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Abstract Based ona 2 year seismic record from a local network, we characterize the deformation of the
seismogenic crust of the Pamir in the northwestern part of the India-Asia collision zone. We located more
than 6000 upper crustal earthquakes in a regional 3-D velocity model. For 132 of these events, we determined
source mechanisms, mostly through full waveform moment tensor inversion of locally and regionally
recorded seismograms. We also produced a new and comprehensive neotectonic map of the Pamir, which
we relate to the seismic deformation. Along Pamir’s northern margin, where GPS measurements show
significant shortening, we find thrust and dextral strike-slip faulting along west to northwest trending planes,
indicating slip partitioning between northward thrusting and westward extrusion. An active, north-northeast
trending, sinistral transtensional fault system dissects the Pamir’s interior, connecting the lakes Karakul

and Sarez, and extends by distributed faulting into the Hindu Kush of Afghanistan. East of this lineament,
the Pamir moves northward en bloc, showing little seismicity and internal deformation. The western Pamir
exhibits a higher amount of seismic deformation; sinistral strike-slip faulting on northeast trending or
conjugate planes and normal faulting indicate east-west extension and north-south shortening. We explain
this deformation pattern by the gravitational collapse of the western Pamir Plateau margin and the lateral
extrusion of Pamir rocks into the Tajik-Afghan depression, where it causes thin-skinned shortening of

basin sediments above an evaporitic décollement. Superposition of Pamir’s bulk northward movement

and collapse and westward extrusion of its western flank causes the gradual change of surface velocity
orientations from north-northwest to due west observed by GPS geodesy. The distributed shear deformation
of the western Pamir and the activation of the Sarez-Karakul fault system may ultimately be caused by

the northeastward propagation of India’s western transform margin into Asia, thereby linking deformation in
the Pamir all the way to the Chaman fault in the south in Afghanistan.

1. Introduction

Crustal deformation during orogeny is often complex because mountain belts are affected by a variety of
forces and boundary conditions. Tectonic forces from plate convergence cause crustal thickening by
thrusting and folding. Material flow from the orogenic interior to the exterior may be by pure wrenching
(lateral escape) [e.g., Tapponnier et al., 1982], transpression and/or transtension (lateral extrusion) [e.g.,
Ratschbacher et al., 1991], and/or by purely gravitational forces, causing orogenic collapse and crustal
extension [e.g., Dewey, 1988]. Exogenic factors such as climate and its influence, e.g., on erosion, may also
influence deformation [e.g., Pavlis et al., 1997; Beaumont et al., 2001]. In addition, subcrustal processes such as
lithospheric-scale underthrusting, subduction, or delamination [Bird, 1979] may exert stresses on the

upper crust, depending on whether mantle lithosphere and upper crust are coupled [e.g., Flesch et al., 2005;
Copley et al., 2011; Flesch and Bendick, 2012]. Herein, we investigate how the seismogenic crust of the Pamir in
the northwestern part of the India-Asia collisional belt is deforming under its given boundary conditions.

The Pamir occupies an orographic node northwest of Tibet, between the Tarim and Tajik-Afghan basins,
where the Hindu Kush, Karakorum, western Kunlun Shan, and Tian Shan coalesce (Figure 1). It formed north
of the Western Himalayan Syntaxis, on the Asian (retro)continent, and accommodated a higher amount

of Cenozoic crustal shortening over a shorter north-south distance than Tibet [Schmidt et al., 2011; van
Hinsbergen et al., 2011]. Its shape is a northward convex orocline. The Pamir region, including the neighboring
Hindu Kush, is unique in featuring intense intermediate depth (~90-250 km) seismicity in an intracontinental
setting, testifying to vigorous geodynamic processes in the mantle below. These deep earthquakes form
thin inclined planes (Figure 1) [Billington et al., 1977; Pegler and Das, 1998; Sippl et al., 2013a], reminiscent of
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Figure 1. Tectonic overview map of western Central Asia with main neotectonic structures drawn as black lines. Abbreviations
are AF = Andarob fault, BF = Badakhshan fault, CF = Chaman fault, DF = Darvaz fault, HF = Herat fault, KKF = Karakax fault,
KF = Karakorum fault, KYS = Kashgar-Yecheng transfer system, IF = llliac fault, RE = Reshun-Hunza fault system, PTS = Pamir
thrust system, SKF = Sarez-Karakul fault system, SMTS = Sarez-Murghab thrust system, TFF = Talas Ferghana fault, and

TTS =Tanymas thrust system. Regions above 2500 m sea level are shaded. Colored squares show seismic stations used in the
analysis presented here. Networks TI, FH, and TF were temporary deployments between 2008 and 2010; the rest are perma-
nent stations from various networks. The colored contours mark the location and depth of the Pamir-Hindu Kush deep seismic
zone. Box shows the map extent displayed in Figure 3.

Wadati-Benioff zones known from oceanic subduction, and were consequently interpreted as evidence for
continental subduction [e.g., Burtman and Molnar, 1993]. More recent studies, employing seismic imaging from
a local network [Schneider et al., 2013; Sippl et al., 2013b], show that the cold Asian mantle lithosphere under the
Pamir indeed seems to descend, but with only the lower crust attached to it. Shortening due to Pamir’s
northward indentation is currently focused along a thrust system along its northern perimeter, the Pamir thrust
system (Figures 1 and 2), where a significant portion of the total India-Asia convergence at this longitude is
accommodated [Reigber et al., 2001; Mohadjer et al., 2010; Zubovich et al., 2010; Ischuk et al., 2013].

We use a large data set of earthquake locations and source mechanisms from a 2 year seismic deployment to
characterize, together with published GPS measurements and a reassessment of the Cenozoic structures,
the Pamir’s current deformation field (Figures 1-4). Previous seismotectonic studies where either local
[Hamburger et al., 1992; Strecker et al., 1995; Lukk et al., 1995; Arrowsmith and Strecker, 1999] or based on
teleseismic data [Burtman and Molnar, 1993; Fan et al., 1994], which sample only the largest events that do
not provide the spatial resolution necessary to address deformation at the scale of individual faults. In

our analysis of Pamir’s active tectonics, we are particularly interested in how far the surface deformation
pattern coincides with the structures built up over the last ~50 Myr of India-Asia convergence and is coupled
to or caused by the large-scale subcrustal processes.

2. Tectonic Setting

To a first order, the Pamir lithosphere consists of three tectonostratigraphic units, which originated from the
accretion of microcontinents, arcs, and subduction-accretion complexes to Asia during the Paleozoic and
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Figure 2. Seismicity map and cross sections of the Pamir region. Dashed line marks political boundaries. Earthquakes are
marked as circles, color coded differently for crustal (rainbow) and intermediate-depth (gray) seismicity. Intermediate-
depth seismicity is taken from Sippl et al. [2013a]. In latitudinal and longitudinal cross sections the entire seismicity is
projected. The grey histogram bins the number of crustal events per magnitude; and the colored histogram in the lower
right corner counts the number of events in 5 km depth bins. Most crustal seismicity occurs in the upper 15 km of the crust.
Section across the Peter I. range, including possible shallow detachment faulting events, is plotted in upper left corner.
Other cross sections marked on map are shown in Figure 6, of which the map extent is outlined by the large box.

Early Mesozoic [e.g., Burtman and Molnar, 1993; Schwab et al., 2004], dividing the Pamir into the North,
Central, and South Pamir (Figure 1). The Cenozoic Pamir thrust system confines the North Pamir along its
northern, frontal perimeter, overprinting the North Pamir Kunlun suture zone; its southern boundary is the
Tanymas thrust system, reactivating the Tanymas-Jinsha suture zone. The Sarez-Murghab thrust system
separates the Central and South Pamir, reactivating the Rushan-Pshart suture zone.

As the Pamir moved north, it thrusted over what once connected the Tajik-Afghan basin with the Tarim basin
(Figure 1). Today, the last vestige of this vanishing piece of crust is the Alai valley, squeezed between the
North Pamir and the South Tian Shan (Figure 3). The up to 7100 m high Trans Alai range, which bounds the
Alai valley to the south, is the leading edge of the thrust-fold belt of the North Pamir. The Pamir thrust
system currently absorbs most of the Pamir’s convergence with the Tian Shan, which has been quantified
in GPS campaigns [Reigber et al., 2001; Mohadjer et al., 2010; Zubovich et al., 2010; Ischuk et al., 2013] to
~13-15 mm/yr (Figure 4b). This is more than one third of the total convergence between India and Asia at
this longitude (~34 mm/yr) and makes the Pamir thrust system one of the regions with the highest strain rates
in the entire India-Asia collision zone. The sparseness of GPS measurement points, however, does not allow
constraining where and how this strain accumulated across the tens of kilometer-wide swath that contains
the faults and folds of the Pamir thrust system. The leading thrust-fold belt widens west of the Alai valley,
where the Peter I. range (Figures 2 and 3) consists of Tajik-Afghan basin sedimentary rocks wedged between
the Pamir and the Tian Shan. Seismicity indicates deformation of both the sedimentary rocks and the southeast
dipping basement below [Hamburger et al., 1992]. One of the largest historical earthquakes in our study
region, the 1949 M 7.4 Khait earthquake (Figure 3 and 4b), occurred on the Vakhsh thrust system (Figure 3) or
on faults already in the Tian Shan [Leith and Simpson, 1986a; Nikonov, 1988; Evans et al., 2009].
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Figure 3. Cenozoic tectonic map of the Pamir and South Tian Shan; see text for sources of the compiled structures. Neotectonic
structures are in red. Green circles are crustal earthquakes detected between 2008 and 2010. The yellow star marks the epicenter
of the 1949 M 7.4 Khait earthquake in the Vakhsh thrust system. Box shows the map extent displayed in Figure 6.

Strike-slip systems accommodate the Pamir’s northward advance laterally (Figures 1 and 2). To the west, the
sinistral transpressive Darvaz fault zone separates the Pamir from the Tajik-Afghan basin. Currently, shear
between the western Pamir and the Tajik-Afghan basin amounts to ~10 mm/yr measured by GPS [Ischuk et al.,
2013], but the sparseness of GPS points does not allow to constrain its distribution or localization. Trifonov
[1978] reported a Quaternary slip rate of ~13 mm/yr for the Darvaz fault zone from offset features, but

this estimate has significant uncertainty due to the difficulty in dating the features. To the east, where the
Pamir borders the Tarim basin, dextral shear occurs along the Karakorum fault system, which probably links
with the Sarez-Murghab thrust system via the Aksu-Murghab fault zone, and the dextral transpressive
Kashgar-Yecheng fault system (Figures 1 and 2) [Cowgill, 2010]. The latter links shortening in the western
Kunlun Shan and along the Pamir thrust system. Since ~5 Ma [Sobel et al., 2011] and up to now [Zubovich
et al., 2010], the Pamir and the Tarim basin have been moving north at about the same speed, rendering the
transform component mostly inactive [Cowgill, 2010]. These strike-slip systems possibly accumulated

~300 km northward displacement of the Pamir relative to Tibet. The thickened crust of the Pamir may have
accommodated a similar amount of internal shortening [Burtman and Molnar, 1993; Schmidt et al., 2011].

3. Crustal Seismicity and Source Mechanism

We present seismicity recorded between 2008 and 2010 on temporary seismic networks deployed in Tajikistan
and Kyrgyzstan [Haberland et al., 2011; Mechie et al,, 2012] and on supplementary regional permanent stations
(Figure 1). Taking the earthquake catalog of Sippl et al. [2013a] as basis, we extracted the crustal events (depth
<40 km). In addition to their processing, we relocated these events in a new 3-D velocity model [Sipp! et al.,
2013b] that accounts for the large variations of crustal structure and topography encountered in our study area
(e.g., contrast between the Tajik-Afghan depression and the thick Pamir Plateau, Figure S1), allowing better
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Figure 4. (a) The double-couple component of the moment tensors determined in this study plotted on a topographic map.
Color coding is according to faulting type (red = strike slip, yellow = normal, and blue = thrust). Faded colors indicate
mechanisms determined by first-motion polarities, strong colors by waveform modeling. Green-colored mechanisms are a
subset of the thrust type (blue) with one very shallow (<10°) nodal plane, which we interpret as detachment faults. Letters
mark events mentioned in text. (b) Pressure (black) and tension axes (red) from moment tensors and GPS velocity vectors
[Zubovich et al., 2010; Ischuk et al., 2013]. The yellow star marks the epicenter of the 1949 M 7.4 Khait earthquake.

constrained hypocentral depths (Figure S2). We then used the double-difference relocation algorithm
[Waldhauser and Ellsworth, 2000] with the same 3-D velocity model to refine the relative locations. Figure 2
displays epicenters and latitudinal and longitudinal cross sections of 6082 earthquakes with local magnitudes
between 1.1 and 6.7 (see frequency-magnitude distribution in Figure 2). About half of the earthquakes pertain to
the aftershock series of the largest event, the 2008 M,, 6.7 Nura earthquake, at the eastern end of the Alai valley.

The relocation in the 3-D velocity model tightens the depth distribution at shallower level compared to the
original locations based on a 1-D model from Sippl et al. [2013a] (Figure S2). The earthquakes now span
mostly the depth range of the upper 15 km of the crust (e.g., histogram in Figure 2), representing a normal
seismogenic thickness of the brittle crust for the Pamir. Only in the SW and NE corners of our study region, i.e.,
under the Tarim basin and Hindu Kush, earthquakes appear to reach deeper (Figure 2) possibly indicating
thick-skinned deformation of basement rocks under thick sediments. However, these earthquakes are

also outside the footprint of our network, and hence, their depths might not be well constrained.

We derived earthquake source mechanisms in two ways. For 120 events, which were strong enough
(M,, 3.2-6.7) to produce sufficient signal at long periods (>10s), we inverted complete local and regional
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Figure 5. Example for the determination of source parameters for a moderate M,, 4.5 earthquake. If possible, we modeled
(red) complete local and regional long-period waveforms (black, here in the 20-40 s pass band). First number above
each seismogram is event-station azimuth in degrees; second number is event-station distance in km. Displayed wave-
forms are sorted by azimuth, showing how well the mechanism is constraint by amplitude variations on the vertical (2),
radial (R), and transverse (T) components. For some smaller events, which did not show enough signal at long periods but
had good azimuthal station distribution, we mapped the first-motion polarities to obtain the nodal planes (example for the
same event at lower right, filled circles “up,” open circles “down”). DC = double-couple component.

(up to ~800 km epicentral distance) displacement seismograms from the temporary and permanent
broadband stations in the time domain for the deviatoric moment tensor [Schurr and Ndbélek, 1999]. For
these events, the large number of stations at a variety of azimuths and distances constrains the solution
very well (Figure 5). For 12 additional events, which were too small for moment tensor inversion, yet had
good enough coverage in station azimuth and distance to constrain the two nodal planes well, we
determined fault plane solutions from first-motion polarities [Hardebeck and Shearer, 2002] (Figure 5).
Figure 4 visualizes the double-couple source mechanisms and associated P and T axes. Source parameters
are available as Tables S1 and S2 in the supporting information.

4, Cenozoic and Neotectonic Fault and Fold Map

We plotted the epicenters over a new, simplified tectonic map of the Pamir and the South Tian Shan
(Figure 3). The map illustrates the distribution of faults and folds that we interpret to have been active in the
Cenozoic in blue; it highlights neotectonic (Late Cenozoic, mostly active) structures in red. We interpreted the
Cenozoic faults and folds from the classified 1:200,000 geologic maps of the Tajik Soviet Socialist Republic,
their stratigraphic revision on the scale of 1:500,000 [Vlasov et al., 1991], and the 1:850,000 Geological and
Mineral Resource Map of Afghanistan [Doebrich and Wahl, 2006]. We simplified the structures of the Chinese
Pamir from Robinson et al. [2007], Fu et al. [2010], and Li et al. [2012] and those of the Hindu Kush and
Karakorum from Searle and Khan [1996] and Zanchi et al. [2011]. The structures of the southwestern Pamir
(Shakhdara and Alichur domes and their surroundings; Figure 3) were modified from Stiibner et al. [2013a].
We used satellite images, digital elevation models, and fieldwork in the course of nine expeditions to ground
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check the interpretations. The fieldwork results, which scrutinized ~60% of the Tajik Tian Shan and Pamir, the
southern Tian Shan of Kyrgyzstan, and the Wakhan and Badakhshan of Afghanistan, will be reported in
combination with the remote sensing tectonic-geomorphologic analysis in detail elsewhere (see Stiibner
et al. [2013a] for a published example). Whereas the assessment of the Cenozoic age of the Pamir structures
is based on a substantial geothermochronologic database (see Schmidt et al. [2011], Stearns et al. [2013],
and Stiibner et al. [2013b] for published examples), the timing of Cenozoic structures in the Tian Shan is
mostly based on the involvement of Mesozoic and Cenozoic rocks in the deformation. We classified
structures as neotectonic (likely active), when we observed fault scarps, offset geomorphologic features and
unconsolidated fault gouge and cataclasite; Figure 6 illustrates active sinistral-normal fault scarps along the
southern segment of the Sarez-Karakul fault system (Figure 1) ([Strecker et al., 1995] for active deformation
features along its northern segment) and dextral-oblique thrusts along the Sarez-Murghab fault zone.

Cenozoic deformation is spectacularly partitioned spatially. In the South Tian Shan, forethrust and back
thrust prevail; several of the east trending faults have a dextral strike-slip component, and of the northeast
striking faults, in the Alai range northeast of the Alai valley, a sinistral component. The Pamir thrust system
has an active thrust front, the Vakhsh thrust system, that extends into the dextral-reverse lateral ramp of
the llliac fault zone, bounding the thrust-fold belt of the Tajik-Afghan basin in the north (Figure 1). The Vakhsh
thrust system, and its eastward continuation along the southern Alai valley, is a shallow dipping décollement
along Jurassic evaporites; it has detachment folds in the hanging wall. Recent activity along the sinistral
transpressive Darvaz fault zone, exemplified by offset streams, likely extends into the rear of the Pamir thrust
system, where Jurassic to Paleozoic basement rocks are thrust over Cretaceous and Tertiary strata. The
active strands of the Trans Alai range connect via sinistral- and dextral-transpressive conjugate jogs to the
forethrust and back thrust that rim the Tarim basin (Figures 1, 2, and 5).

Cenozoic deformation reemerges south of the rigid North Pamir in the Central Pamir (Figure 3). Normal-shear
detachments, rimming the Central Pamir gneiss domes, from west to east the Yazgulem, Sarez, Muzkol, and
Shatput domes, cut older large displacement nappes [Rutte et al., 2013]. The Tanymas thrust system in the
north, mostly involving back thrusts in its eastern segment, and the Sarez-Murghab thrust system in the
south border these Miocene domes [Schmidt et al., 2011; Stearns et al., 2013; Rutte et al., 2013]. The active
Sarez-Murghab thrust system, traced by unconsolidated fault gouges and cataclasites, and scarps, interacts
with the Aksu-Murghab dextral strike-slip fault zone of the southeastern Pamir [Strecker et al., 1995]. The
active, dextral-transpressive Badakhshan fault zone can be traced from central Badakhshan, Afghanistan,
across the Panj River to the northern margin of the Yazgulem dome.

The South Pamir again shows distinct Cenozoic deformation (Figure 3). The southwestern Pamir of Tajikistan and
Afghanistan features the doubly vergent, composite Shakhdara-Alichur extensional gneiss domes [Stiibner et al,,
2013a, 2013b]; they are separated by a low-strain horst. Top-to-SSE, noncoaxial, pervasive flow over the <4 km
thick South Pamir shear zone exhumed crust from 30 to 40 km depth in the ~250 x 80 km Shakhdara dome; the
top-to-NNE Alichur shear zone exposed upper crustal rocks in the ~125 x 25 km Alichur dome (Figure 3). The
Gunt shear zone bounds the Shakhdara dome in the north and separates a zone of ~ north-south extension (the
Shakhdara dome) in the south from a zone with approximately north-south shortening and dextral strike slip in
the north. The dextral Gunt shear zone is active and connects via distributed shear with the Sarez-Murghab
thrust system. Doming started at ~20 Ma along the Gunt normal-shear zone and the bulk of exhumation
occurred by approximately north-northeastward extrusion of the footwall of the crustal-scale South Pamir
normal-sense shear zone along the southern Shakhdara dome boundary from ~18-15 Ma to ~2 Ma, resulting in
<90 km approximately northwest-southeast extension. The southeastern Pamir features a Tertiary thrust-fold
belt, cut by local active dextral strike-slip faults (Aksu-Murghab fault zone), and the northeastern Pamir,
Kongur Shan, and Tashkorgan normal fault systems in China [Strecker et al., 1995; Robinson et al., 2007].

The active Sarez-Karakul sinistral-normal fault system occupies the meridian axis of the Pamir (Figure 3).
Best expressed between the lakes Karakul and Sarez, it interacts with the Pamir thrust system and stretches
with distributed deformation into the Wakhan of Afghanistan. Across the central and western Shakhdara
dome, it likely connects with approximately NNE trending, active, sinistral faults in the Hindu Kush of
Badakhshan. This sinistral system appears to be cut off from the Chaman strike-slip fault system of
Afghanistan by the northeast trending dextral Andarob and Herat fault zones (Figure 1). One of the most
striking features of Afghan Pamir is the subparallel strike of the active, oppositely slipping Darvaz and
Badakhshan fault zones. This resembles the interaction of the dextral Karakorum and sinistral Karakax fault
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Figure 6. (a) Close-up of the tectonic map in the northwestern quadrant of our study region framed roughly by the Pamir thrust
system in the north, the Sarez-Karakul fault system in the east, and the Vanch-Lake Sarez area in the south. Colored beach
balls are the same as in Figure 4a; grey beach balls are from the global CMT moment tensor project [Dziewonski et al,, 1981;
Ekstrom et al, 2012] for the years between 1976 and 2008. Letters mark events mentioned in text. Green stars mark possible
locations of the 1911 M 7.7 Sarez earthquake based on intensity reports (1: Ambraseys and Bilham [2012], 2 + 3: Bindi et al. [2013],
and the Global Instrumental Earthquake Catalogue-International Seismological Centre global earthquake catalog 4: Storchak
et al.[2013]). Five depth profiles are marked on map and plotted on the right side. (b) Sinistral-normal slip fault scarps along the
active southern strand of the Lake Karakul graben system. (c) Cascade of range front normal faults along the active southern
strand of the Lake Karakul graben system. (d) Pulverized fault gouge in dextral-reverse thrust imbricate in Cretaceous

granite along the likely active Sarez-Murghab thrust system, southern shore of Lake Sarez. (e) Stack of thrusts (granite over
granite and granite over possible Tertiary conglomerate) with ultracataclasite layers, likely active Sarez-Murghab thrust system,
southern shore of Lake Sarez. Numbers 1-4 in Figures 6b-6e locate the photographs in the map of Figure 6a.

systems in northwestern Tibet (Figure 1). The Tirich Mir and Reshun fault systems, with several active
strands, bound the Afghan Hindu Kush and Pamir south of our study area.

5. Results

As with the Cenozoic deformation structures, seismicity in the Pamir is spectacularly partitioned spatially and
occurs along well-defined zones (Figures 2-4 and 6). A band of earthquakes outlines Pamir’s northern
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perimeter, whereas its eastern and western flanks exhibit only sparse and more diffuse seismicity. Active
structures occur in the central and western part of the orogenic interior but do not outline the major
Cenozoic structural grain, namely, the approximately east trending normal and thrust/shear zones. Instead,
the seismicity showcases east-west extension together with north-south shortening, as exemplified by the
Sarez-Karakul fault system, and a near absence of thrust-reverse fault solutions.

5.1. Pamir Margins

At the eastern termination of the Alai valley, where the Pamir collides with the Tian Shan, an elongated cluster
of well over 3000 earthquakes marks the 2008 M,, 6.7 Nura earthquake (a in Figure 4a) and its aftershocks
(Figures 1-3) [Krumbiegel et al., 2011]. These occurred in a region where the Pamir thrust system widens
and merges with the mostly top-to-S thrusts of the Chinese Tian Shan and the mostly top-to NE thrusts of
the northern part of the Chinese Pamir at the western tip of the Tarim basin. In contrast to the mapped thrusts
in the Trans Alai range, the faults in the Tian Shan northeast of the Alai valley are steep, thick-skinned,
northeast striking reverse faults that only locally carry Mesozoic-Cenozoic basin strata in their hanging wall
(e.g., Kichi-Karakol basin just north of the Alai valley); the northeast strike, unusual for the Tian Shan, has been
attributed to counterclockwise rotation in the far field of the Talas-Ferghana fault zone [e.g., Trifonov et al.,
1990; Burtman et al., 1996]. The Nura main shock shows almost pure reverse faulting on an east striking plane,
whereas the aftershocks show both reverse faulting mechanisms similar to the main shock and sinistral
strike-slip faulting along northeast trending planes. The thrust earthquakes of the Nura sequence and
another reverse-type earthquake along the piedmont of the Pamir in the eastern Alai valley dip rather steep
(b in Figures 4a and 6a), 50-70° south, in contrast to the dip of the thrusts at the leading edge of the Pamir
thrust system that root in the subhorizontal décollement along the Jurassic evaporites. The Nura earthquake
cluster thus highlights the active involvement of the sub-Jurassic basement, well known from the interior of
the Pamir thrust system and the Tian Shan. The dips are equal to or steeper than those of the thick-skinned
reverse faults, described by Coutand et al. [2002] in the western Alai valley.

West of the Nura sequence, along the Trans Alai range south of the Alai valley, microseismicity recedes
southward from the leading thrusts (Figure 6). The few thrust earthquakes there occur south of the highest
topography and dip ~30° south. However, the majority of the moment tensors along the Trans Alai exhibit
dextral strike-slip mechanisms on approximately E(SE) trending planes (Figures 4a and 6). This pattern is
confirmed by the centroid moment tensor (CMT) solutions that span 1976-2008 (Figure 6). In fact, the largest
instrumentally recorded earthquake on the Pamir’s central front southwest of the Alai valley had a strike-slip
mechanism, consistent with those determined here (1978 M,, 6.6, Figure 6). A cross section through the
central segment of the Pamir thrust system (PTS) (E in Figure 6) shows a subvertical cluster consistent with the
strike-slip solutions. The epicenters along the southern margin of the eastern half of the Alai valley form a
narrow ESE striking lineament in map view and a very steep south dipping fault in cross section (cross-section
F in Figure 6), which is also in agreement with the strike-slip mechanisms, and corresponds to the numerous
dextral tear faults mapped in this area (Figure 6). This area is also at the eastern margin of a basement
indenter that contains the highest elevations along the Alai range, the Pik Lenin area. The region between
this lineament and the thrust front, however, shows little seismicity despite significant north-south
convergence being postulated across the thrust system for both long and short timescales [Strecker et al.,
1995; Arrowsmith and Strecker, 1999; Zubovich et al., 2010; Ischuk et al., 2013].

Further west, where the Alai valley closes and the Tian Shan and the Pamir collide, the Pamir thrust system
bends southward. Here earthquakes show thrust mechanisms, with strikes following the oroclinal structure
(Figures 3, 4, and 6). The region beneath the Peter I. range is particularly active, with several moderate
earthquakes for which we could determine fault plane solutions. The mechanisms in the frontal part of the
Peter I. range reflect thrusts with a slight dextral component to mostly dextral slip along steep, ENE striking
planes (marked (c) in Figure 4a), following the structural grain. Just behind (south) of these earthquakes,
five mechanisms show thrusting on a subhorizontal plane (dip <10°), with slip vectors pointing WNW to
purely west for the westernmost events (marked (d) in Figure 4a). These earthquakes are very shallow
(uppermost 5 km, Figure 2). Southeast of these, a group of three earthquakes are the only strike-slip
earthquakes that we may affiliate with the Darvaz fault zone (marked (e) in Figure 4a). Further south, only few
earthquakes, too small for focal mechanism determination, testify to activity along the Darvaz fault zone.
The faulting pattern of the Peter I. range seems to indicate dextral-transpressive, range-internal deformation,
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and westward extrusion of the entire wedge above a subhorizontal décollement between the Vakhsh
and Darvaz fault systems. The detachment is likely along the Jurassic evaporites that underlie most of the
Tajik-Afghan depression [Bourgeois et al., 1997; Nikolaev, 2002] and crop out at some of the thrusts in the
Peter . range [Hamburger et al., 1992].

At the western margin, near the city of Kulob, where the mountains merge into the Tajik-Afghan basin, we
observed more earthquakes with mechanisms exhibiting east-west slip on subhorizontal planes (marked
(f) in Figure 4a). We likewise interpret these as movements along the Jurassic décollement. The earthquake
depths of ~10km (Figure 2) agree with the supposed sediment thickness at the eastern margin of the
basin [Nikolaev, 2002]. This region is known for salt tectonics [Leith and Simpson, 1986b], and salt domes
pierce the surface close to where the earthquakes are located. Salt normally behaves ductile and hence
aseismic at the depth and temperature of the supposed décollement. It is possible, however, that due to
diapirism, the salt layer pinches out at places and brings the basement in direct contact with the sediment
stack and therefore causes local stick-slip movement. A similar situation occurs beneath the Kohat basin

in Pakistan [Satyabala et al., 2012]. These earthquakes are valuable because their slip vectors on the
detachment give a direct measurement of displacement of the sedimentary stack above the basement,
unaffected by internal deformation of the sedimentary rocks. Their pure east-west directions indicate a
westward push, and this forcing direction is expressed in the basin’s fold trains of parallel westward convex
arcs, resembling a top-to-west flow. Within the Tajik-Afghan basin, our event detections are few due to

the sparseness of station coverage and the choice of event definition parameters in the detection process
[Sippl et al., 2013a]. The few available mechanisms are variable and show thrusting, strike-slip, and normal
faults. All three normal fault earthquakes are located deeper than 20 km (Figure 2) and hence might be
caused by flexing of the basement due to the load of the Pamir [Schneider et al., 2013].

5.2. Pamir Interior

Within the Pamir, seismicity roughly forms a cross, centered on a strong earthquake cluster just east of Lake
Sarez (Figure 2). The cross-section C in Figure 6 reveals that the cluster has internal structure with several
active zones or faults. This shallow cluster also sits on top of a kink in the deep seismic zone (Figure 2). The
triangular region of the northeastern Pamir that is enclosed by the two eastern legs of the cross is mostly
aseismic, except for some earthquake clusters along the eastern boundary of the Pamir with the Tarim basin.
The northeast leg of the cross comprises a lineament, stretching from the Pamir thrust system in the north,
across Lake Karakul, to the eastern end of Lake Sarez in the south. Source mechanisms of a few small
earthquakes along the lineament are sinistral strike slip. Strecker et al. [1995] mapped its surface morphology
as en echelon, right-stepping, slightly curved escarpments south of Lake Karakul, with sinistral normal faults
also indicated by offset stream channels and fault slip data. Across Lake Karakul, the seismicity bifurcates,
with one leg running along the western shore, the other across its center, where an island and a peninsula
form a horst (Figures 3 and 6) [Strecker et al., 1995; Amidon and Hynek, 2010]. The cross-section D in Figure 6
reveals two faults dipping in opposite directions under Lake Karakul, a shallower one reaching depths of
about 8 km and dipping east and a deeper one spanning 10-20 km and dipping west. The NNE trending
faults can locally be mapped northward, where they interact with the Pamir thrust system. We recorded
the most spectacular morphologic expression of the sinistral-oblique normal faulting along the southern
Sarez-Karakul fault system, separating the Muskol and Sarez gneiss domes, north of the main earthquake
cluster. Here an array of right-stepping, en echelon sinistral-normal fault zones and scarps outline the eastern
range front of the Officer’s Range (Figure 6). The southeast leg of the cross comprises the Aksu-Murghab
and Karasu dextral strike-slip fault zones [Burtman and Molnar, 1993; Strecker et al., 1995], which connect
the dextral Karakorum fault zone with the Sarez-Murghab thrust system (Figures 1 and 3). The seismicity
follows this zone only faintly, but two dextral strike-slip earthquakes at the southeastern end of the
Aksu-Murghab fault zone are in accordance with its presumed kinematics (marked (g) in Figure 4a).

The two western legs of the “seismic cross” are more diffuse seismic belts (Figure 2). In the southwestern
Pamir, seismicity is distributed across the Cenozoic Shakhdara and Alichur gneiss domes. The northwestern
termination of this shallow seismic zone coincides with the trend of the intermediate-depth seismic zone
(Figure 2). Only in the very west, near the Panj and Shakhdara rivers, earthquakes are big enough to
determine their mechanisms. These show sinistral strike-slip deformation on northeast trending (or their
conjugate) planes or normal faulting on roughly north-south striking faults (marked (h) in Figure 4a). The
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faults related to this cluster can be mapped toward south into the Hindu Kush, where they interact

with dextral strike-slip faults that likely form at the eastern tip of the combined Herat-Andarob fault zones
[Stiibner et al., 2013a]. An array of similarly striking faults, with mapable scarps, cuts the Alichur shear zone
along the northern margin of the Alichur dome. Another cluster of seismicity farther south across the
Wakhan corridor comprises two transtensional mechanisms also on northeast trending or conjugate planes
(marked (i) in Figure 4a). This region was quite active during the 1990s, with a series of earthquakes up to
M,, 6.1 with normal to transtensional mechanisms in an east-west extension regime (Figure S3). We mapped
the related, approximately north striking faults from Wakhan across the South Pamir shear zone of the
southern Shakhdara dome. As exhumation along the top-to-SSE normal-slip South Pamir shear zone
terminated at 4-2 Ma [Stiibner et al., 2013b], the current seismicity demonstrates that the deformation field
has recently changed from upper crustal approximately NNE-SSW extension to active approximately east-
west extension and north-south shortening.

In the western Pamir, a band of earthquakes follows the Vanch range between the Vanch and Yazgulem
rivers (profile B in Figure 6) until it turns south around the high mountain massif of the Academy Science
Range to reach Lake Sarez (Figures 2, 3, and 6). The earthquakes form several clusters with the strongest
being at and south of the confluence of the Vanch and Panj rivers (Figures 3 and 6). This cluster contains an
earthquake of M,, 5.3 that caused significant damage in the city of Vanch in January 2010 (marked (j) in
Figure 4a and 6a). Mechanisms range from sinistral strike slip on approximately NNE striking or conjugate
planes to normal faulting on approximately north trending planes. The earthquakes span a depth range
from very shallow to about 10 km depth (profile B in Figure 6). Mapped normal faults occur from north of the
Vanch river southward along the Panj river. These faults appear to define an eastern segment of the
Badakhshan fault zone, which, however, has a dextral slip sense from offset morphologic features and
observation within the fault core in central Badakhshan, Afghanistan. Similar N(N)E trending sinistral strike-
slip or conjugate mechanisms occur along the rest of the seismic band. Their ground observation is hindered
by the strongly glaciated landscape and the difficult access to this remote area.

6. Discussion

Active tectonics of the Pamir is to a first order prescribed by the northward indentation of the complicated
amalgam of the former South Asian margin and the overriding of the basin that once connected the
Tajik-Afghan and Tarim basins. Our snapshot of seismicity reveals a pattern of both focused and distributed
deformation, indicating both block-like and continuous deformation within the same orogen. This behavior
is, as we will show, strongly influenced by Pamir’s crustal boundary conditions. The retrieved pattern of
seismic deformation is in very good agreement with the surface kinematics revealed by space geodesy.

6.1. Deformation Along the Pamir Front

Seismic deformation of the eastern Pamir is focused at the northern margin, i.e., along the Pamir thrust
system. Additional seismicity indicates minor active deformation in the east along the border with the
Tarim basin. Compression axes of the double couples for the Nura earthquake cluster in the eastern part of
the Pamir thrust system point consistently NNW, i.e., parallel to the GPS velocity vectors in the central and
eastern Pamir (Figure 4b). Hence, these earthquakes seem to be an expression of the ~13-15 mm/yr of
shortening that GPS measures across the eastern segment of the Pamir thrust system [Zubovich et al.,
2010; Ischuk et al., 2013]. The 1974 M,, 7.0 Markansu earthquake [Ni, 1978; Jackson et al., 1979; Burtman
and Molnar, 1993; Fan et al., 1994] likewise occurred east of the Alai valley, where the Pamir is colliding with
the Tian Shan, and showed a similar reverse mechanism.

In contrast, seismicity is sparser along the central part of the Pamir thrust system, i.e., south of the Alai valley,
and no significant thrust earthquake occurred there in the last decades, including our recording period
(Figures 4b, 6, and S3). This might either be a sign that the thrust is locked and accumulating elastic strain, as
is postulated for the Main Himalaya Thrust [Ader et al., 2012], or that it is creeping. Scarps and a series of
apparently synchronal rockslides, however, indicate that the frontal thrust is capable of producing large
earthquakes [Nikonov, 1988; Strecker et al., 1995; Arrowsmith and Strecker, 1999]. At right angle to the
~13-15 mm/yr approximately north-south shortening across the Pamir thrust system, there is also a ~5 mm/yr
westward motion measured with GPS [Zubovich et al., 2010, Figure 7] that implies dextral slip along

the approximately east trend of the Pamir thrust system. Our finding of W(NW) trending dextral strike-slip
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Figure 7. Interpretational block diagram showing the stresses (black = a4
and red = a3 directions), type of faulting, and resulting kinematics (green
arrows) of the Pamir. The eastern Pamir is pushed north en bloc, where it
causes shortening at its northern perimeter (PTS = Pamir thrust system).
The western Pamir is also pushed north but at the same time deforms
internally by strike-slip faulting under north-south compression and by
normal faulting producing east-west extension, overall causing westward
extrusion and north-south shortening. The westward extrusion causes
shortening of the Tajik-Afghan basin sediments above an evaporitic
décollement. The observed seismic faulting pattern explains the antic-
lockwise rotation of GPS velocity vectors observed across the Pamir from
east to west. DF = Darvaz fault system; SKF = Sarez-Karakul fault system.

earthquakes south of the leading edge
of the Pamir thrust system might point
to present-day slip partitioning in
frontal thrusting and more internal
lateral escape. Except for the Nura
earthquake and its aftershocks, it
appears that we have observed only
the strike-slip part of the partitioned
system during our observation
period in the Trans Alai range south
of the Alai valley. The seismic
cross-sections E and F in Figure 6
through active strike-slip faults

show that the events are aligned
subvertically over a depth range

of ~2-12 km. Layer thickness above
the Jurassic salt décollement is

only 3.5 km in the eastern and
~5.5km in the western Alai valley
[Vlasov et al., 1991; Coutand et al.,
2002]. Hence, if the faults imaged
here and possibly of the entire Pamir
thrust system root in a common

décollement, it must be below the
Jurassic evaporites.

6.2. Deformation in the Pamir Interior

The lack of both thrusting and significant seismicity in the eastern Pamir’s interior demonstrates that it is
moving northward en bloc; this is in agreement with the GPS data (Figure 4b). We attribute the seismicity
in the Chinese Pamir to the Muji graben and Kongur Shan normal fault zone and farther east, to thrusting
of the Chinese Pamir over the Tarim basin (Figure 3). As our seismic network lacked stations in the Chinese
Pamir for most of the recording time, our catalog for this region may be incomplete, i.e., we might
underestimate the true rate of seismicity there. The Kongur Shan normal fault system has accommodated
>35 km of east-west extension, mostly since ~7 Ma [Brunel et al., 1994; Robinson et al., 2004, 2007; Thiede et al.,
2013]. This extension has been attributed to gravitational collapse or radial spreading [Brunel et al., 1994;
Strecker et al., 1995], thermal and gravitational effects of a lithospheric tear fault [Thiede et al., 2013], or
linked to the extension system in southwestern Tibet via the Karakorum fault zone [Ratschbacher et al., 1994].
Local extension is ongoing, as implied by the divergence of the GPS velocity field between the Pamir’s interior
and Tarim block (Figure 4b), which might simply be attributed to the clockwise rotation of a rigid Tarim
block (Figure 7) [Avouac et al., 1993; Reigber et al., 2001], in agreement with the southward decrease of
extension along the Muji-Kongur Shan graben system [Robinson et al., 2004].

Within the Pamir, the Sarez-Karakul fault system separates the mostly undeformed high plateau of the
eastern Pamir from the seismically active, high-relief, and deeply incised western Pamir. The fault system
accommodates sinistral shear and approximately east-west extension between these two regions (Figures 3
and 6). The Karakul graben shows subdued geomorphic imprint with probably only a few kilometers of
east-west extension [Strecker et al., 1995]. West of the Officer’s Range (Figure 6a), however, the spectacular
sinistral-oblique normal faults with clear surface breaks and major topographic differences (Figures 6b

and 6¢) imply comparably frequent and large neotectonic activity. The Sarez-Karakul fault system can be
traced by an array of distributed and discontinuous faults across Lake Sarez and farther south into the Alichur
and Shakhdara domes. Here the normal and sinistral strike-slip deformation involves much less displacement.

The large M ~7.7 1911 Sarez earthquake blocked the Murghab River by a giant rockfall, creating Earth's
highest dam (Usoi “landslide” dam) and Lake Sarez, still up to 550 m deep [Galitzin, 1915; Jeffreys, 1923;
Schuster and Alford, 2004; Ischuk, 2011]. Based on historic accounts of intensity, Ambraseys and Bilham [2012]
and Bindi et al. [2013] placed the epicenter somewhere at the western end of Lake Sarez (Figure 6). It was
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by far the largest earthquake to have occurred in the Pamir crust in historic time. An earthquake of this
size needs a fault that allows a more or less unimpeded rupture of about 120-170 km length, depending on
the fault type [e.g., Blaser et al., 2010]. The only seismically active structure of this dimension near the
assumed epicenter seems to be the Sarez-Karakul fault system, which also shows a series of neotectonic
structures along its trace. Although the isoseismal contours are more elongated east-west in the Ambraseys
and Bilham [2012] model, they might be biased due to a lack of observations in the central Pamir. This
region was practically uninhabited during winter when the Sarez earthquake occurred. Alternatively, the
Sarez-Murghab thrust system and its eastward connection into the Aksu-Murghab fault zone may have been
the locus of the Sarez earthquake. We observed dextral-oblique thrusts with unconsolidated cataclasite in the
upper Bartang valley west of the Lake Sarez, pulverized fault gouge in imbricated Cretaceous granite
(Figure 6d), and ultracataclasite along faults that stack granite and possibly Tertiary clastic rocks at Lake Sarez
(Figure 6e). A relief with all slopes at the angle of response and with erosion dominated by rockfalls and
landslides prevents easy identification of scarps. We mapped scarps ~50 km east of Lake Sarez along the
westernmost strands of the Aksu-Murghab fault zone, in the accessible part of the upper Murghab River.
Massive rockfalls also accommodate possibly active faults in the core of the Sarez dome north of Lake Sarez.
The current aseismicity of the Sarez-Murghab thrust system may reflect stress relaxation after the large
Sarez earthquake. However, a definite localization of this event must await a reexamination of the existing
historical seismograms and a more detailed mapping of surface scarps, especially in the high-altitude area
south of Lake Sarez (Figure 3).

West of the Sarez-Karakul fault system and in the southwestern Pamir, a high rate of distributed crustal
seismicity implies active deformation. Source mechanisms exhibit mainly sinistral strike-slip faulting on
northeast striking or conjugate planes or normal faulting on north striking planes, indicating north-south
compression and east-west extension (Figures 4b and 6a). The prevalence of strike-slip faults within the Pamir
indicates that o3, the least compressive stress, is horizontal and points east-west (Figures 4b and 7). We
suggest that the Tajik-Afghan basin, with its <10 km of sedimentary rocks above a ductile décollement,
constitutes an essentially open lateral boundary, exerting minimal resistance to westward extrusion of at
least the western Pamir upper crust. Stiibner et al. [2013a, 2013b] suggested a similar scenario of collapse of
the upper ~35 km of crust in the giant Shakhdara dome at the western margin of the Pamir Plateau into
the Tajik-Afghan basin, based on the compatibility in the kinematics and amount of strain (extension in the
gneiss dome and shortening across the basin), timing of extension and shortening (Miocene and Pliocene),
and the likely presence of low viscosity, partially molten crust starting at ~15 km depth beneath the southern
Pamir Plateau [Sippl et al., 2013b; Stearns et al., 2013; Sass et al., 2014; see below]. Our seismic record and
the GPS data show that this process is ongoing and has prograded northward, incorporating the entire
western Pamir, albeit with diminished rates and a change of g; from vertical in the Miocene-Pliocene
(during the formation of the Shakhdara dome) to subhorizontal at present.

Knowledge about active deformation features in the high-relief western Pamir is scarce. Whereas
approximately north trending faults were mapped in the southwestern Pamir (across the Shakhdara and
Alichur domes), we were unable to identify more than a few active features north of the Sarez-Murghab
and west of the Sarez-Karakul fault zones (Figure 3). This may be because the western Pamir Yazgulem
and Academy of Science Ranges contain the highest topography and most widespread glaciation and
thus the most youthful morphology and most difficult accessibility of the entire Pamir. Alternatively

or additionally, the relative low magnitude and distributed nature of crustal seismicity, together with
possible youthfulness of the present-day stress field in this area, may not yet have established its distinct
fault pattern, recognizable as mapable fault arrays. We note, however, that significant numbers of glacier-
filled valleys in the central western Pamir trend NNE (Figure 3), subparallel to the possibly active nodal
planes of our strike-slip solutions. Similarly, Fuchs et al. [2013] argued that active tectonics plays a role in
controlling the Panj, i.e., the trunk river draining the Pamir (Figure 3). Our results at least support that the
NNE flowing segments of the Panj are parallel to the active sinistral-normal faults of the western Pamir.

The southwestern Pamir Shakhdara dome was exhumed under approximately NNW-SSE extension until
4-2 Ma and coevally and in opposition to bulk north-south shortening [Sttibner et al., 2013a, 2013b], i.e., at a
relative high angle to the current approximately east-west tension. The dome also leaves its thermal
imprint as a prominent low-velocity zone at midcrustal level in seismic tomography (Figure S1) [Sippl et al.,
2013b] and magnetotelluric imaging [Sass et al., 2014], corroborating the relatively young exhumation age. If
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we assume that both flow in the ductile crust observed in the Shakhdara dome and brittle fault slip observed
in earthquakes react to the ambient stress regime, this implies a recent rotation of the stress regime. This
rotation might have been induced by the commencing collision of the Pamir with the Tian Shan, which
inhibited further expansion of the Pamir Plateau toward the north. The concurrent occurrence of strike-slip
and normal faulting within the Pamir indicates that the maximum horizontal (north-south) and vertical
compressive stresses are similar in magnitude and hence that the plateau will not be able to sustain much
more thickening. The generally north or northeast trending active faults in the Pamir are not congruent with
the majority of the Cenozoic east-west structures. This is a further indication that the current deformation
regime is young and has not left a strong imprint in the structural grain.

6.3. Westward Extrusion of the Western Pamir Into the Tajik-Afghan Depression

GPS velocity vectors change anticlockwise from NNW in the eastern Pamir to WNW within the Tajik-Afghan
depression (Figure 4b). This rotation may be explained by the superposition of two principal components of
motion that are oriented perpendicular to one another, namely, the bulk northward movement due to the
tectonic forces of the northward push and the westward component driven by the gravitational forces from the
topographic contrast between the ~4 km high plateau and the ~0.5 km high Tajik-Afghan depression. The GPS
measurements are not dense enough to locate where east-west extension in the western Pamir sets in. We
suggest that it is where seismic deformation starts, i.e,, along the Sarez-Karakul fault system (Figure 7).

While westward extrusion of the Pamir might involve the whole crust [England and McKenzie, 1982], its
accommodation in the Tajik-Afghan basin is probably different below and above the detachment level. The
sedimentary rocks are shortened in a thin-skinned mode above a layer of Jurassic evaporite [Nikolaev, 2002]
that decouples them from the underlying basement. The Cenozoic thrusts and folds constitute a series of
westward convex arcs, indicating a westward directed compressional force. The basement beneath the
deforming sediments seems to be downward flexed by the western Pamir, probably without much internal
shortening [Sippl et al., 2013b]. The GPS measurements show that the total amount of the approximately east-
west shortening across the Tajik-Afghan basin roughly equals the total amount of extension across the Pamir
[Ischuk et al., 2013]; hence, no net convergence between the basin and the Pamir is required. The mantle
lithosphere and possibly lower crust beneath the Tajik-Afghan basin, however, dip southeast to east to depths
of at least 250 km beneath the Pamir (Figures 1, 2, and 7), as indicated by the active Wadati-Benioff zone
and lithospheric imaging [Schneider et al., 2013; Sippl et al., 2013a, 2013b]. If there is little or no east-west
convergence below the detachment level, the Pamir slab geometry cannot be explained by subduction
alone but must involve other geodynamic processes, e.g., delamination. While the western Pamir thrusts over
the Tajik-Afghan basin, it is also moving northward relative to the basin at about 10 mm/yr, measured by GPS.
Generally, this shear is attributed to the Darvaz fault, which shows sinistral offset features with the few
dated features confirming a rate in this order of magnitude [Trifonov, 1978].

6.4. Crustal Boundary Conditions Versus Influence of Deep Processes

The Pamir features, quite uniquely, vigorous intermediate-depth seismicity that accompanies a descending
lithospheric plate into the mantle to depth >250 km. It is interesting to see how such a deep-seated process
affects the short timescale deformation of the shallow crust observed in crustal earthquakes and surface
strain from GPS measurements and the longer-term tectonics from Cenozoic structures. The intermediate-
depth seismicity beneath the Pamir forms a tight 90° arc that reaches deepest at its southwestern end,
where it dips steeply east to depths of ~250 km (Figure 2) [Sippl et al., 2013al. Schneider et al. [2013] showed
that these earthquakes occur in an ~11 km thick low-velocity zone that could be traced all the way to the
Moho of the northern Pamir. Together with the results of a local earthquake tomography [Sippl et al., 2013b],
it seems that under the eastern Pamir the cold Asian mantle lithosphere descends together with the

lower crust and a part of the overlying middle crust. At ~90-100 km depth, the middle crust detaches, and
only the lower crust and mantle sink to greater depths, whereas the middle and upper crusts contribute to
crustal thickening. Sobel et al. [2013] attributed the tight curvature of the Pamir slab to rollback of a

curved plate, subducting southward along the Pamir thrust system, while tearing away from the Tarim basin
crust in the east along a northward propagating subduction-transform edge fault [Govers and Wortel, 2005].
In such a scenario, however, the subducted slab should reach deepest in north-south direction, which is
not the case when taking the seismicity as a proxy for the plate. A rollback of an outward propagating
subduction arc should produce north-south and northwest-southeast extension in its upper plate [Heuret and
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Lallemand, 2005]. Although this is in gross agreement with the Cenozoic structures, e.g., the extensional
gneiss domes of the Pamir (Figure 3), it does not reflect the recent stress field observed in the crustal
earthquakes. Alternatively, Sippl et al. [2013a] noted that delamination of mantle lithosphere and lower
crust could produce a similar geometry as observed today. Delamination produces shortening above the
delaminating hinge and extension above the resulting lithospheric gap due to asthenospheric inflow that
heats the crust above [G6giis and Pysklywec, 2008]. However, in the case of the India-Asia collision, the
lithospheric gap is likely quickly closed by the Indian indenter [Sippl! et al., 2013b].

The large-scale tectonic forces and the crustal boundary conditions (Figure 7) may more straightforwardly
explain our observations of the shallow crustal deformation field in the Pamir. Driven by the tectonic

force exerted by the indentation of India, the Pamir moves northward in its entirety, which is largely
accommodated by thrusting along its northern margin and strike-slip faulting along its flanks. The significant
topography created by shortening and uplift of the Pamir (average elevation of the Pamir Plateau is ~4 km)
causes gravitational forces that try to spread and lower the topography. Toward the north, this is blocked
by the collision with the Tian Shan. In the east, the strong, cratonic Tarim crust itself has quite high elevation
of >2km and might also act as a barrier for Pamir crust to spread. Some extension between the Pamir

and Tarim may be caused by Tarim’s clockwise rotation relative to the Pamir (Figure 7). The Tajik-Afghan
depression in the west opens the easiest way for Pamir rocks to extrude and also has the largest topographic
contrast to the Pamir Plateau.

Speculatively, the distinctly different seismicity in the western and eastern Pamir and in particular the
recent development of the Sarez-Karakul fault system and its distributed continuation across the
southwestern Pamir into the Hindu Kush of Afghanistan may have an additional, superregional cause
(Figure 1). It may reflect that the western transform margin at India’s western margin is progressively
propagating northeastward, from the Chaman fault system, displaced by the Andarab and Herat faults
system, overstepping the Tirich Mir and Reshun fault systems, into the Pamir. The Sarez-Karakul fault
system may start to link up, along the sinistral fault systems south of the Talas-Fergana fault, with the
Tian Shan east of the Talas-Fergana system, which, from its bulk orientation to the India-Asia collision,
carries a sinistral strike-slip component [Cobbold and Davy, 1988; Cobbold et al., 1994; Houseman and
England, 1996]. Extrapolating this scenario to the lithospheric scale would also suggest that the sigmoidal
shape of the active intracontinental plate boundary, traced by the depth contours of deep seismicity and
incorporating along-strike slab tears (Figures 1 and 2), merely reflects delamination of Asian lithosphere
and filling of the created space by the northeastward progression of India’s western promontory.

7. Conclusions

We used 2 years of seismicity data and earthquake source mechanisms from local seismic networks to
characterize the current crustal deformation of the Pamir and its surroundings. It appears that the Pamir east
of a lineament between lakes Sarez and Karakul moves northward en bloc, with little internal deformation. At
the northern boundary of this trapezoidal region, the Pamir collides with the Tian Shan and high seismicity
along this frontal Pamir thrust system reflects focused shortening. The NNE striking Sarez-Karakul fault
system and its southwestward continuation into the Hindu Kush of Afghanistan by more distributed
deformation indicate sinistral shear and east-west extension between the eastern and the western Pamir.
The western Pamir shows higher seismic deformation rates dominated by sinistral strike-slip faulting on
northeast trending or conjugate planes and normal faulting, indicating overall east-west extension and some
north-south shortening. We explain this deformation pattern by ongoing collapse of the western margin of
the Pamir Plateau and westward extrusion of Pamir rocks into the Tajik-Afghan depression. Here it causes
thin-skinned shortening of Tajik-Afghan basin rocks above a weak evaporitic décollement. Surprisingly, this
westward motion also dominates the central part of the Pamir thrust system at the northern edge of the
Pamir, as indicated by dextral strike-slip faulting along the Trans Alai range despite the significant north-south
shortening predicted by GPS measurements. However, this might be due to the short observation period,
during which only one part of a partitioned slip system is seismically active.

Superposition of Pamir’s bulk northward movement and collapse and westward extrusion of its western
flank causes gradual rotation of surface velocities from NNW to WNW, as observed by GPS measurements.
This pattern can, to the first order, be explained by the local boundary conditions, i.e., the collision of the
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Pamir with the Tian Shan in the north, the rheologically strong Tarim block and its clockwise rotation in the
east, and the Tajik-Afghan basin in the west, with its weak sedimentary rocks above a evaporitic décollement
and a downward flexed and possibly delaminating mantle and lower crust, which represent an open
boundary for the Pamir rocks to extrude. The overall pattern may, however, be driven by the long-term
geodynamic processes along the western edge of the India-Asia collision. It appears that the distinctly
different seismicity in the western and eastern Pamir and in particular the development of the Sarez-Karakul
fault system and its distributed continuation across the southwestern Pamir into the Hindu Kush of
Afghanistan may reflect the continuous propagation of the western transform margin of the orogen toward
northeast. The push and topographic load of India and that of the Asian blocks that were accreted to

India during the northward progradation of the intracontinental deformation may progressively delaminate
Asian lithosphere during its advance with a northward propagating delamination front at the western
margin of the orogen. Thus, two major players, the prograding western edge of the collision and the
ensuing crustal thickness gradient between the orogen and its lateral foreland, may be responsible for the
complex 3-D pattern of the Pamir deformation field. It remains a major challenge to trace this evolution
throughout the ~50 Myr development of the India-Asia collision.
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