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SUMMARY

Regional shortening is accommodated across NE Iran in response to the collision of Arabia with
Eurasia. We examine how N-S shortening is achieved on major thrust systems bounding the
eastern branch of the Alborz (east of 57°E), Sabzevar and Kuh-e-Sorkh mountain ranges, which
lie south of the Kopeh Dagh mountains in NE Iran. Although these ranges have experienced
relatively few large earthquakes over the last 50 yr, they have been subject to a number of
devastating historical events at Neyshabur, Esfarayen and Sabzevar. A significant change in
the tectonics of the eastern Alborz occurs directly south of the Central Kopeh Dagh, near 57°E.
To the east, shortening occurs on major thrust faults which bound the southern margin of the
range, resulting in significant crustal thickening, and forming peaks up to 3000 m high. Active
shortening dies out eastward into Afghanistan, which is thought to belong to stable Eurasia.
The rate of shortening across thrust faults bounding the south side of the eastern Alborz north
of Neyshabur is determined using optically stimulated luminescence dating of displaced river
deposits, and is likely to be 0.4—1.7 mm yr~!. Shortening across the Sabzevar range 150 km
west of Neyshabur has previously been determined at 0.4-0.6 mm yr~!, although reassessment
of the rate here suggests it may be as high as 1 mm yr~!. Migration of thrust faulting into
foreland basins is common across NE Iran, especially in the Esfarayen region near 57°E,
where the northward deflection of the East Alborz range reaches a maximum of 200 &+ 20 km
(from its presumed linear E-W strike at the beginning of the Oligocene). West of 57°E, the
tectonics of the Alborz are affected by the westward motion of the South Caspian region, which
results in the partitioning of shortening onto separate thrust and left-lateral strike-slip faults
north and south of the range. At the longitude of 59°E, published GPS velocities indicate that
50 per cent of the overall shortening across NE Iran is accommodated in the Kopeh Dagh.
The remaining 50 per cent regional shortening must therefore be accommodated south of the
Kopeh Dagh, in the eastern Alborz and Kuh-e-Sorkh ranges. Assuming present day rates of
slip and the fault kinematics are representative of the Late Cenozoic deformation in NE Iran,
the total 200 £ 20 km N-S shortening across the eastern Alborz and Kopeh Dagh mountains
since the beginning of uplift of the Kopeh Dagh basin would be accommodated in 30 +
8 Ma. Although this extrapolation may be inappropriate over such a long timescale, the
age is nevertheless consistent with geological estimates of post Early-to-Middle Oligocene
(<30 Ma) for the onset of Kopeh Dagh uplift.

Key words: Geomorphology; Seismicity and tectonics; Continental neotectonics; Tectonics
and landscape evolution; Asia.
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1 INTRODUCTION

Iran occupies a place of special importance in the study of active
continental collisions. It is situated between the Eurasian and Ara-
bian plates, which converge at about 25 mm yr~!, and virtually the
entire active collision zone is contained within the geographical and
political borders of the country (Fig. 1a). The orogen is therefore
uniquely compact and accessible, and active geomorphological fea-
tures are generally well exposed and preserved in the desert or arid
climate. Within Iran, many features of continental tectonics that
are of generic importance are well known, such as partitioning of
oblique motions onto parallel strike-slip and thrust faults (Talebian
& Jackson 2004; Vernant et al. 2004a), block rotations about ver-
tical axes (Walker & Jackson 2004; Copley & Jackson 2006), and
the concentration of deformation around the edges of rigid blocks
within the collision zone (Jackson et al. 2002; Masson ef al. 2005;
Reilinger et al. 2006). Recent syntheses of the active tectonic mo-
tions in various parts of Iran (e.g. Walker & Jackson 2004; Regard
et al. 2005; Hessami et al. 2006; Meyer et al. 2006; Ritz et al. 2006;
Walpersdorf et al. 2006) all emphasize the three-dimensionality
of continental tectonics, first highlighted by McKenzie (1972) and
Molnar & Tapponnier (1975).

Within Iran, the NE part of the country, which is the subject of
this paper, is also special. Seismicity, GPS and active geomorphol-
ogy all reveal an abrupt edge to the collision zone, trending N—S
along the eastern border between Iran and Afghanistan, and trend-
ing NW-SE along the northern border with Turkmenistan (Fig. 1).
The N to NNE convergence between Arabia and Eurasia requires
Iran to be compressed into this NE corner, and this simple geometry
dominates the pattern of strains within the country (Jackson et al.
1995; Masson et al. 2005). Along its eastern border, the north-south
right-lateral shear between Iran and Afghanistan is accommodated
by N-S right-lateral strike-slip faults in the southern part, but the
faulting then changes to E-W left-lateral faults on the north side of
the aseismic Lut block, which can only accommodate the shear by
rotating clockwise (Walker & Jackson 2004), see Fig. 1(b). Further
north still, that shear must end by shortening against the edge of the
Turkmen shield in the high mountains of the Kopeh Dagh and its
adjacent ranges. Yet some of this shortening is also achieved by a
westward movement of the aseismic South Caspian Basin relative
to both Iran and Eurasia, which is, in turn, related to an along-strike
extension of the Kopeh Dagh mountains (Hollingsworth et al. 2006,
2008).

The subject of this paper is the region immediately south of the
Kopeh Dagh mountains which run along the Turkmenistan border
(Fig. 1c). This is a crucial region that must somehow accommodate
(1) the north—south transition from right-lateral shear and clock-
wise rotation along the Afghan border to shortening against Turk-
menistan and (2) the transition from shortening in the east, to lateral
‘expulsion’ of the South Caspian Basin on obliquely convergent and
partitioned strike-slip systems to the west (transpression). Spatial
transitions of this sort are probably common in continental colli-
sions, but rarely as active or as well exposed as in this case: the
region is therefore of much more than local significance. There is a
wealth of data from earthquake focal mechanisms, observations of
faulting in the field and some GPS measurements (which are likely
to become much more abundant in the future). Individually these
data sets provide only limited information on the active tectonics
of an area. However, when used together, they allow the first order
features of the deformation to be identified, thereby providing a far
more robust and coherent picture of the regional kinematics. The
aim of this paper is to summarize in one place, so that the kinematics

of this whole important transitional region is visible together, what
is known of the active faulting and how it accommodates motions
within and across the zone. Once a regional kinematic model has
been established for this region, it will provide a framework for
future more detailed studies, thereby further refining the model.

Before this study the location of active faults in this region
was virtually unknown and not reported in the literature. There-
fore, in Sections 3—7 we describe in detail various fault systems
throughout the region, before discussing their role in accommo-
dating Arabia—Eurasia shortening in Section 8. We make use of
field and remote-sensing observations, geomorphological informa-
tion about fault slip rates, and accounts of historical earthquakes,
which highlight both the activity on structures and also the signifi-
cant risk to several densely populated modern cities that have been
destroyed, some of them several times, in the past.

2 TECTONIC AND GEOLOGICAL
BACKGROUND

2.1 Regional tectonics and geographic setting

The collision of the Arabian plate with Eurasia is accommodated
by shortening across the Iran region. Recent GPS measurements
(Sella et al. 2002; McClusky et al. 2003; Vernant et al. 2004b;
Masson et al. 2007) indicate that Arabia moves northward, with
respect to Eurasia, at ~23 mm yr~! at the longitude of the NE
Iran (Fig. 1a). Both the northward decrease in GPS velocities, and
the large number of earthquakes across Iran indicates that much of
the deformation is concentrated in the Zagros, Alborz, Talysh and
Kopeh Dagh mountain ranges, by subduction beneath the central
Caspian sea (Apsheron-Balkan sill), and the Makran, and on N-S
right-lateral fault systems in East Iran—see Fig. 1(b). These areas
surround the relatively aseismic Central Iran (CI), South Caspian
(SC) and Lut desert (L) regions, which contribute little to the re-
gional shortening and probably behave as relatively rigid blocks
(Jackson & McKenzie 1984). West of 57°E, the Zagros accommo-
dates about half of the northward motion of Arabia (e.g. Tatar et al.
2002), with the Alborz and central Caspian sea taking up the rest
further north. East of 57°E, about half of the northward motion of
Arabia is accommodated by subduction beneath the Makran, with
the remainder accommodated on various intracontinental moun-
tain belts in East and NE Iran. The low velocity of station ZABO,
which lies east of the Lut block, indicates Afghanistan is part of
stable Eurasia, and no extrusion of continental material occurs to
the east. Shortening north of the Zagros requires N—S right-lateral
strike-slip faulting between Central Iran and stable Afghanistan.
This is observed in the N-S right-lateral fault systems either side
of the Lut desert, in east Iran (e.g. Walker & Jackson 2002, 2004).
Therefore, shortening in Iran is accommodated primarily by parti-
tioning onto separate thrust and strike-slip systems. The relatively
complicated pattern of faulting is probably due to the influence of
pre-existing structural weaknesses, which have been reactivated in
the Late Cenozoic (Allen et al. 2006).

Detailed GPS studies have been undertaken in the Zagros and
central Alborz (Tatar et al. 2002; Vernant et al. 2004a), which allow a
better understanding of their role in accommodating Arabia—Eurasia
convergence. Although similar studies have not been undertaken in
NE Iran, where shortening is both slower and more distributed, GPS
velocities from coarsely-spaced stations at KASH, SHIR, MSHN
and YAZT allow a general assessment of deformation in NE Iran
(Fig. 1c). These show 6 mm yr~' N-S shortening between Kashmar
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Figure 1. (a) GPS velocities relative to Eurasia record 25 mm yr~! N=S shortening between Arabia—Eurasia, which is accommodated throughout Iran (Masson
et al. 2007). Blue circles highlight the low velocities of GPS stations YAZT and ZABO, which lie along the north and eastern border of Iran. Red dots show
locations of earthquake epicentres (M, > 5.1) across Iran during the period 1964-2004 (Engdahl et al. 1998, 2006). Earthquakes are concentrated in the
Zagros (Z), Talysh (T), Alborz (A) and Kopeh Dagh (KD) mountain belts, the strike-slip fault systems of East Iran (EI), and the Apsheron-Balkan (AB) and
Makran (M) subduction zones, which surround the relatively aseismic Central Iran (CI), Lut desert (L) and South Caspian (SC) blocks. (b) Schematic summary
map showing the present day kinematics of Iran. Red arrows, indicating motions relative to Eurasia, show approximately how N—S shortening is accommodated
across the region. Black lines show the nature of deformation across major fault zones. Yellow arrows indicate the sense of slip for strike-slip faults. Green
arrows indicate the direction of vertical axis block rotations, which play an important role in accommodating Arabia—Eurasia convergence across E and NE
Iran (see Walker & Jackson 2004). (c) Summary topographic map of the NE Iran region. Major cities discussed in the text are shown. Dotted red line shows the
Palaeotethys suture; dotted green line shows the Neotethys suture, which is less well documented for NE Iran (Alavi 1996). Yellow arrows show GPS velocities

for NE Iran, with 95 per cent error ellipses (Masson et al. 2007). Red dots

show locations of recent (mb > 4.8) earthquakes in NE Iran, from Engdahl ez al.

(2006). Turkmenistan and Afghanistan are relatively aseismic, and form the southern margin of Eurasia. The East Alborz has been deflected to the north by
200 =+ 20 km at the longitude of 57°E. For clarity, the various mountain ranges of NE Iran (shown in grey) are labelled on the inset map. The Paropamisus
mountains of NW Afghanistan (Afgh.) are labelled Parop. Blue and red lines show the Atrak and Kashaf rivers, which flow along the Palaeotethys suture zone

and separates the Kopeh Dagh from the Alborz.

(KASH), south of the Kuh-e-Sorkh, and the stable Turkmenistan
(Turan) platform (YAZT), north of the Kopeh Dagh (Eurasian plate).
This motion is accommodated across subparalle]l mountain ranges
in NE Iran: from north to south, these are the Kopeh Dagh, East
Alborz, Sabzevar (Siah Kuh or Joghatay) and Kuh-e-Sorkh ranges
(Fig. 1c inset).

The northern-most range is the NW-trending Kopeh Dagh, which
reaches elevations of 3000 m and forms the northern limit to
Arabia—Eurasia deformation in NE Iran. Shortening across the
Kopeh Dagh is currently accommodated on range-bounding thrust
faults east of 59°E, anticlockwise rotation of right-lateral strike-slip
faults between 57-59°E, and westward extrusion of material along
thrust and strike-slip faults west of 57°E (for further details on the
active tectonics of the Kopeh Dagh, see Tchalenko 1975; Lyberis
& Manby 1999; Hollingsworth ez al. 2006, 2008; Shabanian et al.
2009b, and later discussion in Section 8). The Kopeh Dagh are
separated to the south from the eastern branch of the Alborz moun-
tains (hereafter referred to as the East Alborz) by the relatively
narrow Atrak-Kashaf river valley which follows the Palaeotethys
suture (Fig. 1c inset). A syntaxis occurs in the East Alborz range
between 52 and 60°E, with essentially the same geology outcrop-
ping all along this part of the range (for a summary geological map
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of the NE Iran region, see Appendix S1), and reaches a maximum
northward deflection of ~200 km (from an assumed original E-W
strike) at the longitude of 57°E (Fig. 1c). Southeast of this syntaxis,
the East Alborz strike NW—SE and the elevation of the range is
comparable with the Kopeh Dagh, reaching 3000 m at the longitude
of Neyshabur between 58.5 and 59.5°E (this section of the range is
known locally as the Binalud mountains, e.g. Alavi 1992), before
dying out to the east near the Afghanistan border. Southwest of the
syntaxis at 57°E, the East Alborz strike NE-SW and decrease in
elevation, with peaks reaching 2000 m near 56°E, before increasing
again to 4000 m in the Central Alborz. The Sabzevar mountains
(also known as the Siah Kuh or Joghatay mountains) lie 80 km
south of the East Alborz, and strike ESE for 200 km between 56.5
and 58.5°E (Fig. 1c inset). The Kuh-e-Sorkh mountains lie 80 km
south of Sabzevar, and strike E-W for 350 km between 57 and
60.5°E. Both the Sabzevar and Kuh-e-Sorkh mountain ranges reach
elevations up to 2800 m high.

2.2 Geology

Due to the importance of the inherited geological structure in NE
Iran dictating the pattern of present-day deformation, we briefly
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summarize the geological evolution of this region from published
studies and our own deductions based on the geological maps of
Huber (1977a,b). The geological history of NE Iran involved a
period of relative quiescence and stable shelf sedimentation during
the Palaeozoic, followed by continental collision during the Meso-
zoic and Cenozoic, which continues today. Collision started in the
Late Triassic and Late Jurassic (Cimmerian Orogeny), when the
Central-and-East Iran microplate collided with Eurasia (northern
Pangea). The collision resulted in the closure of the Palaeotethys
ocean along a suture zone (Palaeotethys Suture Zone; PTS in Fig. 1c)
which runs along the north side of the Alborz and follows the
Atrak-Kashaf valley in NE Iran (Berberian & King 1981; Sengor
1984; Alavi 1996). During the Cretaceous the Central-and-East Iran
block became separated from Eurasia by a newly formed branch of
the Neotethys ocean (Stocklin 1974). During the end of the Creta-
ceous and early Palaeocene, shortening along the northern margin of
Neotethys resulted in the collision of the Central-and-East Iran mi-
croplate with Eurasia, marking the onset of the Alpine-Himalayan
Orogeny, and the formation of an early Alborz mountain chain
(Berberian 1981; Alavi 1996; Guest et al. 2006a). During collision
the narrow band of Neotethys between Central-and-East Iran and
Eurasia was subducted, and ophiolitic material was emplaced across
NE Iran south of the Alborz mountains (e.g. the Sabzevar and Kuh-
e-Sorkh ophiolites, see Appendix S1). Once Central-and-East Iran
was resutured to Eurasia (along the Neotethyan Suture Zone; NTS
in Fig. 1c) subduction of Neotethys shifted to the southern margin
of Central-and-East Iran.

In NE Iran, the East Alborz consist of unmetamorphosed Palaeo-
zoic and Mesozoic deposits; predominantly Jurassic limestone. An
exception occurs in the the Binalud section of the East Alborz
(north of Neyshabur) where Jurassic limestones are absent, and
Palacozoic to Jurassic exposures have been metamorphosed. The
Binalud provide a window into the older Cimmerian structure of
NE Iran, which has been overprinted by later Alpine movements
(Alavi 1992). During the Palacocene, Alborz-derived molasse was
deposited in the South Caspian and Kopeh Dagh sedimentary basins,
north of the range, which may have resembled the present-day Per-
sian Gulf foreland basin south of the Zagros mountains. During the
Eocene (56-34 Ma), widespread volcanism occurred throughout
NE Iran and the Alborz (absent in the South Caspian and Kopeh
Dagh basins), which is thought to record a period of backarc ex-
tension related to the northward subduction along the Zagros su-
ture (Alavi 1996; Vincent et al. 2005; Guest et al. 2006a; Zanchi
et al. 2006). Meanwhile, increased uplift and erosion of the Alborz
occurred during the Oligocene (3423 Ma— Afshar-Harb 1979;
Berberian & King 1981; Alavi 1996), which is reflected by a pulse
in exhumation at 32 Ma recorded by apatite-fission track data from
the west and central Alborz (Rezaeian 2009). The early Oligocene
probably corresponds to the initial stages of Arabia—Eurasia colli-
sion, based on the regional change from extension to convergence,
unconformable deposition of terrestrial sediments across the Al-
borz, and decelerated volcanism across the region (Vincent et al.
2005), although a recent compilation of geological data by Allen &
Armstrong (2008) suggests a slightly later onset at ~35 Ma (Late
Eocene). The onset of collision may have been in response to the
initial opening of the Red Sea between 20 and 30 Ma (Hempton
1987).

Uplift of the Kopeh Dagh basin, north of the East Alborz, oc-
curred sometime after the early-to-middle Oligocene (post 30 Ma,
Berberian & King 1981; Golonka 2004), with an unconformable
change from marine (Eocene Khangiran Formation) to terrestrial
(Miocene? continental red beds; similar to the post-20 Ma Upper

Red Formation of the central Alborz) sedimentation occurring dur-
ing the Oligocene—Early Miocene (34—20 Ma). As the Kopeh Dagh
became uplifted in NE Iran, the South Caspian, north of the west
and central Alborz, remained a sedimentary basin. Therefore, short-
ening was focused in the west and central Alborz (where the range is
both wider and higher than the East Alborz) south of the rigid South
Caspian backstop, while shortening in NE Iran migrated north (dis-
tributed across both the Alborz and Kopeh Dagh) as the Kopeh Dagh
basin was uplifted. Rezanov (1959) recognized a gradual northward
migration of the Kopeh Dagh trough axis towards the Turanian fore-
land during the Mesozoic and Tertiary, based on changes in sedi-
mentary thickness across the region. Therefore, the deflection of the
East Alborz (Fig. 1c) probably began when the Kopeh Dagh basin
began to be uplifted. The Kopeh Dagh range consists of uplifted
Cretaceous limestone and overlying early-Alborz-derived molasse
(e.g. continental red beds of the Palaeocene Pestehleigh Formation).
The rocks are structurally distinct from those of Central Iran, lying
north of the Palaeotethys suture, and are considered part of Eurasia
based on the exposure of Eurasian Palaeozoic rocks in the Agdhar-
band erosional window in the eastern Kopeh Dagh (Stocklin 1968;
Berberian & King 1981; Ruttner 1993; Alavi 1996). Gravity anoma-
lies show that the adjacent flat Turkmenistan plain NE of the Kopeh
Dagh is a filled-in flexural foreland basin (Maggi et al. 2000).

During the Middle to Late Miocene, further pulses in exhuma-
tion occurred in the west and central Alborz. Thermochronology
studies record various ages for these pulses: 16 Ma and 7-8 Ma
for samples spanning the west, central and central-east Alborz
(Rezaeian 2008); 12 Ma for samples from the west Alborz (Guest
et al. 2006b); and 64 Ma for samples from the central Alborz
(Axen et al. 2001). It is thought the region underwent major tec-
tonic reorganization between 15 and 5 Ma, during which full-scale
Arabia—Eurasia continental collision and crustal thickening began
(e.g. 10-14 Ma McQuarrie et al. 2003). The younger event at 5
Ma may correspond to the onset of seafloor spreading in the Red
Sea (Hempton 1987). During the Late Miocene, shortening across
the Kopeh Dagh in NE Iran is thought to have changed from pre-
dominantly folding and thrusting, to westward extrusion and the
onset of subduction of the South Caspian-West Kopeh Dagh block
(Hollingsworth et al. 2008). However, although the Kopeh Dagh
form a seismically active and abrupt northeastern limit to active
deformation in Iran, displaced Quaternary fans along the East Al-
borz, Sabzevar and Kuh-e-Sorkh mountain ranges indicates that
present-day shortening is actually distributed across the entire NE
Iran region. The aim of this paper is to investigate the active tecton-
ics of NE Iran south of the Kopeh Dagh, and also to better quantify
rates of shortening across each of the mountain ranges.

2.3 Seismicity

Unlike the Kopeh Dagh, the East Alborz have experienced no major
destructive earthquakes over the last 150 yr, although three events
for which fault plane solutions could be determined occurred on
1969 January 3 (M, 5.5), 1987 April 10 (M, 5.1) and 2003 July
3 (M, 5.1)—see Fig. 2, and Table 1—for a summary of seismicity
in the Kopeh Dagh, see Hollingsworth et al. (2006). Despite this
relative seismic quiescence in recent times, destructive historical
earthquakes near Neyshabur (1209, 1270, 1389 and 1405) and Es-
farayen (1695) indicate that the East Alborz play an important role
in accommodating regional shortening (Table 1 and Fig. 2). Near
61°E, the East Alborz range dies out along the Iran—Afghanistan
border, before rising again as the E-W Paropamisus mountains of
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Figure 2. (a) Simplified seismotectonic map for the area of NE Iran east of 57°E and south of the Kopeh Dagh (see also Hollingsworth ez al. 2006, 2008).
Thrust faulting occurs along the south side of the East Alborz and Sabzevar ranges, and the north side of the Kuh-e-Sorkh range between 57 and 61°E (shown
by black lines). Minor strike-slip also occurs along the the north side of the East Alborz range. Dotted black lines show older thrust faults (that may or may not
be active) which lie within the East Alborz and Sabzevar mountains, as well as potentially active younger thrust faults in the intervening basin. Red dotted line
highlights an active Neogene fold south of the Kuh-e-Sorkh range. Fault plane solutions for recent large earthquakes (M, > 5.1) are shown in red (from the
Harvard CMT catalogue), and black (Baker 1993). Dates are given for major historical earthquakes which have affected the Esfarayen, Neyshabur, Sabzevar,

Kuh-e-Sorkh and Herat regions.

Northern Afghanistan (Fig. 1c). Despite the dramatic cut off in
recent (post-1964) seismicity along the Iran—Afghanistan border,
three historical earthquakes occurred in the western Paropamisus,
near the city of Herat, in 849, 1102 and 1364 (Ambraseys & Bilham
2003) suggesting some active deformation is accommodated in NW
Afghanistan. The seismicity of the Sabzevar range resembles that of
the East Alborz; no large earthquakes have been recorded during the
instrumental period, although a large earthquake destroyed the city
and surrounding area in 1052 (Ambraseys & Melville 1982; Fattahi
et al. 2006, see Fig. 2). The Kuh-e-Sorkh mountains have experi-
enced many large, but generally less destructive earthquakes over
both historical and recent times (Fig. 2 and Table 1). The majority of
these events occur along the southern margin of the range, and are
probably related to slip on the left-lateral Doruneh fault (e.g. Fattahi
& Walker 2007) and shortening across a prominent E-W fold south
of the range (dashed red line in Fig. 2). In this paper, we use satellite
and field data, and Quaternary dating methods, to identify which
faults in the East Alborz, Sabzevar and Kuh-e-Sorkh ranges ei-
ther slipped in recent earthquakes, or contribute significantly to the
late Cenozoic deformation across this region. We also investigate
how East Alborz deformation continues eastward into Afghanistan,
which is thought to be aseismic, yet displays clear faulting in the
geomorphology and has a record of historical seismicity.

In the following sections, we identify active structures along the
East Alborz range which may have caused large historical earth-
quakes near Neyshabur (Section 3) and both historical and recent
earthquakes near Esfarayen (Section 3). In Section 4, we identify
other active structures along the East Alborz range near Torbat-e-

© 2010 The Authors, GJI
Journal compilation © 2010 RAS

Jam, SE of Neyshabur (Fig. 2), which have not experienced large
historical earthquakes, but appear active based on their geomorphol-
ogy and minor seismicity. We also examine how the deformation
extends eastward into the Paropamisus mountains of Afghanistan.
Finally, in Sections 6 and 7, we briefly discuss the active tectonics
of the Sabzevar and Kuh-e-Sorkh mountain ranges.

3 NEYSHABUR EARTHQUAKES
(1209, 1270, 1389, 1405 AND 1673)

The city of Neyshabur (200 000 pop.) lies on the southern margin of
the Binalud section of the East Alborz mountains (Figs 2 and 3a). It
has been destroyed at least five times by major historical earthquakes
in 1209, 1270, 1389 and 1405 and 1673 (Table 1, see also Berberian
& Yeats 1999). Three large faults occur in the region (Fig. 3a), which
extend 100 km along the south side of the Binalud mountains: the
Binalud and North Neyshabur faults lie at the foot of the range north
of Neyshabur (Section 3.1), and the Neyshabur fault lies within the
valley west of Neyshabur (Section 3.2). Although the historical
reports are not detailed enough to resolve which faults ruptured
during each earthquake, the damage distribution broadly indicates
that the 1209 and 1389 events may have ruptured the southern
Binalud range front east of Neyshabur, and the 1270 and 1405
events west of Neyshabur. Initial results from Quaternary dating of
displaced geomorphic markers are used to better constrain the Late
Quaternary rate of shortening across the North Neyshabur fault
(Section 3.1.2) and Neyshabur fault (Section 3.2.2).




6  J Hollingsworth et al.

Table 1. Significant earthquakes in NE Iran, south of the Kopeh Dagh, over the last 2000 yr.

Date Time Latitude Longitude Approximate Magnitude Source
(local) (°N) (°E) Location
849 - 343 62.2 Herat 53 - - - - 1,2
840.07 - 352 60.4 Torbat-e-Jam 6.5 - - - - 1
1052.06.02 - 36.2 57.7 Sabzevar 7.0 - - - - 1
1102.02.28 pm 34.4 62.2 Herat 53 — - — — 1,2
1209 pm 36.4 58.7 Neyshabur 7.3 - - - - 1,3
1270.10.07 pm 36.2 58.8 Neyshabur 7.1 - - - - 1,3
1336.10.21 am 34.7 59.7 SE Torbat-e-Hey. 7.6 - - - - 1
1364.02.10 - 349 61.7 Herat 5.8 - - - - 1,2
1389.02 am 36.2 58.8 Neyshabur 7.3 - - - - 1,3
1405.11.23 - 36.2 58.8 Neyshabur 7.4 - - - - 1,3
1619.05 - 35.1 58.9 Kashmar 6.5 - - - - 1
1673.07.30 - 36.3 59.3 Mashad 6.6 - - - - 1
1695.05.11 am 36.8 57.0 Esfarayen 7.0 - - - - 1
1851.06 pm 36.8 58.4 Esfarayen/Neyshabur 6.9 - - - - 1,3
1903.09.25 01:20 35.18 58.23 Kashmar 6.1 - - - - 1
1918.03.24 03:24 35.08 60.69 Torbat-e-Jam 59 - - - - 1
1923.05.25 22:21:30 35.19 59.11 Torbat-e-Hey. 5.8 - - - - 1
1940.05.04 21:01:59 35.76 58.53 N Kashmar 6.4 - - - - 1
Time My Depth Strike Dip Rake
(GMT) (Nm™h) (km) ©) ©) ©)

1968.11.15 06:25:39 37.73 59.03 SE Kopeh Dagh 5.4 18 276 69 97 4,5
1969.01.03 03:16:40 37.06 57.82 Esfarayen 5.5 7 132 50 95 4,5
1971.05.26 02:41:46 35.53 58.20 Kashmar 5.6 13 89 26 32 4,5
1972.12.01 11:39:02 35.43 57.92 Kashmar 5.4 8 65 87 -25 4,5
1979.12.09 09:12:04 35.11 56.82 W Kuh-e-Sorkh 5.6 9 325 36 99 4,5
1985.08.16 10:46:50 37.09 59.31 SE Kopeh Dagh 5.5 9 256 80 56 45
1987.04.10 06:43:22 37.17 57.68 Esfarayen 5.1 5 292 45 30 4,6
1994.12.14 20:43:53 35.10 58.61 Kashmar 5.2 15 319 32 144 4,6
1996.02.25a 16:14:12 35.69 56.92 W Kuh-e-Sorkh 5.4 20 82 77 10 4,6
1996.02.25b 17:42:06 35.61 57.01 W Kuh-e-Sorkh 53 30 257 79 05 4,6
2003.07.03 14:59:30 35.41 60.76 Torbat-e-Jam 5.1 15 316 30 109 4,6

Notes: Historical earthquakes are from: (1) Ambraseys & Melville (1982); (2) Ambraseys & Bilham (2003); (3) Berberian & Yeats (1999). Instrumental
earthquakes are from: (4) Engdahl ez al. (2006); (5) Baker (1993) and (6) Harvard CMT (http://www.globalcmt.org/). The determination of Magnitude for
historical earthquakes is based on written accounts of destruction, and consequently they represent poorly constrained estimates. Nevertheless, they are useful
in identifying when significant earthquakes occurred prior to the instrumental period.

The damage distribution for the 1673 event, in which one third
of Neyshabur and one half of Mashad was destroyed, led Berberian
& Yeats (1999) to conclude that this earthquake probably ruptured a
fault on the north side of the Binalud range in the vicinity of Mashad
(Figs 2 and 3). A potential fault which may have ruptured during
this earthquake is the Shandiz fault, which passes 10 km south of
Mashad and strikes NW—SE (Fig. 3). This fault is discussed further
in Section 3.3.

3.1 North Neyshabur fault

3.1.1 Geomorphology

North of Neyshabur city, the North Neyshabur and Binalud faults
run parallel along the Binalud range front for 100 km (Fig. 3a). The
North Neyshabur fault runs along the foot of the mountains, and
has thrust Neogene deposits over the Neyshabur plain, forming a
step in the topography of up to 300 m (Figs 3b—d). The Binalud
fault lies 5 km to the north, and thrusts Jurassic metamorphic rocks
over Neogene deposits. Both faults have relatively sinuous surface
traces, typical of dipping thrust faults, and do not show any clear
strike-slip component. A topographic profile across the range front
is shown in Fig. 3(b). The region of uplifted Neogene rocks between
the Binalud and the North Neyshabur fault forms a characteristic

low step at the foot of the range, which has formed due to the
basinward migration of thrust faulting. Similar examples are seen
along the East Alborz at Esfarayen (Section 4.1) and Torbat-e-
Jam (Section 5.1), as well as the Sabzevar mountains (Section 6,
and elsewhere in Iran (e.g. Berberian et al. 2001; Walker et al.
2003). Basinward fault migration is typical of older continental
thrust systems such as the Alps and Himalayas (Boyer & Elliott
1982; Hilley et al. 2005).

Fig. 4 shows a perspective view of the North Neyshabur and Bi-
nalud faults. As thrust faulting propagated southwards, Quaternary
alluvial fans deposited south of the Binalud fault became uplifted,
causing rivers to incise through them. Consequently, many Quater-
nary fan surfaces now occur across the region of uplifted Neogene
rocks (e.g. Fig. 3d). Similar surfaces are not present north of the
Binalud fault, which may be due either to relative inactivity on
the Binalud fault or removal of the higher fan surfaces by erosion.
However, because the fan surfaces south of the Binalud fault are so
well preserved (i.e. have suffered little erosion), and the dramatic
change in fan preservation coincides exactly with the Binalud fault
trace, we suspect the North Neyshabur fault has accommodated the
majority of regional shortening during the Quaternary. Neverthe-
less, the Binalud fault may still be active, as older bedrock mountain
faults elsewhere in Iran are known to have ruptured in large thrust
earthquakes (e.g. the 2005 Zarand earthquake, Talebian et al. 2006).
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Figure 3. (a) SRTM digital topography of the Neyshabur region. Large historical earthquakes occurred to the west of Neyshabur in 1270 and 1405, and to the
east in 1209 and 1389 (see text for details, and Berberian & Yeats 1999). Active faults are shown as black lines, less active faults are shown by dashed lines. The
Binalud and North Neyshabur faults run parallel along the southern range front, north of the city, and the Neyshabur fault steps south of the range, west of the
city. (b) Profile across the southern Binalud mountains (see yellow line in (a) for location), extracted from SRTM topographic data. Uplifted Neogene deposits
form a low step at the foot of the high topography, bounded by the North Neyshabur (NNF) and Binalud (BF) faults. (¢) False colour Landsat7 satellite image
of the Binalud range front, north of Neyshabur city. The uplifted Neogene deposits form a distinctive ‘yellow” band, between ‘black’ Jurassic shales of the high
Binalud, and ‘purple’ Holocene gravels and ‘green’ cultivated regions of the low Neyshabur plain. Faults are shown as black lines. (d) Field photo looking
north at the range front, from Neyshabur city (see yellow arrow in (c) for view direction). Within the mountains, the older Binalud fault is seen thrusting grey
Jurassic shales over red Neogene conglomerates. Recent uplift on the North Neyshabur fault, which runs along the edge of the topography, has caused river
incision, and the abandonment of alluvial fan surfaces.
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Figure 4. (a) Perspective view (Landsat7 draped over SRTM topography) of the southern Binalud range front, north of Neyshabur (see Fig. 3 for location).
This is a typical view seen along the entire length of the range, and shows a low Neogene step formed by the migration of thrust faulting south of the high
topography. (b) Schematic interpretation of the range front shown in (a). Jurassic shales (purple) are thrust over Neogene conglomerates (yellow) by the
Binalud fault, and the Neogene over the Holocene plain deposits (green) by the North Neyshabur fault. Active river incision (blue lines) has formed a series of
Quaternary terraces and uplifted alluvial fan surfaces (grey), which only occur south of the Binalud fault. This suggests the majority of Quaternary shortening

is accommodated on the North Neyshabur fault.

3.1.2 Quantitative estimates of deformation

To determine the slip rate for a fault, the age, geometry and dis-
placement of a geomorphic feature must be known. The last two
may be determined from field observations, while the age must
be determined using Quaternary dating techniques. At 36°18' N
58°50'E, the North Neyshabur thrust fault is exposed in a river sec-
tion (Figs Sa—d). The fault dips 60° north and forms a 8 m high fault
scarp at the surface (e.g. Figs 5d and f), which vertically offsets a
Quaternary terrace (Fig. 5d). Colluvial deposits (7—8 m thick) in the
footwall probably result from a number of earthquakes. Within the
river section, a yellow sandstone unit is offset by 9 m. This value
could not be measured directly, due to its high location within the
river section, and so was determined from field photos containing
a scale. A 60 x 40 cm sample of this unit was collected from the
river exposure for optically stimulated luminescence (OSL) dating
(the location of this sample, N5, is 36°18.309'N 58°50.270'E, see
Figs 5c and d). A detailed account of the methodology is given
in (Fattahi & Walker 2007). OSL dating measures the time since
the sampled sedimentary material was last exposed to sunlight (as-
sumed to be the time of deposition—see Appendix S2 for further
details). The medium-fine grain size of sample N5 suggests the
material was in transport for longer than the surrounding coarse
gravels. Long transport times are desirable for luminescence dat-
ing, as the samples are more likely to have been exposed to sufficient
sunlight required to excite all the trapped electrons to their origi-
nal positions within the crystal lattice. If this is not the case, and
the sample is not fully reset, the determined age will include an
inherited component and will therefore overestimate the true age of
deposition.

A wide palacodose distribution for 18 subsamples of sample
NS (Fig. Se) indicates the sediment may not have been completely
reset upon deposition. This causes the mean age determination,
55.0 £ 21.3 kyr, to overestimate the real deposition age. One com-
mon solution to this problem is to assume the sample contains a
proportion of fully reset grains amongst a mass of other grains
which have been reset by varying degrees. Therefore, the youngest

age determined from the palaeodose distribution curves will corre-
spond to the grains in the sample which have been fully reset, and
represent the time of deposition. However, even this minimum age
determination method may overestimate the real deposition age as
each subsample is also formed from a mixture of fully reset and par-
tially rest grains. Nevertheless, this minimum age approach yields
a lower age of 24.1 & 1.9 ky from sample N5. Although we suspect
the minimum age determination to more closely reflect the true age
of deposition, we calculate the slip rate on the North Neyshabur fault
using both minimum and mean age determinations (see Table 2).
The fault slip rate determined using the minimum age of sample
N5 is 0.3-0.4 mm yr~!. This value represents a minimum estimate,
because the fault has displaced younger overlying sediments by
the same amount (9 m) as the N5 yellow sandstone unit. A more
comprehensive dating study is required to better constrain the fault
slip rate (which ideally includes multiple dating techniques, more
samples, as well as a test of the stratigraphic succession, e.g. Nissen
et al. 2009).

Although we do not know the age of the river terrace deposits
which have been vertically displaced by 8 m at the surface (above
the N5 sample location, Fig. 5¢), we also calculate a possible slip
rate for the North Neyshabur fault assuming this surface was aban-
doned at 11 £ 2 kybp (Table 2). This assumption is likely to be
valid because: (1) the terrace must have been formed during a wet
period younger than the 24.1 ky age of sample N5; (2) the last
major wet period in NE Iran is thought to have coincided with the
end of the last ice age at ~11 kybp (Regard et al. 2005; Fattahi
et al. 2006, 2007) and (3) this value marks the last regional in-
cision event recognized in NE Iran, based on the 11 £ 2 ky age
of the youngest displaced terrace deposits on the nearby Sabzevar
thrust (Fattahi ef al. 2006) and Doruneh fault (Fattahi et al. 2007),
as determined by OSL dating. Assuming the top terrace is 11 +
2 kyr, the North Neyshabur fault slip rate is still relatively low
(i.e. <1 mmyr).

To estimate the component of horizontal shortening across the
North Neyshabur fault, knowledge of the fault geometry is required
(see Appendix S3 for further discussion). In the river section shown
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Figure 5. (a) Topographic map of the Binalud range front, north of Neyshabur (same location as Fig. 4). Blue line shows a large river, which drains south across
the North Neyshabur fault and exposes it in section. Dashed white line shows the Binalud fault, and the yellow pointers mark the topographic step formed by
the North Neyshabur fault. Orange arrow shows the location of the field photo shown in (c), and the white line shows the topographic profile shown in (f).
(b) Landsat7 satellite image of the region in (a), for comparison. Lithologies are marked, and the North Neyshabur fault is shown in red. Uplifted Quaternary
alluvial fan surfaces are outlined in black. (c) Field photo looking west from 36°15 967 N 58°50.247 E showing the North Neyshabur fault exposed in a river
section. The orange circle shows the location of sample N5 (see text for details). (d) Schematic interpretation of field photo (c). The yellow sandstone deposits
have been displaced 9 m by the North Neyshabur thrust. A similar displacement is seen in the Quaternary terrace at the surface. Thick colluvial deposits
occur in the footwall, south of the fault. The minimum age determination of sample N5 is shown. (e) Palacodose distribution curve for sample N5. The broad
spread of data suggests the sample was not fully reset on deposition. (f) Topographic profile across the fault scarp shown in (d), obtained using kinematic GPS
receivers—see (a) for location. The youngest terrace has been displaced vertically 8 m across the fault.

in Fig. 5(c), the fault dips north at 60°. If this dip is representative of
the fault at depth, the shortening-rate is 0.3-0.5 mm yr~!. However,
if the fault shallows out at depth onto a horizontal décollement,
then the shortening rate on the décollement will equal the fault slip
rate where the fault ramps to the surface, that is, 0.7-1.0 mm yr~!
(see Appendix S3). To determine which shortening rate estimate
is correct for the North Neyshabur fault knowledge is required of
the subsurface structure across the fault, which may be revealed
by seismic reflection experiments. As we lack this information, our
estimate for the shortening rate across this fault incorporates both

© 2010 The Authors, GJI
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rates estimated above as upper and lower bounds, yielding 0.3—
1.0 mm yr~! (Table 2).

3.2 Neyshabur fault

3.2.1 Geomorphology

The Neyshabur fault strikes NW—SE for 50 km along the southern
East Alborz range front, west of Neyshabur city (Figs 6a and b).
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Table 2. Results from optically stimulated luminescence dating for sample
NSS. Fault slip, uplift and shortening rates for the North Neyshabur fault are
calculated using both mean and minimum age determinations, and assuming
a top terrace age of 11 = 2 kyr for a 60° north-dipping fault.

Rate Mean Age Min. Age Top Terrace
(mm yr~1) (55.0 = 21.3kyr) (24.1 £ 1.9kyr) (11 %= 2kyr)
Fault Slip 0.1-0.3 0.3-0.4 0.7-1.0
Uplift? 0.1-0.2 0.3-04 0.6-0.9
Shortening? 0.1 0.2 0.3-0.5

¢ Assuming a 60°-dipping thrust fault.

The fault lies 10 km south of the North Neyshabur fault, and has
thrust Eocene deposits and volcanics over the Neyshabur plain. The
close proximity of this fault to Neyshabur city means it may have
ruptured during the 1209—-1405 earthquake sequence and poses a
significant seismic risk to the city.

The Neyshabur fault is made up of three fault segments (Fig. 6a).
The central segment is 30 km long and shows the greatest uplift,
based on its topographic expression. Two smaller 10 km-long thrust
segments occur either side of this central segment. Their low relief
suggests they are young, and may possibly represent recent lateral
propagation of the fault to the SE and NW. The SE segment of the
Neyshabur fault passes through the village of Shori (Fig. 6a). Recent
uplift of Quaternary river deposits north of the fault has formed a
low ridge 40 m high. South-draining streams have incised where
they cross the structure, and Quaternary gravels steepen along the
southern margin of the fold (Fig. 6b). No exposures of the fault
were found in the river sections crossing the fault, indicating slip on
a blind thrust. The uplifted Quaternary deposits gradually decrease
in height east and west of the structure, eventually merging with
the active Neyshabur flood plain. This localized uplift is therefore
likely to be of tectonic origin rather than a result in a change of the
regional base level.

3.2.2 Quantitative estimates of deformation

Samples from the uplifted Quaternary deposits near Shori were
collected for OSL dating (for locations, see Fig. 7a), to determine
the slip rate for this segment of the Neyshabur fault. Sample N1
(Fig. 7b) was collected from Quaternary gravels in the highest cen-
tral part of the fault segment. Samples N2 and N3 were collected
from the eastern end of the segment, near the village of Sahlabad
(Figs 7f and d, respectively). The vertical displacement across the
fault was measured by kinematic GPS surveys for the N2 (12 m,
see Fig. 7g) and N3 (7 m, see Fig. 7e) sample sites, and extracted
from SRTM digital topography for the N1 sample site (35-45 m,
see Fig. 7¢). Although a lack of exposure prevented a convincing
geological reconstruction across the fault, topographic offsets for
each sample site likely represent the total vertical motion since the
material was uplifted above the depositional Neyshabur plain. We
also assume the regional base level has not significantly changed
over the latest Quaternary, and erosion of the generated topography
has also been minimal during this time. As with sample N5 from
the North Neyshabur fault, the palacodose distributions for N1-N3
were relatively broad, suggesting the samples were not fully reset,
and the minimum age determinations should be used (Figs 7b, d
and f). A fourth sample N4 was collected from a cutting west of the
village of Shori (N36°17.938 E58°38.491, see Fig. 7 for location).
However, the unusually young age determination of 1.4 & 0.8 ky
(average age method) or 100 yr (minimum age method) for this
sample compared with samples N1-N3, suggests it has probably
been affected by agricultural reworking (something we could not
rule out in the field). We therefore omit the results of sample N4
from this discussion.

To estimate the fault slip and shortening rates from the uplift rate,
the dip of the fault must be known. As this segment of the Neyshabur
fault is blind and the dip of the homogenous Quaternary sediments
in the fault hanging wall could not be established, an estimate of
the fault geometry is obtained using an elastic dislocation model to
reproduce the topography created by slip on the fault, following the

Figure 6. (a) Topographic map of the region west of Neyshabur, with faults shown as white lines. White pointers mark a step in topography formed by the
Neyshabur fault. The village of Shori lies at the eastern end of the Neyshabur fault. (b) Field photo showing a view east (from N36° 17.725'N and 58°38.460’ E)
along the eastern Neyshabur fault segment near Shori village. Recent uplift has resulted in the southward tilting of Quaternary conglomerates along the fault

trace.
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Figure 7. (a) Topographic image of the eastern Neyshabur fault segment near Shori, marked by white pointers. Yellow circles show the location of samples
sites: N1, N2, and N3, from which uplifted Quaternary river deposits were collected for OSL dating (location of sample N4, which did not yield a sensible
age, is also shown). White lines show topographic profiles taken across the fault. (b, d and f) Palacodose distributions for samples N1, N2 and N3—see text
for discussion. The units on the x-axis represent the number of seconds of exposure to a known beta source (in this case providing 5 Gy/min) required to
reproduce the natural luminescence signal. The diagrams provide a visual measure of the degree of resetting of the luminescence signal on deposition. (c, e and
g) Topographic profiles across the Neyshabur fault, taken at each sample site. The vertical offset is shown in each case. Profile (c) was extracted from SRTM
digital topography, and profiles (¢) and (g) were measured using kinematic GPS.
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Table 3. Results from optically stimulated luminescence dating for samples
N1, N2 and N3. Fault slip, uplift and shortening rates for the Neyshabur fault
are calculated using both mean and minimum age determinations, and a fault
dip of 60°.

Rate Mean age Minimum age
(mm yr—!) (129.0 + 43.5ky) (82.3 £ 7.0ky)
Fault Slip? 0.2-0.6 0.5-0.7
NI Uplift 0.2-0.5 0.4-0.6
Shortening® 0.1-0.3 0.2-0.3
(56.9 £22.9ky) (35.4 £5.7ky)
Fault Slip? 0.1-0.2 0.2-0.3
N2 Uplift 0.1-0.2 0.2
Shortening? 0.1 0.1
(76.6 + 18.8ky) (59.7 £ 10.3 ky)
Fault Slip? 0.1-0.2 0.2-0.3
N3 Uplift 0.1-0.2 0.2
Shortening? 0.1 0.1

“ Assuming a 60°-dipping thrust fault.

approach of King et al. (1988) and Stein et al. (1988); see Appendix
S4. It is found that the morphology of the Neyshabur fault segment
near Shori is fitted best by a steeply dipping fault (60—80°), and the
small wavelength of the fold suggests a shallow depth of faulting
(1-2 km). This raises the possibility that the Neyshabur fault splays
out from the North Neyshabur fault on a shallow décollement. The
rate at which the fault slips on the horizontal décollement may
be calculated in the same way as for the North Neyshabur fault
(Section 3.1.2), the results of which are shown in Table 3. Since
we cannot rule out the Neyshabur fault cutting the entire crust we
also calculate the rate of horizontal shortening (x) by resolving the
uplift rate (y) onto the fault plane to give the fault slip rate (z), and
then taking the horizontal component of motion. Furthermore, we
can not rule out slip on a décollement which does not ramp to the
surface, i.e. uplift resulting from fault tip folding (e.g. Daéron et al.
2007), since the fault is not exposed along the southern limit of the
Shori fold.

If the décollement occurs at 1.5 km depth (as indicated by our
dislocation model), we can estimate the amount of shortening re-
quired to produce the observed uplift using a simple mass balance
approach (Daéron et al. 2007) shown in Fig. 8; this method yields a
shortening rate of 0.27 mm yr~! and is consistent with the estimates
shown in Table 3.

Slip rates determined using both the mean and minimum age
determinations do not differ dramatically and in all cases are
<1 mm yr~'. However, sample N1 gives slightly older ages than
N2 and N3. This may be due to the location of sample N1 which
comes from the middle of the fault segment, which gets uplifted
above the active flood plain first, whereas samples N2 and N3 come
from the eastern tip of the fault segment, which was uplifted above
the active flood plain more recently (based on a lateral fault growth
model). Therefore, the values obtained using sample N1 are consid-
ered more representative for this segment of the Neyshabur fault,
that is, a horizontal shortening rate of 0.5-0.7 mm yr~! assuming
extrusion of material on a décollement and ramp structure. How-
ever, a more conservative estimate of 0.1-0.7 mm yrfl, which takes
into account all the possible shortening estimates in Table 3 may be
more suitable. These values are similar to the North Neyshabur fault
slip rate calculated in Section 3.1.2 Therefore, the combined rate
of shortening across both of these thrust faults is 0.4—1.7 mm yr~!,
and is likely to represent the Holocene shortening rate across the
entire East Alborz range at the longitude of Neyshabur.

5 km
82.3+7.0 ky
45 m e 2
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1.5 km e Y
<>
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Figure 8. Schematic geological cross section across a décollement which
ramps towards the surface on a steeply dipping (75°) blind thrust between
0.5 km and 1.5 km depth. Over time, slip on the fault results in an asymmetric
fold at the Earth’s surface. The cross sectional area of this fold may be
calculated from a topographic profile, and is approximately 33,100 m?. If
this amount of material has been extruded only by slip above the décollement,
which extends to a depth of 1.5 km, the equivalent amount of shortening on
the décollement required to produce the fold is 22.1 m. If this value represents
the total amount of horizontal shortening since Quaternary deposits in the
crest of the fold were deposited prior to uplift (82.3 & 7.0 ky), the rate of
shortening across the structure is 0.27 mm yr~!. Although this estimate is
poorly constrained, it likely represents a minimum value of shortening as it
ignores any erosion which may have resulted in the redistribution of material
away from the fold.

3.3 Shandiz fault and the 1695 Mashad earthquake

The Shandiz fault strikes NW—SE for 100 km along the north side
of the East Alborz, 10 km southeast of Mashad (Fig. 9a). A large
M6-7 earthquake in 1673 July 30 destroyed two thirds of Mashad
(including the dome over the tomb of Imam Reza), killing ~4000
people (Ambraseys & Melville 1982). The location of this earth-
quake (Fig. 9a), based on historical records of structural damage, is
poorly constrained. However, it may have occurred on the Shandiz
fault, which is the only known large active fault close to Mashad.

Minor vertical displacement occurs across the fault, and the linear
strike of the fault trace across the topography suggests a steeply
dipping fault plane. Right-lateral displacement of a terrace riser
by 5 m, shown in Fig. 9(b), may represent a coseismic rupture
dating from the 1673 earthquake. The geomorphology of this fault
indicates some right-lateral shear is accommodated on the southern
side of the SE Kopeh Dagh.

4 ESFARAYEN EARTHQUAKES 1695,
1969, AND 1987

The city of Esfarayen (130 000 pop.) lies on the south side of the East
Alborz near 57°30'E (Fig. 10). A large (M 7.0) earthquake affected
the region in 1695 May 11, which destroyed several villages in the
valley south of Esfarayen, with casualties ranging from 10 to 100 in
each one (Ambraseys & Melville 1982). Land sliding was reported
in the surrounding mountains, and strong aftershocks continued for
a year. The large number of seismogenic structures in the Esfarayen
region make it difficult to identify which fault ruptured during this
earthquake (Fig. 10).

Two recent earthquakes occurred in the East Alborz mountains
north of Esfarayen on 1969 January 3 (M, 5.5) and 1987 April 10
(M, 5.1). Although these events are relatively small, the resulting
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Figure 9. (a) Landsat7 satellite image of the region south of Mashad (see Fig. 2 for location). The NW—SE Shandiz fault cuts along the edge of the Binalud
mountains (marked by white pointers). Although the fault displaces geology in a lateral way, the sense of motion cannot easily be determined due to the parallel
strike of the geology with the fault. The approximate location of a large earthquake which destroyed Mashad in 1673.07.30 is shown by a yellow star. This
event probably occurred on the Shandiz fault, as it the only large fault in the Mashad area. (b) Ikonos satellite image (©2010 Google, ©2010 GeoEye) of
the region shown by the yellow circle in (a). The Shandiz fault runs across young Quaternary river deposits between the two black arrows. The black circle
highlights an area of this fault, which has offset a stream in a right-lateral sense by 5 m. Inset shows simplified sketch of the offset river in (b). Yellow areas
are low, containing streams which drain north. The regional slope direction is south-to-north. The fault has caused a small reversal in the topography, which is
visible as a small ridge on the north side of the fault. The terrace risers have been offset by 5 m.

fault plane solutions provide information on the style of deforma-
tion across the range. The solution for the larger 1969 event has
been constrained by body waveform modelling, and indicates NE-
directed shortening across the range (see Section 4.1 for further
discussion). The waveforms for the 1987 event were too small to be
modelled in this way, and therefore the Harvard solution is shown in
Fig. 10. Nevertheless, the slip vectors indicate predominantly strike-
slip motion, either right-lateral (across-strike) motion, similar to the
1969 event, or left-lateral (along-strike) motion.

In the Esfarayen region a large number of faults show signs of
activity in the Quaternary geomorphology (Fig. 10). Near Esfarayen
city, the southern margin of the East Alborz mountains is formed by
two large NW-SE thrust faults (the Esfarayen and North Esfarayen
faults—Fig. 11(a), and Section 4.1). To the west, thrust faulting con-
tinues along an E-W striking fault (West Esfarayen fault—Fig. 13,
and Section 4.2). Active left-lateral faults are present on the northern
side of the East Alborz mountains, which are possibly conjugate to
the right-lateral faults of the Central Kopeh Dagh to the north. South
of the East Alborz, two 100-km-long thrust faults splay out from the
range towards the west, forming low parallel ridges across the plain
(the Rivand fault—see Section 4.4; and the Samghan fault—see
Section 4.5).

4.1 Thrust faulting near Esfarayen
The faulting near Esfarayen city closely resembles that of

Neyshabur, showing a migration of thrust faults into the basin.
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The Esfarayen fault lies at the foot of the range and has uplifted a
sequence of Neogene terrestrial deposits, which form a low 300 m
step in the topography (Figs 11a and b). Quaternary activity on
this fault is indicated by a series of uplifted alluvial fan surfaces
which overlie the Neogene deposits (Figs 11c and d). In the east,
an older parallel thrust lies a few kilometres to the north (the North
Esfarayen fault), which has thrust Jurassic limestones over the Neo-
gene deposits. Displaced river terraces and alluvial fan surfaces
are not present north of this fault, indicating that the majority of
Quaternary shortening has occurred on the Esfarayen fault. A small
Quaternary ridge south of the Esfarayen fault may represent another
phase of thrust migration to the south (Fig. 11a). In the west, north
of Esfarayen, the majority of Quaternary shortening has occurred
on the Esfarayen fault and the Sast fault, which lies immediately
south of the North Esfarayen fault.

The 1969 January 3 earthquake occurred approximately 15 km
north of the range front (Fig. 11a), and may have involved rupture of
the north-dipping Esfarayen fault, to which it projects at the surface
(based on the strike: 304°, dip: 40°, rake: 95° and depth: 7 km deter-
mined by body waveform analysis, see Baker 1993, although error in
the location may be up to 15-20 km). The slip vector of this earth-
quake indicates shortening perpendicular to the range, consistent
with the Quaternary geomorphology of the Esfarayen fault, which
shows a significant vertical and negligible lateral displacement.

The western end of the Esfarayen fault steps out from the high to-
pography by 10 km (compared with 2 km further east). Recent activ-
ity on this fault is again indicated by the uplift of Neogene deposits
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Figure 10. Topographic map of the Esfarayen region. Active faults (shown in black) are discussed separately in the text. Large historical earthquakes occurred
in 1695 (M 7) and 1851 (M 6.9). Although the locations are very poorly constrained, they may have ruptured the Samghan and Rivand faults, respectively (see
also Berberian & Yeats 1999). Ambraseys & Melville (1982) locate the 1695 earthquake near 36.8°N 57.0°E, near the Samghan fault. The Harvard CMT fault
plane solution is shown in red for the 1987 earthquake, and the body waveform modelled solution of Baker (1993) is shown in black for the 1969 event (see
also Table 1). In both cases the likely slip vector (south relative to north) is shown by a small black arrow.

by 100 m, which are overlain by Quaternary gravels (Fig. 12b).
Furthermore, fault propagation to the west has resulted in the de-
flection of two large rivers, which drain south from the high East
Alborz, leaving a series of dry valleys within the Neogene and
Quaternary deposits (Figs 12a and d). Between the Esfarayen and
North Esfarayen faults, the Sast fault has further uplifted Neogene
and Quaternary deposits, causing river incision and terrace forma-
tion (Figs 12c and e). As these faults have migrated southwards,
they have become more oblique to the range. This may result from
the evolution and gradual clockwise rotation of the older faults away
from their optimum orientation.

Recent movement on the Esfarayen fault has resulted in the up-
lift and formation of Quaternary terraces and displaced alluvial
fan surfaces, similar in appearance and relative spacing to those
seen at Neyshabur. This suggests that shortening across the East
Alborz mountains near Esfarayen may be of the same order as at
Neyshabur, that is, 1-2 mm yr~', although this estimate is poorly
constrained.

4.2 Thrust faulting west of Esfarayen

West of Esfarayen, the East Alborz range front strikes E-W, and
is bounded by the West Esfarayen thrust fault (Fig. 13). West of
57°E, this fault strikes NW—SE, which is more typical of the range
east of Esfarayen. The fault forms a sharp topographic step along
which Jurassic limestones and shales are thrust over the Esfarayen
plain (Fig. 13a). Uplift north of the fault has caused rivers to in-

cise through Quaternary alluvial fans, draining south from the high
mountains (Fig. 13b). A small left-lateral component is also indi-
cated by en echelon fractures formed where the fault cuts young
alluvial deposits (Fig. 13c¢).

North of the West Esfarayen fault lies the Gerivan fault, which
cuts across the high East Alborz mountains. The fault strikes linearly
across the topography (Fig. 13a), and has produced a small reversal
in slope near Gerivan village (Fig. 14a). Cultivation in the valley
has obscured much of the recent fault geomorphology. Nevertheless,
the restoration of a river 10 km east of Gerivan indicates a possible
~700 m of recent left-lateral motion. Furthermore, the fault strike
and sense of slip (left-lateral with a thrust component, N-side up) are
similar to the fault plane solution for the 1987 earthquake, which
occurred 25 km along strike to the SE (Fig. 10). However, it is
not clear if this earthquake has been mislocated, or if it ruptured
a different structure to the SE. The significance of the left-lateral
Gerivan fault, which lies directly north of the E-W West Esfarayen
thrust, may be that the overall direction of shortening is towards
the NNE or NE, rather than N-S in this region. Nevertheless, the
geomorphology, seismicity and GPS data are not sufficiently clear to
rule out right-lateral slip on this fault, which would imply a regional
NNW shortening direction across this part of the range.

4.3 Left-lateral faulting north of Esfarayen
The northern side of the East Alborz mountains, at the longitude of

Esfarayen, is cut by a series of ENE-WSW left-lateral strike-slip
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Figure 11. (a) Topographic map of the southern Alborz range front near Esfarayen. Three faults occur in the region (shown by white lines): the Esfarayen;
Sast; and North Esfarayen faults. Fault plane solutions for two recent earthquakes are shown (red comes from the Harvard catalogue, and black is a body-wave
modelled solution from Baker 1993). (b) Topographic profile along the range front (see (a) for location), which shows a low Neogene step at the base of the
topography. Esfarayen (EF), Sast (SF), and North Esfarayen (NEF) faults are labelled. (c) Landsat7 satellite image of the range front southeast of Esfarayen.
Faults are shown between the small black arrows at the sides of the image; the Esfarayen fault is also highlighted by yellow pointers. Quaternary shortening
has occurred on the Esfarayen fault, causing river incision, and the uplift and abandonment of alluvial fans. The orange arrow shows the location of field photo
(d). This view is taken from 36°56.78'N 57°38.77'E, looking north at the Alborz range front. The solid white line shows the Esfarayen fault running along the
base of the mountains. Uplifted and incised alluvial fans are clearly visible as flat surfaces overlying dipping Neogene red beds. The older North Esfarayen
fault strikes across the range behind the red Neogene ridge between the black arrows.
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Figure 12. (a) Landsat7 satellite image of the western end of the Esfarayen fault (active faults are shown in black). Blue lines show major rivers draining south of
the Alborz, which have been deflected by the northwest propagation of the Esfarayen fault, leaving a series of dry valleys (heavy white lines). The orange arrow
shows the location of field photo (e). The location of topographic profiles, (b) and (c) are shown in yellow. These profiles are taken across Quaternary fan surfaces
displaced across the Esfarayen fault (EF—100 m) and the Sast fault (SF—50 m), respectively. (d) Quickbird satellite image (©2010 Google, ©2010 DigitalGlobe)
of the western end of the Esfarayen fault (see (a) for location), where uplift has caused the deflection of a river (blue line) to the west, and the abandonment
of its original course which is now a dry valley. (e) Field photo looking north from 37°07.25'N 57°33.75'E at the Sast fault (black line), which has uplifted
Quaternary alluvial fan surfaces to the north. Incision south of the fault is the result of uplift caused by the Esfarayen fault, which lies 5 km to the south.

faults, which strike linearly across the topography from the Atrak
valley (Fig. 10). At least three faults occur, each extending for at
least 20 km from the valley into the high topography. Examples of
displaced geology and geomorphology from each fault are shown in
Fig. 15. The two northern faults (Figs 15a and c) displace Cretaceous
limestone on both sides of the fault, and therefore the total offset is
hard to determine. Nevertheless, the truncation of a small anticline
in Fig. 15(a), and deflected and abandoned drainage in Fig. 15(c),
indicate offset of a few kilometres. The southern fault, known as the
Farhadan fault (Shabanian et al. 2009a) displaces Eocene volcanics
by 4 km, and Quaternary movement has deflected drainage against
the general topographic slope by 1.5 km. Shabanian et al. (2009a)
estimate a slip rate of 1.8 £ 0.4 mm yr~! for this fault based on
the offset of drainage and Pliocene deposits along the fault. Similar
left-lateral faults are present further west along the Atrak valley
near Bojnurd (Hollingsworth et al. 2008).

4.4 South Esfarayen: the Rivand fault

The Rivand fault runs along the southern East Alborz range front for
100 km between Esfarayen and Neyshabur (Fig. 16a). The fault has

uplifted Eocene volcanics and Neogene deposits forming a 200 m-
high ridge, which splays out from the range south of the Esfarayen
fault. Recent activity on this thrust fault is indicated by uplifted
Quaternary surfaces to the north, which lie up to 200 m above the
valley floor (Fig. 16b). Furthermore, river profiles extracted from
SRTM topography (e.g. Fig. 16¢c) show a 20 m step in gradient
across the fault.

Directly south of Esfarayen, a sequence of Neogene sandstone,
marl, conglomerate and volcanic rocks have been uplifted into a
fold, which is truncated on its south side by the western end of the
Rivand fault (Fig. 17a). Recent uplift has resulted in river incision
and the formation of Quaternary terraces across the fold (Fig. 17b).

The geomorphology of the eastern end of the Rivand fault, near
Safiabad also indicates activity in the Quaternary period (Fig. 17¢).
Recent uplift has caused rivers to incise through Eocene marls
and conglomerates (Tatavousian et al. 1993), leaving a series of
Quaternary river terraces and abandoned alluvial fan surfaces north
of the fault (Figs 17c and d).

The low topography generated by the Rivand fault suggests it
is a relatively young tectonic feature. Furthermore, the fault is lo-
cated south of the Esfarayen fault, and splays out from the Alborz
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Figure 13. (a) Topographic map of the Alborz range front west of Esfarayen. A sharp step in the topography, marked by yellow pointers, corresponds to
the West Esfarayen thrust fault. The left-lateral Gerivan fault strikes across the mountainous topography to the north. (b) Quickbird satellite image (©2010
Google, ©2010 DigitalGlobe) of the West Esfarayen fault. A significant shortening component exists on this fault, which has resulted in the uplift and incision
of a series of alluvial fans. (c) Where the fault crosses the youngest fan deposits (i.e. between the two black arrows), en echelon cracks, indicating left-lateral
motion, have formed. Qanat systems run along and across the fractures, tapping the ponded water (see also Jackson 2006).
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Figure 14. (a) Topographic map of the Alborz near Gerivan and Hesar villages (red squares). The Gerivan fault is highlighted by yellow pointers, and runs
along the edge of the high topography in the southern half of the image. The fault has a small vertical component (up to the north), which has resulted in a
small reversal in slope 2 km south of Gerivan village, as shown in the topographic profile (b). The linear strike of the Gerivan fault across the high topography
may also suggest a steeply dipping fault plane typical of strike slip faults. (c and d) Possible left-lateral displacement of a river by ~700 m along the SE end of

the fault (see (a) for location).

mountains. These features suggest the Rivand fault may have formed
during a recent phase of basinward thrust migration away from the
main Alborz range.

4.5 South Esfarayen: the Samghan fault

Shortening in the Late Cenozoic has produced a 100 km-long E-W
arcuate Neogene fold 20 km south of the Rivand fault (Figs 10
and 18). The fold rises 200 m above the surrounding plain, and
has been produced by slip on the north-dipping and predominantly
blind Samghan thrust fault, which projects to the surface along the
southern edge of the fold. Near the village of Samghan, the fault has
produced a small scarp which crosses a series of Quaternary allu-
vial fans uplifting them to the north (Fig. 18b). The Samghan fault
is probably a young tectonic feature, as it only affects Late Ceno-
zoic geology, and has generated little topography. Furthermore, it
is less clearly expressed in the Quaternary geomorphology than
the Esfarayen and North Neyshabur faults to the north. It there-
fore probably accommodates only a small amount of the regional
shortening.

5 ACTIVE SHORTENING IN THE EAST
ALBORZ BETWEEN NEYSHABUR AND
HERAT, AFGHANISTAN

In this section, we combine recent seismicity with remote obser-
vations of the geomorphology to describe the active deformation
of the East Alborz mountains near the city of Torbat-e-Jam (Sec-
tion 5.1), which lies SE east of Neyshabur (Fig. 2). We also investi-
gate whether active deformation continues along-strike to the east,
where three large historical earthquakes damaged the city of Herat
in NW Afghanistan (Section 5.2).

5.1 Torbat-e-Jam

The city of Torbat-e-Jam (60 000 pop.) lies south of the East Al-
borz mountains near the Iran—Afghanistan border (Figs 2 and 19a).

Although no destructive earthquakes have affected this part of the
range in historical or recent times, a relatively small thrust event
on 2003 July 3 (M, 5.1) indicates the range is actively accom-
modating regional shortening. The range front resembles that of
Neyshabur and Esfarayen; a band of Neogene deposits, which have
been uplifted by the Torbat-e-Jam thrust, forms a low step at the
foot of the high topography (Figs 19a and b). A fault (here named
the North Torbat-e-Jam fault) occurs to the north, which has thrust
Jurassic shales and sandstones over the Neogene deposits to the
south (Fig. 19b). Quaternary activity has occurred on the younger
Torbat-e-Jam thrust, which has migrated into the foreland, causing
rivers to incise through the Neogene deposits, and leaving a series of
abandoned alluvial fan surfaces which overly the uplifted Neogene
deposits (Fig. 20).

5.2 Herat

An important question regarding the active tectonics of NE Iran is
whether the accommodation of Arabia—Eurasia shortening at the
present day extends eastwards into Afghanistan. The city of Herat
(350000 pop.) lies 170 km southeast of Torbat-e-Jam, along the
southern side of the Paropamisus mountains, which strike E-W
across northern Afghanistan (Figs 2 and 21a). The Paropamisus
have much in common with the East Alborz; they share a similar
pre-Jurassic structural history (e.g. Sengdr 1987; Golonka 2004;
Natal’in & Sengér 2005), having formed during the Cimmerian
Orogeny when the Helmand block was sutured to Eurasia along the
PTS (see also Section 2.2). The East Alborz also appear topograph-
ically continuous with the Paropamisus, although the topography
decreases significantly in the region between the two ranges, near
the border between Iran and Afghanistan (Fig. 21b). Recent work
by the USGS has gone some way to improving our understanding of
the tectonics and geology of Afghanistan (Doebrich & Wahl 2006;
Ruleman et al. 2007). Nevertheless, the Late Cenozoic tectonics
of NW Afghanistan remain enigmatic, in particular how the small
number of earthquakes relate to active structures, and how these
structures accommodate either India—Eurasia or Arabia—Eurasia
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Figure 15. (a) Interpreted and (b) uninterpreted aster satellite images of the north side of the Alborz showing the northern-most left-lateral strike slip fault in
Fig. 10. A Cretaceous limestone anticline (shown by a yellow dotted line along its southern margin) has been rotated into, and truncated across the fault zone
which runs between the two heavy black arrows. (¢) Interpreted and (d) uninterpreted images showing digital topography of the northern Alborz range front,
SE of the region shown in (a)—see Fig. 10 for location. A strike-slip fault runs between the two black arrows and is visible in SRTM digital topography as
a linear feature in the geomorphology. Two rivers (blue lines) have been deflected against the topographic slope (SW to NE), indicating 1 km of left-lateral
slip during the Quaternary. This offset has also resulted in the beheading of a river, shown in red, across the fault. (e) Interpreted and (f) uninterpreted Aster
satellite images of the southern-most left-lateral strike slip fault, referred to by Shabanian et al. (2009a) as the Farhadan fault (see Fig. 10), which cuts across a
series of Cenozoic volcanics (between the black arrows; black lines show the fault trace). The dotted yellow line shows the boundary between Eocene(?) and
Plio-Quaternary volcanics, which has been offset by up to 4 km. Blue lines show rivers that have been deflected against the overall westward drainage direction,

indicating 1.5 km left-lateral motion.

regional shortening. A number of relatively small historical earth-
quakes have affected Herat city (849, 1102, and 1364—see Table 1,
Fig. 21a, and Ambraseys & Bilham 2003, for further details).
Wellman (1966) first documented the Herat (Harirud) fault,
which is a major active right-lateral fault striking E-W along
the Paropamisus mountains for more than 600 km (see also
Tapponnier ef al. 1981; Ruleman et al. 2007).

GPS velocities located in Iran either side of the western end of
the Herat fault (ZABO and YAZT, see Fig. 1, and Masson et al.
2007), show little present-day shear across the fault zone, although
they cannot accurately resolve slip rates <2 mm yr~!. The ge-
omorphology (Figs 22a and b) and historical seismicity indicate
the Herat fault is an important active right-lateral strike-slip fault
east of Herat city, which could therefore be slipping at a rate of
0-2 mm yr~! without being resolved by existing and limited GPS

© 2010 The Authors, GJI
Journal compilation © 2010 RAS

data. West of Herat, the geomorphological expression of right-
lateral strike-slip faulting becomes far less pronounced, although
remnants of uplifted and abandoned fan surfaces along the southern
edge of the mountain range suggests some shortening is accommo-
dated across the range (Fig. 22¢). Nevertheless, the morphology of
the range front contrasts with that of Torbat-e-Jam only 40 km to the
NW (Fig. 20 appearing less active based on its geomorphological
expression; there is no clear topographic step along the range front
(presumably the thrust fault is blind), there are significantly fewer
and less extensive uplifted and incised alluvial fan surfaces over-
lying Neogene red beds, and the elevations of the range are much
lower (by 800 m, Fig. 21b) than Torbat-e-Jam. Despite a relative
lack of data with which to better constrain the active tectonics of
Western Afghanistan, we suspect N—S shortening along the East
Alborz, which accommodates the collision of Arabia and Eurasia,
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Figure 16. (a) SRTM digital topography of the region south of Esfarayen. The Esfarayen fault is shown by white line. The Rivand fault, which lies 15 km to the
south, forms a low step in the topography, and is shown by white pointers. This step is highlighted by topographic profiles taken across the fault, the locations
of which are shown by yellow lines. Black boxes show the locations of Figs. 17(a) and (c). (b) A Plio-Quaternary surface has been uplifted by the Rivand fault
above the valley floor. (c) A river profile shows a change in gradient where it crosses the fault, indicating at least 20 m vertical offset during the Quaternary.

gradually dies out eastwards in the westernmost Paropamisus of
NW Afghanistan. It is not clear what role the Herat fault plays in
the regional kinematics, although it may be related to the west-
ward motion (extrusion) of Central Afghanistan resulting from the
India—Eurasia collision (Molnar & Tapponnier 1975; Tapponnier
& Molnar 1976; Tapponnier et al. 1981, see Section 8 for more
discussion).

6 ACTIVE TECTONICS OF THE
SABZEVAR MOUNTAINS

Before discussing how regional shortening is distributed across NE
Iran south of the Kopeh Dagh mountains, it is necessary to draw
attention to the Sabzevar range, which lies 50-80 km south of the
East Alborz mountains (Fig. 2). The Sabzevar (or Siah Kuh = ‘black
mountains’) range consists of Cretaceous ophiolitic rocks obducted

during the early stages of the Alpine Orogeny. The 200 km-long
range reaches elevations of up to 2800 m and strikes WNW-ESE
across NE Iran, subparallel to the East Alborz (Figs 2 and 23). A
number of subparallel thrust faults occur on the southern side of the
range, which may have been responsible for a destructive earthquake
in 1052 (Ambraseys & Melville 1982; Fattahi et al. 2006, see also
Table 1).

The active faulting of the Sabzevar range closely resembles that
of the East Alborz near Esfarayen and Neyshabur, again showing
a basinward migration of faulting (Figs 23a and b). The Sabzevar
fault lies at the foot of the range, and has uplifted a band of red
Neogene conglomerates, which form a low step in the topography
(Figs 23c and d). Recent uplift across the Sabzevar fault has caused
rivers to incise through the Neogene deposits, leaving a series of
uplifted Quaternary fan surfaces (Fig. 23d). Using the OSL dating
method, Fattahi ez al. (2006) determined a 11 &£ 2 kyr age for the
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Figure 17. (a) Aster satellite image of the western end of the Rivand fault, which is marked by white pointers. Neogene sandstones, conglomerates, marls and
volcanics have been uplifted by the fault into an E-W trending anticline. Young Quaternary folds occur south of the Rivand fault, and are marked by yellow
pointers. Recent uplift has caused rivers (blue lines) to incise, leaving terraces across the fold. The black box shows the location of image (b), which shows
alluvial fan deposits displaced across the Rivand fault. (c) Aster satellite image of the Rivand fault, marked by yellow pointers, near Safiabad village. Eocene
conglomerates and marls have been uplifted to the north. Active river incision has resulted in the formation of river terraces and uplifted alluvial fans, which
overly the Eocene marls. The orange arrow shows the location of the field photo in (d). This view is taken from 36°45.546 N 57°50.244'E, looking northeast.
Quaternary conglomerates form resistant caps over the soft Eocene marls beneath. See Fig. 16a for locations of Figs. 17a and 17c.

lowest terrace, which had been uplifted by 9.5 &= 1 m by the fault lar to those at Neyshabur (where the uplift rate is also ~1 mm yr~1),
(determined by kinematic GPS profiles), indicating an uplift rate of and Esfarayen. This suggests similar uplift rates for all the range
~1 mm yr~!. The geomorphology of the Sabzevar fault contrasts bounding thrust faults along the East Alborz.

significantly with the North Sabzevar fault, which lies 5-10 km to OSL dating of a river terrace displaced across the Sabzevar
the north and shows little sign of Quaternary activity. Furthermore, fault indicates a Holocene shortening rate of 0.4-0.6 mm yr~!
the heights of abandoned alluvial fan surfaces at Sabzevar are simi- (Fattahi et al. 2006, this assumes the fault cuts the entire crust;
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Figure 19. (a) Topographic image of the East Alborz mountains near Torbat-e-Jam, which lies near the Iran—Afghanistan border (curved white line). Older
thrust faults, within the mountains, are shown by dotted white lines. South of these, the Torbat-e-Jam thrust (marked by white pointers) has produced a low
step in the topography. The fault plane solution for a recent earthquake (2003.07.03) indicates NNE-shortening, perpendicular to the range front (slip vector is
south relative to north and corresponds to slip on the north-dipping plane). Yellow line shows the location of a topographic profile across the range front shown
in (b). A low Neogene step occurs at the base of the high topography, which has been uplifted by the Torbat-e-Jam thrust (TeJ). To the north, Jurassic shales
and sandstones have been thrust over the Neogene deposits at the foot of the range by the North Torbat-e-Jam thrust (NTeJ), also shown by dashed white lines
in (a).

Appendix S3). However, if the Sabzevar thrust forms a shal-
low splay from the North Sabzevar thrust, and extrudes Neogene
material along a décollement which ramps to the surface along
the present day trace of the Sabzevar fault (see Appendix S3),

the horizontal shortening rate could be as much as 1 mm yr!
(i.e. the value given by the fault slip rate). This view is supported
by the relatively uniform 60° northward dip of the uplifted Neogene
deposits along the range front (e.g. Fig. 6d), rather than horizontal
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arrows. (b) Topographic profile across an uplifted Quaternary fan, shown by the yellow line in (a), which has been displaced vertically by 40 m. (c) Aster
satellite image of the region in (a) for comparison. ‘Yellow’ Neogene deposits have been thrust over ‘purple’ Quaternary gravels by the Torbat-e-Jam thrust
(black line). Recent uplift has caused rivers (blue lines) to incise, leaving a series of river terraces and abandoned alluvial fans across the uplifted Neogene

deposits.

bedding which would be expected if the fault did not sole into a
décollement at depth.

7 ACTIVE TECTONICS OF THE
KUH-E-SORKH MOUNTAINS

The Kuh-e-Sorkh mountains lie SE of the Sabzevar range, and
consist of uplifted Eocene volcanics and Cretaceous ophiolitic ma-
terial obducted at the start of the Alpine Orogeny. The range strikes
broadly E-W for over 300 km, reaching elevations of 2800 m along
its central portion, north of Kashmar city (Fig. 24a). Many earth-
quakes have occurred in the Kuh-e-Sorkh region (Fig. 2), which
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are mostly associated with deformation occurring along the south
side of the range. The dominant active tectonic structure of the
Kuh-e-Sorkh is the left-lateral Doruneh fault, which strikes for over
300 km along the southern range front and is one of the most distinc-
tive tectonic features of NE Iran (Walker & Jackson 2004; Fattahi
et al. 2007). It has been suggested the Doruneh fault accommodates
left-lateral shear as a result of the clockwise rotation of rigid blocks
bounding the range to the north and south (Walker & Jackson 2004).
Thrust earthquakes which occur south of the Kuh-e-Sorkh (Fig. 2c)
are related to shortening across a large Neogene fold (Fig. 24a). Al-
though the majority of deformation appears to be concentrated along
the southern part of the range, historical earthquakes are known to
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Figure 21. (a) Topographic map of the Iran—Afghanistan border region. A significant low in elevation occurs between the East Alborz and Paropamisus
mountains near 61°E. Faults are shown in black. Approximate locations, and years, of large historical earthquakes are shown. Solid white line marks the border
between Iran and Afghanistan. (b) SRTM topographic profile between the eastern end of the East Alborz and the western end of the Paropamisus mountains
(see (a) for location of profile). The elevation decreases by 800 m between these two mountain ranges.

have affected the north side of the range near Torbat-e-Jam in 849
(M5-6?) and on 1918 March 24 (M5.9), and north of Kashmar
on 1940 May 4 (M6.4), see Fig. 2. A more recent oblique thrust
earthquake on 1971 May 26 (M, 5.6) occurred in the central Kuh-e-
Sorkh, and may be related to shortening either on the north or south
side of the range (depending on which nodal plane corresponds to
the fault plane). A possible aftershock on the 1972 December 1
(M, 5.4) is located 30 km southwest of the 1971 event, and is re-
lated to left-lateral shear along the south side of the range, either on
the Doruneh or a nearby parallel fault.

The high elevation of the Kuh-e-Sorkh mountains, particularly
along the northern margin, suggests significant N—S shortening is
also accommodated across this range. Figs 24(b)—(d) show exam-
ples from the northern side of the Kuh-e-Sorkh where evidence of
recent uplift on active thrust faults bounding the range front is
visible in the geomorphology. East of Torbat-e-Heydarieh
(Fig. 24a), the Kuh-e-Sorkh range splits into two parallel branches.
Clear expression of the Jangal thrust system in the Quaternary ge-
omorphology, which may have ruptured in a large earthquake on
21st October 1336 (Table 1), suggests significant N—S shortening is
accommodated across the southern branch of the range (Fig. 24a,
for further discussion, see Walker & Jackson 2004). Shortening also
occurs on north-dipping thrust faults bounding the southern mar-
gin of the northern branch. Fig. 24(e) shows a section of the range
front where uplift on an older fault within the mountains (dotted
white line in Fig. 24e) has thrust Palacozoic rocks over Neogene
deposits to the south. Recent migration of faulting to the south has
thrust these Neogene deposits over Holocene flood plain deposits.
Rivers draining southwards across the hangingwall have incised,
leaving a series of uplifted and abandoned alluvial fan surfaces
(Fig. 24e). Therefore, the geomorphology of this section of the Kuh-
e-Sorkh mountains resembles that of the East Alborz and Sabzevar
ranges, where a similar Neogene step is present along the range
front.

8 DISCUSSION

In this section, we summarize the pattern of faulting for the
Kopeh Dagh, East Alborz, Sabzevar and Kuh-e-Sorkh mountains,

and then discuss the active tectonics of this region in relation to
Arabia—Eurasia shortening.

8.1 Pattern of faulting

Shortening across NE Iran north of the East Alborz is accommo-
dated in the Kopeh Dagh mountains. The fault kinematics varies
dramatically along strike of this range (see Hollingsworth et al.
2008, and Fig. 25). East of 59°E shortening occurs by oblique slip on
range-bounding thrust faults. Between 57—59°E anticlockwise rota-
tion of right-lateral strike-slip faults which cut obliquely across the
range appear to accommodate across-strike shortening and along-
strike extension. West of 57°E, N-S shortening is accommodated
by the westward extrusion of the Kopeh Dagh between transpres-
sional fault systems in the East Alborz (Khazaar and Shahrud fault
zone) and Kopeh Dagh-Balkan ranges (Ashkabad fault zone), see
Fig. 25. The westward motion of the West Kopeh Dagh relative to
the East Kopeh Dagh is therefore accommodated by along-strike
elongation within the Central Kopeh Dagh (Hollingsworth et al.
2008).

Shortening south of the Kopeh Dagh is accommodated on active
thrust faults which bound the south side of the East Alborz (east
of 57°E) and Sabzevar ranges, and the north side of the Kuh-e-
Sorkh range. Left- and right-lateral strike slip faults on the north
side of the East Alborz also accommodate some of this shorten-
ing (Fig. 25). Basinward migration of faulting has resulted in a
series of subparallel thrust faults along the various range fronts.
Present day shortening is concentrated on the southernmost and
youngest of these faults, which have uplifted Neogene deposits,
forming a low step along the edge of the topography. River inci-
sion across this zone has resulted in the abandonment of alluvial
fan surfaces, which overlie the uplifted and folded Neogene. Opti-
cally stimulated luminescence dating of displaced Quaternary fan
surfaces on the Neyshabur and North Neyshabur fault, as well as
the Sabzevar thrust to the south, indicate low rates of shortening
(<2 mm yr~') across the East Alborz and Sabzevar mountain
ranges. Similar rates are likely near Esfarayen, based on the correla-
tion of regional terrace heights. Nevertheless, a more comprehensive
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Figure 22. (a) Quickbird satellite image (©2010 Google, ©2010 DigitalGlobe) of the right-lateral Herat fault, which cuts linearly across a series of Quaternary
fans (between the black arrows), deflecting and beheading drainage systems across the fault. (b) Aster satellite image of the Herat fault, which steps south of the
range front (marked by yellow pointers), forming a small pull-apart basin. Quaternary fan deposits have been uplifted and incised (possibly as a result of footwall
uplift), indicating recent activity on the Herat fault. (c) Aster satellite image of the southern East Alborz-Paropamisus range front near the Iran—Afghanistan
border. Miocene terrestrial deposits have been uplifted along the range front, although the absence of a clear fault scarp suggests thrust faulting is blind (the
approximate location of the fault trace at depth is shown by the white pointers). Circular inset shows remnant Quaternary alluvial fan surfaces which became
abandoned as rivers incised in response to uplift. For locations see Fig. 21.
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Figure 24. (a) Topographic map showing the Kuh-e-Sorkh mountain range (see Fig. 2 for location and associated seismicity). Faults are shown by black lines.
Examples of Quaternary uplift on range bounding thrust faults from the northern Kuh-e-Sorkh are shown in (b) to (d). Yellow and white pointers highlight the
locations of active thrusts, which are probably blind in examples (b) and (c). These thrust faults are all south-dipping and recent uplift in the hangingwall has
caused rivers to incise though Quaternary flood plain deposits bounding the range. (e) Example of an active thrust fault from the northern branch of the eastern
Kuh-e-Sorkh. Uplift on a north-dipping thrust fault which runs along the southern margin range has resulted in river incision and the formation of abandoned
Quaternary alluvial fan surfaces. Evidence for the southward migration of thrust faulting is indicated by the formation of a low Neogene step at the foot of the
range (see text for details). Qtn, Quaternary.
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Figure 25. (a) Simplified summary tectonic map of NE Iran modified from (Hollingsworth et al. 2008). Faults are shown in black. Grey areas are various
mountain ranges in NE Iran. Major cities are shown by pale green circles (see abbreviations below). Anticlockwise rotating blocks of the Central Kopeh
Dagh are shown schematically both in the main figure and in the inset (Hollingsworth et al. 2006). Grey arrows and their associated values show approximate
northward velocities across NE Iran, relative to Eurasia, and the red arrow shows the South Caspian Sea relative to Central Iran, based on the GPS data of
(Masson et al. 2007). Orange double-headed arrow indicates the amount of oroclinal bending (assuming an original E-W strike) which has occurred in the
East Alborz range (equivalent to 200 & 20 km N—S shortening). Dotted red line shows the maximum northern extent of the NW Kopeh Dagh-South Caspian
block as it underthusts the Balkan region (Eurasia)—see also Hollingsworth et al. (2008). Fault slip rates in blue (horizontal shortening rates for thrust faults)
are estimates extrapolated from the coarse distribution of GPS velocities across NE Iran (Masson ef al. 2007; Hollingsworth et al. 2008). Shortening rates
in red, at Sabzevar and Neyshabur, have been determined from OSL dating of displaced geomorphology. Slip rates in green are Quaternary estimates from
Shabanian et al. (2009a,b). Green (clockwise) and red (anticlockwise) arrows indicate the direction of rotation of the East Alborz it becomes progressively
deflected away from its original E-W strike. N—S shear across East Iran (blue arrows) is accommodated on the Gowk-Nayband Fault System (GNFS) and
Sistan Suture Zones (SSZ) N-S strike-slip fault systems, shown schematically in this figure. North of these faults, N—S right-lateral shear is accommodated
by clockwise rotation of rigid blocks bounding either side of the Kuh-e-Sorkh. Walker & Jackson (2004) suggest that left-lateral motion occurs between these
blocks as they rotate past each other, which is accommodated by the left-lateral Doruneh fault. The tectonics of the East Alborz range change dramatically from
partitioning of oblique slip west of 57°E, to predominantly thrust faulting east of 57°E. Deformation dies away near the Afghanistan border at 61°E, although
minor present-day right-lateral slip occurs on the Herat fault, which may be related to an anticlockwise rotation of Central Afghanistan. Shortening across the
Kopeh Dagh is accommodated by oblique slip on range-bounding thrust faults east of S9°E, anticlockwise rotation of right-lateral strike-slip faults which cut
obliquely across the range between 57-59°E, and westward extrusion of the West Kopeh Dagh block between transpressional fault systems in the East Alborz
and Kopeh Dagh-Balkan ranges. Abbreviations: T, Tehran; D, Damghan; E, Esfarayen; S, Sabzevar; A, Ashkabad; Q, Quchan; N, Neyshabur; K, Kashmar; M,
Mashad; Tj, Torbat-e-Jam; H, Herat; BF, Baghan fault; QF, Quchan fault; and BjF, Bajgiran fault.

dating program is required to provide a more robust picture of fault
slip rates along the East Alborz range front.

No significant strike-slip component is visible in the Quaternary
geomorphology along the southern East Alborz and Sabzevar range
fronts, indicating NNE-directed shortening occurs perpendicular
to the ranges. This is consistent with the slip vectors of recent
thrust earthquakes in the East Alborz near Esfarayen and Torbat-e-
Jam (Fig. 2). Nevertheless, a small amount of right-lateral motion
is accommodated by the Shandiz fault on the north side of the
Binalud mountains, and may indicate a shortening direction which

is slightly oblique to the range at this longitude. This is consistent
with the N-directed slip vectors of two earthquakes which occurred
in the SE Kopeh Dagh, north of Mashad, on 1968 November 15
and 1985 August 16 (Fig. 2). The northern side of the East Alborz,
west of 58.5°E, is truncated by a series of left-lateral strike-slip
faults, which are conjugate to the right-lateral faults of the Central
Kopeh Dagh, and accommodate along-strike elongation of the range
(Fig. 25).

The elevation of the East Alborz mountains decreases signif-
icantly at the Iran—Afghanistan border, where N-S shortening
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associated with the Arabia—Eurasia collision dies out. The
Paropamisus mountains lie eastward of the East Alborz, and strike
E-W across northern Afghanistan (Fig. 25). A small amount of
active deformation occurs in the Paropamisus on the E-W right-
lateral Herat fault, which runs for >600 km between Herat and
Kabul.

8.2 Kinematics of East Alborz deformation

Velocities of GPS stations across NE Iran indicate an eastward
decrease in N-S shortening across the region from 9 mm yr~! at
SEMN, to 6 mm yr—! at KASH (Fig. 2), and 2 mm yr~! at ZABO
near the Iran—Afghanistan border in East Iran (east of the Lut block,
Fig. 1a).

The Kopeh Dagh mountains accommodate a significant amount
of this motion, by a combination of slip-partitioning in the NW,
thrust faulting in the SE, and anticlockwise block rotation in the
Central Kopeh Dagh (Hollingsworth et al. 2006, 2008)—see Fig. 25.
However, active thrust faulting in the East Alborz, Sabzevar and
Kuh-e-Sorkh mountain ranges indicates that shortening also occurs
south of the Kopeh Dagh. At the longitude of Neyshabur, the East
Alborz range contribute 0.4—1.7 mm yr~! to the regional shortening,
based on a relatively small set of OSL ages for two displaced Qua-
ternary alluvial fans (Fig. 25). This is broadly consistent witha 3 £
2 mm yr~! difference in northward velocity between GPS stations at
Mashad (MSHN) and Kashmar (KASH), which lie north and south
of the range, respectively (Figs 1 and 25, see also Masson et al.
2007). However, this higher GPS shortening estimate also includes
a component of shortening which is accommodated across the Kuh-
e-Sorkh mountains south of the East Alborz, and is likely to be in the
range of 2.3 & 2.3 mm yr~! (this value accounts for the range of GPS
shortening estimates between Kashmar and Mashad minus the OSL
shortening estimates across the East Alborz; see also Fig. 25). Such
a shortening rate is also consistent with the similar 3 km elevations
of the East Alborz and Kuh-e-Sorkh ranges at the longitude of Kash-
mar and Neyshabur (59°E). Further west, the Sabzevar range also
contributes ~1 mm yr~! to the regional shortening. Therefore, of
the 6 mm yr~! N-S shortening which occurs between Kashmar and
Turkmenistan (i.e. stable Eurasia), roughly half is accommodated
in the Kopeh Dagh, and the other half in the various subparallel
mountain ranges to the south (see also Masson et al. 2007). The
current lack of well-resolved dense continuous GPS measurements,
detailed Quaternary dating fault slip rate studies and knowledge of
the geometry of active faults at depth throughout NE Iran prevents
a more accurate and precise strain field from being determined.
Furthermore, although Jackson & McKenzie (1988) and Masson
et al. (2005) found that 50-100 per cent of the deformation in NE
Iran is accommodated seismically, presumably on structures such as
those detailed in this study, a certain amount of shortening must also
be accommodated by distributed aseismic deformation to produce
the folded geology that we see across the region. Although beyond
the scope of this study, future detailed geological cross sections
across all the structures in NE Iran will provide valuable constraints
on the amount of aseismic deformation accommodated across this
region over geological timescales. Present-day slip rates estimated
for the major fault systems across NE Iran, based on the GPS veloc-
ity field (e.g. Hollingsworth et al. 2008) may therefore overestimate
the real rates by as much as 50 per cent. However, due to the rela-
tively low rates of shortening (typically <1 mm yr~!) across these
faults, such an overestimate will not be resolvable within the error
of the determined rates. Despite the broad range of error in the
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rates of deformation presented in this study, they represent the first
attempt at constraining fault slip rates in this region, and under-
standing how these fault systems accommodate regional shortening
resulting from the Arabia—Eurasia collision.

The change in tectonics across the Kopeh Dagh (i.e. extrusion
in the NW, anticlockwise block rotation in the Central, and N-S
shortening in the SE) is also reflected in East Alborz mountains
to the south. West of 57°E, N-S shortening is accommodated by
slip-partitioning onto thrust faults north of the range (Khazaar fault)
and left-lateral faults on the south side of the range (Shahrud fault
system)—see Fig. 25 and Hollingsworth et al. (2008). East of 57°E,
NNE-shortening occurs on thrust faults bounding the south side of
the range, with only minor partitioning onto strike-slip faults on the
north side. It is in this region that the highest elevations of the East
Alborz occur (3 km).

The topography of the East Alborz mountains, seismicity and the
general northward velocity of GPS stations across NE Iran all sig-
nificantly decrease east of Torbat-e-Jam, near the Iran—Afghanistan
border, suggesting that virtually all of the shortening between Ara-
bia and Eurasia has been accommodated in NE Iran, and does
not continue eastwards into Afghanistan. Therefore, an important
structural change must occur in the Iran—Afghanistan border re-
gion (61°E): to the west, deformation in NE Iran accommodates
Arabia—Eurasia collision by shortening predominantly on thrust
faults in the Kopeh Dagh, Alborz, Sabzevar and Kuh-e-Sorkh
ranges; to the east, minor E-W right-lateral shear occurs across
much of northern Afghanistan. It is not clear what the role of the
Herat fault is within the present day kinematics of the region, as
E—W right-lateral slip cannot easily accommodate N—S regional
shortening. Nevertheless, slip on the Herat fault may be associ-
ated with the India—Eurasia collision, with perhaps minor westward
movement of Afghanistan, relative to Eurasia (see also Molnar &
Tapponnier 1975; Tapponnier & Molnar 1976; Tapponnier et al.
1981). However, the presence of the Herat fault might also be ex-
plained by minor anticlockwise rotation of the relatively rigid (and
aseismic) Central Afghanistan block about a vertical axis, relative
to stable Eurasia to the north (Treloar & Izatt 1993). Not only
does the latter explanation avoid the space problems encountered
if Afghanistan extrudes westward into Iran, but it is also consistent
with sparse palacomagnetic data from East Central Afghanistan
(33.25°N E62.12°E) which indicates ~5° anticlockwise rotation
since the Oligo-Eocene (23—-56 Ma) and South Central Afghanistan
(31.55°N E65.49°E) which indicates ~40° anticlockwise rotation
since the Lower Cretaceous (Barremian period; 125-130 Ma—for
further details, see Krumsiek 1976).

The kinematic model for NE Iran presented here builds on the
earlier studies of Jackson et al. (2002) and Hollingsworth et al.
(2008), and incorporates kinematic information on the Kopeh Dagh
from Hollingsworth et al. (2006) and Shabanian et al. (2009a). A
slightly different kinematic model for the this region is presented by
Shabanian et al. (2009b) which does not involve anticlockwise rota-
tion of blocks in the Central Kopeh Dagh, but instead features a sim-
ple translation of material across both the Kopeh Dagh and Alborz-
Binalud ranges. Key observations can be used to argue for each
model, but ultimately we suspect along-strike elongation by block
rotation plays some kind of role in accommodating E-W extension
in the Central Kopeh Dagh, due to the linear range front across the
northern Central Kopeh Dagh (as opposed to an offset range front
predicted by a translation model), as well as anticlockwise rotation
of anticlines visible in satellite images across the Central Kopeh
Dagh, and which is not seen in the Alborz-Binalud (Hollingsworth
et al. 2006). Furthermore, the translation model of Shabanian ef al.
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(2009a) relies on unpublished GPS velocities for NE Iran, which,
in places, appear inconsistent with earlier GPS studies of Vernant
et al. (2004b) and Masson et al. (2007), and new velocities from
the denser network of GPS stations deployed throughout NE Iran
(A. Walpersdorf, personal communication, 2009). For further dis-
cussion on these different models, see Hollingsworth et al. (2009),
and references therein. Nevertheless, future more comprehensive
Quaternary slip rate studies, which make use of multiple dating
methods, and dense continuous GPS velocities, will undoubtedly
shed more light on the kinematics of the NE Iran region and further
refine both the model presented here, and that of Shabanian et al.
(2009b).

The East Alborz curve dramatically across NE Iran, deviating
from their general E-W strike by 200 4+ 20 km near 57°E (esti-
mated from their topographic expression, Fig. 25). If this oroclinal
bending began to accumulate with the uplift of the Kopeh Dagh
foreland basin in the early-to-middle Oligocene (post 30 Ma, see
Section 2.2), and assuming the original strike of the range was E-W,
it may record the total amount of shortening to have occurred across
the East Alborz and Kopeh Dagh in NE Iran since this time (Fig. 26).
Although little is known regarding the initial geometry of the Al-
borz, it might be reasonable to assume an early E-W-trending Alborz
range, since this is consistent with the general E-W strike of the PTS
across north central Iran and the Paropamisus range in Afghanistan
(see Sengor 1987). Also the Talysh, Alborz and East Alborz moun-
tains form a continuous range around the southern side of the South
Caspian block which might have been produced by the rigid Central
Iranian block colliding with and engulfing the smaller rigid South
Caspian block, and the Talysh and East Alborz mountain ranges
progressively wrapping around the Southern Caspian (e.g. Allen
et al. 2003). Furthermore, because >75 km N-S shortening has oc-
curred in the Kopeh Dagh since the East Alborz formed (Lyberis &
Manby 1999; Hollingsworth et al. 2006), if the latter were uplifted
as an arcuate range to begin with then a similar 75 km of short-
ening must have been accommodated in the South Caspian, either
by folding or subduction beneath the Apsheron-Balkan Sill, to bal-
ance the shortening in the Kopeh Dagh. If the total shortening since
Kopeh Dagh uplift is less in the South Caspian compared with the
Kopeh Dagh, then the East Alborz would have been dragged north-
wards during this time. Estimates vary for the onset of subduction
in the South Caspian, ranging from 1.8 Ma (Ritz et al. 2006), 3.4
Ma (Devlin ef al. 1999), 5.5 Ma (Allen et al. 2002) and 10-15 Ma
(Hollingsworth et al. 2008). Nevertheless, if subduction is <5.5 Ma
(the 10-15 Ma estimate of Hollingsworth et al. (2008) is a loosely
constrained upper estimate), and the South Caspian has been mov-
ing NNW during this time at 7 mm yr~!, relative to Eurasia (Masson
et al. 2007; Hollingsworth et al. 2008), then this would account for
less than half of the total N—S shortening observed in the Kopeh
Dagh (i.e. <35 km), therefore implying that the East Alborz must
have been dragged northwards during the Late Cenozoic, or that
significant shortening must have occurred within the South Caspian
block. However, it should be noted that the similar northward ve-
locity of GPS stations (relative to Eurasia) on the north side of the
Central and East Alborz (Masson et al. 2007, Walpersdorf, pers.
comm. 2009) indicate that, at the present day, the East Alborz are
not being dragged northwards. Therefore, if deflection of the East
Alborz has occurred, it is likely to have begun at the beginning of
Kopeh Dagh uplift (post early-to-middle Oligocene, <30 Ma) and
ended sometime in the Mio-Pliocene, presumably when subduction
of the South Caspian began. Despite insufficient data to conclusively
show oroclinal bending of the East Alborz has occurred during the
Late Cenozoic, this new model provides a new and consistent inter-
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Figure 26. (a) Simplified reconstruction of the tectonics of North Iran
in the Early-Middle Oligocene, before uplift of the Kopeh Dagh foreland
basin. At this time the recently uplifted Alborz mountains probably formed
a linear range, striking E-W across the region, south of the South Caspian-
Kopeh Dagh basin to the north. Yellow arrows show schematically the
northward direction of shortening, and the orange circles represent non-
deforming Eurasia. (b) Uplift of the Kopeh Dagh basin to form the Kopeh
Dagh mountains, coupled with continued shortening in the West and Central
Alborz, south of the rigid South Caspian backstop, resulted in the northward
deflection of the East Alborz in NE Iran. The onset of strike slip faulting
in the East Alborz (left-lateral west of 57°E, right-lateral east of 57°E)
was probably contemporaneous with deflection of the range. (c) Eventually
shortening across the W Kopeh Dagh mountains began to be accommodated
by the westward extrusion of the West Kopeh Dagh-South Caspian block, and
the northward subduction of the South Caspian beneath the North Caspian.

pretation for the tectonic evolution of the East Alborz, which bears
further testing.

Revised plate-closure models of McQuarrie et al. (2003) indicate
the rate of Arabia—Eurasia convergence has been almost constant
at 20-24 mm yr~! over the last 20 Ma. Assuming the present-
day GPS velocities across Central Iran have also been constant
over the late Cenozoic, 200 £ 20 km of N-S shortening would be
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accumulated in 30 &= 8 Ma, based on a northward shortening rate of
6-8 mm yr~! at 57°E. This age is consistent with the the geological
estimate for the onset of uplift in the Kopeh Dagh (post 30 Ma)
(e.g. Allen & Armstrong 2008, see also Section 2.2). Nevertheless, a
number of major tectonic events have affected north Iran during this
period, such as rapid exhumation of the West Alborz at 12 Ma (Guest
et al. 2006a), increased subsidence in the NW South Caspian basin
at 5.5 Ma (Allen ez al. 2002), and a possible kinematic change in the
Central Alborz at 1.8 Ma (Ritz et al. 2006). Therefore, it cannot be
assumed that the accommodation of 6-8 mm yr~! N-S shortening
across NE Iran has been constant over this period. Nevertheless, the
East Alborz mountains probably played a more important role in
accommodating Arabia—Eurasia shortening prior to the formation
of the Kopeh Dagh, and the onset of South Caspian subduction
beneath Eurasia (both 12 Ma or younger). The Sabzevar and Kuh-e-
Sorkh mountain ranges both lie south of the deflected East Alborz
range, and yet also accommodate N—S shortening. Therefore, the
total N—S shortening across NE Iran, north of the Doruneh fault,
since the start of Arabia—Eurasia collision at ~30 Ma must exceed
200 £ 20 km.

9 CONCLUSIONS

The most important result of this work has been the identification of
major active thrust faults bounding the south side of the East Alborz
(east of 57°E) and Sabzevar mountains, and the north side of the
Kuh-e-Sorkh mountains in NE Iran, which are responsible for major
historical earthquakes in the region. The contribution of these faults
to regional shortening is small (each range accommodates 1-2 mm
yr~1), with the remainder being accommodated across the Kopeh
Dagh mountains, which form the northern limit of deformation in
NE Iran. Future, more comprehensive Quaternary dating and GPS
investigations coupled with focused studies looking at both the
surface and subsurface structure and palacomagnetic evolution of
the region are essential for testing and further refining our kinematic
model.

Total shortening across the East Alborz and Kopeh Dagh moun-
tains since uplift of the Kopeh Dagh basin may be 200 £ 20 km,
based on the topographic deflection of the East Alborz range,
which at present-day rates of shortening would be accommodated in
~30 Ma, and is in agreement with geological estimates for the onset
of uplift in the Kopeh Dagh in the early-to-middle Oligocene.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Appendix S1. This appendix contains a summary geological map
showing the major units in the NE Iran region (PDF format).
Appendix S2. This appendix describes the methodology behind
optically stimulated luminescence dating (PDF format).

Appendix S3. This appendix outlines the different ways of calcu-
lating horizontal shortening rate across a thrust fault according to
differences in the subsurface geometry of the fault (PDF format).
Appendix S4. This appendix gives the results of an elastic disloca-
tion model, which is used to reproduce the topography created by
slip on the Neyshabur fault. The model is used to better constrain
the subsurface geometry of the fault, which dips to the north by
50-80°, and extends from 1 km to 0.5 km depth beneath the sur-
face. These results suggest slip occurs on a blind thrust ramp which
splays out from the North Neyshabur fault (PDF format).
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