 cal BP. A time interval of 1000 ±400 yrs 

separate these two last events. Considering the upper 

bound of this interval (i.e., 1400 yrs) as a maximum 

mean recurrence interval for surface rupturing events 

along the Khazar Fault, suggests that at least 2 more 

events occurred during the past 5300 yrs. 
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Figure 8: Photomosaic (a) and interpretative log (b) of the western wall of the re-occupied archeological trench 

in Gohar-Tappe prehistoric site. Event Horizons shown by thick black line in Log1. Logs 1 and 2 are separated 

by ≤2 m. Colors allow following the correspondence of the different stratigraphic units between the 2 logs. 

Description of units in Log1: U1: Light brown silts and clays, ≤5% clast, a few pieces of pottery; moderate 

consolidated, non-stratified (flood plain or lagoon deposits). U2: Grayish brown silts and clays, ≤3% clast (1–3 

mm), porous texture, sporadic chunks of charcoal, a few pieces of red to brick color potteries mostly in the 

lower part (less than unit1) (flood plain/lagoon deposits). U2a: similar to the upper part of U2. U3: Light brown, 

~1% clast (1–3 mm), a few pieces of pottery less than in U2, sporadic chunks of charcoal, brick color patches (2 

mm, rarely up to 2 cm), in some part thin layers of carbonaceous, moderate consolidated, stratified (flood 

plain/lagoon deposits). U4: Multi-colored silts and clays, alternation of white, gray, and brown, increase of silts 

upward, 20% clast (1–5 mm, rarely 3–7 cm of chert), clasts often have brick color, pieces of pottery (often 12 

cm), numerous charcoals, loose to medium compaction, more consolidated in the upper part, bits of bone, tilted 

layers upward, similar to unit 3. U5: Grayish brown silts and clays, a few clasts (1–3 mm), pieces of pottery, 

stone tools, brick color patches (1 mm-10 cm) more than in units 1–4, consolidated, in some parts thin layers of 

carbonate, sporadic charcoals and chunks of bones (animal?), chalk (thickness 3–7 cm) in the lower part. U6: 

Gray lens of silts and clays, (10–15% clasts (2 mm-1 cm, rarely 3 cm), non-stratified, angular to subangular, 

abundant pieces of charcoal, pieces of pottery bones (animal?) and teeth (human?), brick color patches (2 mm-3 

cm), a piece of brick 5 cm6cm. U7: Gray lens of silts, 10–15% clast (2–5 mm), sorted, patches brick color (2–3 

mm, up to 1 cm), pieces of pottery in base (7–1 0 cm), interlayers of chalk (thickness 1 cm), charcoals and 

chunks of bones, non-stratified, similar to unit 6. U8: Grayish buff, alternating of thin layers of silts and 

carbonaceous (3–4 cm), stratified, less 5% clast (1–3 mm up to 5 mm), pieces of pottery (1–8 cm), patches brick 

color (5 mm-5 cm), loose to moderate hardness. U9: Grey silts and clays, a few clasts (1–3 mm), pieces of 

pottery (rarely 8 cm), patches brick color (2 mm-30 cm), the thick brick color 4 cm in the top, charcoals, thin 
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layer of charcoal at the base in the northern part, sporadic fractures, similar to units 6,7 and 8. U10: Light brown 

silts and clays, 5–10% clast (1–5 mm, rarely 1–2 cm), sub-rounded, abundant brick color patches (2–4 mm, up 

to 1-3cmm), pieces of pottery (1–7 cm), pieces of bones, sporadic chunks of charcoal, medium compaction, non-

stratified (flood plain/lagoon deposits). U11: Non-situ, gray silts, and ashes (peat?), without clast, sporadic 

charcoals increasing at the base of the unit, brick color patches (6–12 cm), loose (flood plain deposits). U12: 

Gray lens, alternating layers of silts and carbonates (ashes?), without clast, patches brick color (0.5–3 cm), 

pieces of pottery (1–2 cm up to 10–12 cm), a few chunks of charcoal, loose, carbonaceous in the upper and 

lower part, silty in the central part, moderate compaction, like in unit 11. U13: Cream to buff silts and clays, 5–

10% clast (2 mm-lcm), a few patches brick color (0.5–1 cm), pieces of pottery (1–3 cm, rarely 7 cm), 

subrounded, weakly stratified, alluvium deposits? U14: Separate in unit 10, brick color, abundant patches brick 

(2 mm-lcm), carbonaceous in northern part at the top of the unit. U15: Cream to brown silts and clays, 3–5% 

clast (2–5 mm) decreases to the north, pieces of pottery, patches brick color (2–3 cm), the thin layer of brick in 

the northern part (thickness 5 cm), pieces of bones, moderate compaction, non-stratified (flood plain/ lagoon 

deposits). U15a: similar but looser than U14. U15b: Cream to brick, 2–3% clast (2–3 mm up to 2 cm), pieces of 

pottery, charcoal, consolidated (in the southern part) which decrease in the northern part, weakly stratified 

(flood plain/ lagoon deposits). U16: Grey to buff, 5% clast (2 mm-l cm, rarely 3–5 cm), a few pieces of pottery, 

patches brick (0.5–2 cm), a few charcoals, loose compaction, weakly laminated, root print in some part (flood 

plain/ lagoon deposits). U17: Layers of carbonates and silts, without clast, loose, roots residual, non-stratified. 

U18: thin carbonate layer. U19: cream to brown, 1% clasts (2–3 mm), a few pieces of pottery, loose, non- 

stratified, ground surface with residual of roots and erosional channel. Log 2: U1: Light brown silts and clays, 

≤3% clast (2–5 mm rarely to 2 cm), pieces of pottery in some part, contain thin layers of chalk, charcoals, 

compact, weakly stratified (flood plain deposits). U2: Cream silty layer, non-stratified, contain pottery crumbs, 2 

pieces of stone (15–25 cm), similar to handmade soil. U3: Light brown to cream silts and clays, none stratified, 
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consolidated, ≤3% clast, pieces of pottery, a charcoal layer at the base of unit mostly in the northern part, a thin 

layer of chalk in the lower part, root print in the southern part. U4: Light creamy silts, non-clear stratified, 2–5% 

clast (2 mm-5 mm, rarely 1.5–2 cm), pieces of color brick in some part (0.5–1 cm, rarely 2–4 cm), this unit is 

only seen in this part of the trench (handmade?), more consolidated than unit 3. U5: Cream to light brown silts 

and clays, no-clear stratigraphy, contains pieces of limestone (0.5–5 cm) at the base, contain very little clast (2–

3 mm, rarely to 4 cm), pieces of color brick in some parts (0.5–2 cm), some pieces of pottery (rarely 10 cm), 

more compact at the lower part (flood plain deposits). U6: A mixed material of units 3, 4, and 5. U7: Light 

brown silts and clays, non-stratified, 1% clast (1 mm- 2 mm rarely 1–2 cm), loose deposits, contain caliche, 

pieces of pottery (1–6 cm), contain root prints. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of the article by Nazari et.al, 2021. 
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Table 2: 14C ages (14C laboratory, ETH University), Gohar-Tappe prehistoric site, see Figure 8 for samples 

location (Nazari et al., 2021) 
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1-3- Discussion 

Although there is a clear morphotectonic features 

associated with Late Quaternary activity of the Khazar 

Fault, few possible candidates found for the surface 

outcrop of the thrust fault, which makes a precise 

determination of its position and paleoseismological 

analysis difficult. 

In the middle segment of the fault, near 

Chamestan city, the fault-bend fold uplifting an alluvial 

terrace allowed estimating a minimum vertical slip rate 

of 2.0 ±0.5 mm yr, which is consistent with the uplift 

rate of 1.9–2.8 mm/yr deduced from the incision rate in 

the Garmrud valley, 50 km to the east from the study site 

(Antoine et al., 2006). This yields a minimum Late 

Quaternary average slip rate along the Khazar Fault of 

3.6 mm/yr, in consistency with the rate of 4–6 ± 2 mm/yr 

estimated from a GPS-derived fault-block model 

(Djamour et al., 2010).  

The fact that there are morphological scarps 

along the Khazar Fault zone shows its ability to produce 

surface ruptures. This observation associated with the 

fact that the fault can generate earthquake as deep as 22 

km (Tatar et al., 2007) involves that the Khazar Fault is 

likely capable to generate large (Mw7) to very large 

(Mw8) events, which is consistent with the estimate of 

the magnitudes that can be made from the Khazar Fault 

segmentation deduced from the direction changes of the 
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slope break at the northern foothills of the Alborz. (see 

section 3.1). 

The geophysical and paleoseismological analysis 

at the archeological site of Gohar-Tappe leads to propose 

that the site upon a young foreberg structure affecting 

Holocene deposits. Paleoseismological vestigations 

suggest that at least five events occurred in the past 5300 

yrs, considering a mean maximum interval of 1400 yrs. 

This recurrence interval and the minimum slip rate along 

the fault yields a minimum seismic slip along the fault 

during large surface-rupturing events comprised between 

2 and 5 m, which is consistent with the range Mw7-8 

Moment magnitudes estimated from the Khazar Fault 

dimensions. 

It is worth noting that the sedimentary units in 

Gohar-Tappe correspond mainly to flood or lagoon 

deposits, with no deposits younger than ~ 3800 yrs. This 

is consistent with the interpretation that this site 

corresponds to a recent foreberg structure that raises 

above the base level e. the Caspian Sea level) ~ 3900 

years ago. The structure cumulates nowadays ~ 10 m of 

uplift, which suggests that several events have occurred 

since then. One of these events could correspond to the 

1809 

BCE (=3759 cal BP) event, which affected the 

Amol region (Berberian,1996). This historical event 

could correspond to event 1 identified in the trench, 
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which occurred after the deposition of unit 17 (dated at 

3976 152 yr). 

Unfortunately, we have no age constraints to 

bracket the age of event 1. However, we tentatively 

propose that it occurred not long after the deposition of 

unit 17, given that no another sedimentary unit covers it. 

It is also worth noting that archeologists did not find 

evidence of human settlement younger than ~ 3500 cal 

BP on the site. This attests to the abandonment of the 

prehistoric site, which, like many other pre-historic sites 

in eastern Alborz, can be related to a destructive 

earthquake or a sequence of strong earthquakes. 

 

1-4- Conclusion  

The analysis of the Khazar Fault in northern 

Alborz has revealed new insights into its activity. 

Generally classified as a hidden thrust fault 

associated with fault-propagation, fault-bend folds, and 

foreberg structures, the Khazar Fault also appears to be 

active within the mountain range. Its southward dip and 

potential to generate deep earthquakes of 20–30 km pose 

significant seismic hazards to densely populated areas. 

The steep slopes in Alborz mean that a strong earthquake 

would likely trigger numerous landslides and rock 

avalanches, damaging roadways and increasing the risk 

of building destruction. Furthermore, recent geological 

surveys have emphasized the complex interactions 
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between the Khazar Fault and adjacent tectonic 

structures. These interactions may play a critical role in 

the fault's behavior and its earthquake potential. Field 

studies have uncovered fault traces and sedimentary 

deposits that indicate prior seismic events, adding to the 

historical context of the region's seismicity.  Monitoring 

stations installed along the range have started to record 

microseismic events, suggesting that even minor 

movements along the fault may be precursors to larger 

ruptures. The analysis of these low-magnitude 

earthquakes could provide vital data for understanding 

the stress accumulation along the fault plane. The 

implications for local communities are profound. 

 

Improved risk assessment and urban planning 

strategies are necessary to mitigate the potential impacts 

of a major seismic event. Enhanced early warning 

systems, coupled with public education on earthquake 

preparedness, could save lives and reduce property 

damage. In addition, interdisciplinary collaboration 

between seismologists, geologists, and urban planners is 

essential to formulate comprehensive hazard mitigation 

plans. As research continues to uncover the dynamics of 

the Khazar Fault, ongoing efforts to better understand its 

behavior will be crucial to safeguarding those residing in 

this seismically active region. Such initiatives not only 

enhance the resilience of infrastructure but also empower 

communities to respond effectively in the face of natural 

disasters. 
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PART Ⅱ Geophysical Investigation 

2-1- Introduction 

Khalil Shahr and Gohar Tappe were selected for 

geophysical studies. In Khalil Shahr, two GPR profiles 

were surveyed: profile 1 at 150 meters and profile 2 at 37 

meters, using 100 and 250 MHz non-covering antennas. 

Resistivity measurements were taken with a dipole-

dipole arrangement at 76 points, spaced 10 meters apart 

on profile 1. In Gohar Tappe, studies expanded to 

include cesium magnetometry, conducted across two 

rectangular grids and four linear profiles: grid 1 covering 

approximately 2,500 square meters and grid 2 about 

15,000 square meters. Additionally, magnetic 

susceptibility measurements were performed at various 

depths to complement the cesium magnetometry data. 

These measurements focused on understanding the 

subsurface lithology and identifying potential buried 

features. In total, 120 susceptibility readings were 

obtained from Gohar Tappe, with a sampling interval of 

5 meters along the linear profiles (Table 3). 

To further enhance the geophysical 

understanding of both sites, a series of seismic refraction 

surveys were conducted at strategic locations within the 

surveyed areas. The seismic surveys utilized a spread of 

geophones arranged in a linear array to ascertain the 

velocity of seismic waves through differing material 

layers. This data aimed to elucidate the structural 

characteristics and stratigraphy of the subsurface 

environment, which, combined with the resistivity and 
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magnetic data, would provide a holistic view of the 

geological framework. 

Moreover, the integration of geological mapping 

and soil sampling in the fieldwork added a vital context 

to the geophysical findings. Soil samples from both 

Khalil Shahr and Gohar Tappe were collected at depths 

of 0.5 meters and 1 meter to analyze their chemical 

properties and correlate them with the geophysical 

anomalies identified.  

This multi-faceted approach allowed for a 

comprehensive geophysical study that not only embraced 

traditional methods but also utilized modern techniques 

to better understand the geological history and potential 

resource locations of the surveyed regions. Ultimately, 

the findings from these studies are expected to contribute 

to a clearer interpretation of subsurface conditions, 

aiding in future exploration projects and environmental 

assessments within these areas. 

 

Table 3: Characteristics of the magnetic surveyed profiles in Gohar 

Tappe region 

Azimuth End of profile Start of profile 
Profile 

name 

◦0 714500, 4062070 714500, 4061600 4500 

◦0 714530, 4062245 714530, 4062110 4530 

◦0 714630, 4062310 714630, 4062110 4630 

 ◦0 714517, 4061890 714544, 4061533 1 
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In this area, GPR survey was performed on a 

rectangular grid and a linear profile. A grid survey on 

grid number 1 (grid1) including 50 to 20 profiles that are 

located at a distance of 10 meters from each other and a 

linear survey on 5 pieces of profile number 1 with 

different lengths and using two 100 and 250 MHz 

antennas were made uncoated. 

2-2- Combining the results of geophysical surveys in 

Gohar Tappe area 

In order to combine the results of geophysical 

surveys in the Gohar Tappe region, in the places where 

the results of two or three surveying methods show the 

same anomaly, the results are brought together for 

comparison and review. In the following, some of these 

areas are mentioned and the results obtained from them 

are presented. Geographical location of Gohar Tappe and 

Khalil Shahr are shown in Figure 9 & Figure 10, and 

location of surveyed points is given in Figure 11. 
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Figure 9: Aerial image of Khalil Shahr and Gohar Tappe areas 

 

Figure 10: Access roads to Khalil Shahr and Gohar Tappe areas 
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Figure 11: Location map of profiles and surveying networks in Gohar Tappe area 
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2-2-1- Compilation of specific resistivity model and 

total magnetic field intensity diagram of profile number 

1 

Figure 12 shows the Anomaly location profile 

number 1. In Figure 13, the specific resistivity model 

with 10 meters electrode distance is shown along with 

the graph obtained from the magnetometric survey on 

profile number 1 from station 60-160. The results of both 

methods, and resulted anomaly between the stations -40 

and 0 can be seen in Figure 13. This anomaly has been 

repeated in the apparent specific resistivity surveying 

with an electrode distance of 20 meters (Figure 14). 
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Figure 12: Anomaly location between two stations -40 to 0 from profile number 1 
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Figure 13: Specific resistivity model with 10m electrode distance along with magnetic diagram on profile number 1 
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Figure 14: Model of specific resistivity and anomalies of profile number 1 
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2-2-2- Compilation of results of all three methods on 

profile number 1 

In Figure 14, the specific resistivity model with an 

electrode distance of 20 meters, together with the graph 

obtained from the magnetometric survey from station -60 

to 0, as well as the GPR result from station 240 to 300 on 

profile number 1 and the graph obtained from the 

magnetometric survey from stations 340 to 350, it is 

shown on profile 4530. In the results obtained from all 

three methods, anomalies can be seen between stations 

60 to 0 and 240 to 300, as well as stations 340 to 350. 

2-2-3- Compilation of results on grid number 2 

The anomalies that are related to the three linear 

anomalies (F2, F3 and F4) from the total magnetic field 

intensity map of grid number 2 shown in Figure 15. In 

this figure, the anomalies of two specific resistivity 

sections related to profile number 1 and the magnetic 

anomaly of profile number 1 and two anomalies in the 

magnetic profile of number 4530 are presented. The 

white lines that can be seen in the total magnetic field 

intensity map of Network No. 2 are related to the borders 

between the agricultural lands, and probably are made by 

the farmers. 
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Figure 15: Combining the results with the total magnetic field intensity map of grid 2 
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2-2-4- Compilation of results on grid number 1 

In Figure 16 toFigure 18, the combination of 

three-dimensional GPR maps and the map of the total 

magnetic field intensity of network No. 1 and the 

matching of anomalies in both maps are presented. 
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Figure 16: A view of the depth sections of the GPR profiles along with the map of the total intensity of the 

magnetic field of grid 1 
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Figure 17: A view of the location of the anomaly on grid 1 
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Figure 18: Another view of the depth sections of the GPR profiles along with the map of the total intensity of 

the magnetic field of grid 1 
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2-3- Conclusion and Recommendations 

Geophysical surveys in the Gohar Tappe area 

utilized electrical resistivity, GPR, and cesium 

magnetometry methods. Initial surveys employed 

electrical resistivity with 20-meter electrode intervals 

across the historical hill. Subsequent measurements 

involved shorter electrode distances and specific cesium 

magnetometry, with GPR applied to some anomalous 

areas. In the Khalil-Shahr region, resistivity and GPR 

results along the main east-west street showed little 

distinction, but identified anomalies may relate to 

tectonic activities. The geophysical anomalies 

recognized in Gohar Tappe and Khalil Shahr include: 

1. Profile 1 anomalies between stations -60 to 0, 260 

to 280, and 340 to 350 (Figure 14). 

2. Anomalies F2, F3, and F4 from the magnetic 

survey in Grid No. 2, corresponding to the pseudo-

sections in Profile No. 1 and magnetic diagram 4530 

(Figure 15). 

3. An anomaly from the magnetic survey in Grid 

No. 1 that aligns with the GPR anomaly on the same grid 

(Figure 16). 

4. In Khalil Shahr, the resistivity at station 60 of 

Profile 1 coincides with the GPR anomaly, indicating the 

scarp's location (Figure 19 & Figure 20). 
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These anomalies warrant further investigation, 

particularly in terms of their geological significance and 

potential implications for understanding the regional 

tectonic framework. In Gohar Tappe, the presence of 

electrical resistivity anomalies correlated with distinct 

features observed in the GPR profiles suggests the 

possibility of buried structures or stratigraphic variations 

that merit deeper exploration. In addition, the presence 

of the identified anomalies within the magnetic survey, 

especially those linked to F2, F3, and F4, indicates 

potential zones of weakness or alteration in the 

subsurface materials that could have implications for 

both structural geology and archaeological interests. The 

intersection of these anomalies with known geological 

features enhances their relevance in a broader 

geomorphological context. 

Further studies utilizing high-resolution GPR and 

targeted resistivity measurements could provide deeper 

insights into the subsurface conditions, revealing more 

about the material composition and its spatial 

distribution. This could facilitate improved 

understanding of historical land use and how past 

tectonic activities might have shaped the current 

landscape. 

Moreover, while the resistivity and GPR results 

from the Khalil-Shahr region showed subtle differences, 

the identified anomalies along the main street present 

valuable data points for assessing urban planning and 

infrastructure development in areas at risk of geological 
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instability. The correlation between resistivity at station 

60 and the GPR anomaly not only underscores the need 

for integrated geophysical methods but also points to the 

significance of interdisciplinary approaches in 

interpreting geophysical data. 

In sum, the geophysical survey results from both 

Gohar Tappe and Khalil Shahr contribute crucial 

information that could aid in delineating subsurface 

features, thus providing a more comprehensive 

understanding of the region's geological history and 

assisting in future planning and conservation efforts. 

Further analytical work, including the integration of 

geological mapping with geophysical data, is 

recommended to elucidate the complexities revealed by 

these surveys and enhance our scientific knowledge of 

these historically rich area. 
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Figure 19: Apparent specific resistivity pseudo-sections with inverse model (Profile number 1, Khalil Shahr area   
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Figure 20: Depth section of profile number 1 using a 100 MHz cover antenna with topography 

 

 

A schematic view, of a branch of the Caspian fault in Gohar Tappe site (Figure 21). 
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Figure 21: Depth section of profile number 2 using non-coated 100 MHz antenna (point to point) 
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