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Abstract Seismologic and geologic fault-slip data characterize the active deformation of the
intramontane Tajik basin and its margins, the Tian Shan, Pamir, and Hindu Kush at the northwestern tip of
the India-Asia collision zone. Within this complexly deforming region, the Tajik basin lithosphere forms
the backstop for the north-dipping Indian-slab subduction beneath the Hindu Kush but itself delaminates
and retreats west and northward beneath the Pamir. Herein, we link crustal deformation to these
lithosphere-scale processes, using data from recently deployed seismic networks and geologic observations.
Transpressive strike-slip deformation dominates the bounding fault zones along the basin’s northern and
eastern margins. Seismicity is most intense in the Garm region/Peter I. range of the northeastern basin,
where these bounding faults converge and gain a dominant thrust component. Within the basin, seismically
and geologically derived P axes align with the ~W-trending GPS velocity vectors. Seismicity is concentrated
in and at the base of a southward deepening, ∼9–15-km-thick wedge. Seismic deformation at the basin’s
southern margin occurs beneath the Afghan platform, where deep crustal earthquakes likely trace the
western end of the Hindu Kush subduction zone. Roughly NNE-striking sinistral strike-slip events outline the
Hindu Kush-Pamir transfer system, a zone of distributed shear in the crust overlying the transition of the two
oppositely dipping slabs at subcrustal depths. Our observations suggest that crustal deformation in the
Pamir and Hindu Kush links with lithosphere-scale processes, whereas deformation in the basin is controlled
by the westward gravitational collapse of the Pamir and the resultant basin inversion.

1. Introduction

The intramontane Tajik basin is framed by the Tian Shan to its north and west, the Pamir to its east, and the
Hindu Kush to its south (Figure 1a). These mountain ranges have been reactivated with regionally distinct
deformation styles in response to the ongoing India-Asia collision. The northward push of India built the
northward convex, strongly thickened Pamir orocline (Burtman & Molnar, 1993; Hacker et al., 2017; Mechie
et al., 2012), caused lateral extrusion along strike-slip faults in the Hindu Kush (Rutte et al., 2017;
Tapponnier et al., 1981), and reactivated the Paleozoic Tian Shan (Avouac et al., 1993; Bande et al., 2017;
Käßner et al., 2016). At subcrustal levels, India’s indentation into Asia formed a zone of intermediate-depth
seismicity (Billington et al., 1977; Fan et al., 1994; Kufner et al., 2017; Pegler & Das, 1998; Sippl et al., 2013).
Due to the presence of tomographically imaged high velocity zones at depth, this seismicity has been
attributed to ongoing continental subduction/delamination beneath the Hindu Kush and Pamir (Burtman
& Molnar, 1993; Koulakov & Sobolev, 2006; Kufner et al., 2016; Schneider et al., 2013; Sippl et al., 2013). In
contrast, the Tajik basin’s lithosphere between these mountain ranges was proposed to behave as a relatively
rigid block (van Hinsbergen et al., 2011). Intense crustal seismicity (Burtman & Molnar, 1993; Fan et al., 1994;
Hamburger et al., 1993; Lukk & Yunga, 1988; Nersesov & Popandopulo, 1988), including seven shallow
magnitude 7+ earthquakes within the last century, demonstrates the high seismic propensity within the
basin and along its margins (Kulikova, 2016, and references therein; Metzger et al., 2017). This poses the
question to what extent the crustal seismicity is driven by subcrustal processes.

Due to the intense seismicity, parts of the Tajik basin and Pamir (Garm region/Peter I. range; Figure 1) have
been the focus of detailed seismologic studies during Soviet times, resulting in an event catalog spanning
∼30 years (CSE catalog; e.g., Nersesov & Popandopulo, 1988; Lukk & Yunga, 1988; Hamburger et al., 1993).
Based on these data, continental subduction underneath the Pamir has been proposed (Hamburger et al.,
1992). However, these studies concentrated dominantly on the former Soviet part of the collision system.
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Figure 1. Topographic and seismicity maps of the Hindu Kush-Pamir-Tajik basin collision system. (a) Overview of the tec-
tonic features: faults (black) after Schurr et al. (2014) and this study: KNf = Kapisa-Nuristan fault, LSf = Lake-Shiwa fault,
Pamir t.s. = Pamir thrust system, Sarez-Karakul f.s. = Sarez-Karakul fault system, T-BTFB = Tajik basin thrust-fold belt, Vakhsh
t.s. = Vakhsh thrust system. The Illiac fault, Alburz-Marmul fault, Vakhsh t.s., Darvaz fault, LSf, and KNf are additionally
highlighted in brown and are plotted for reference in Figures 1b to 5. Sutures (bold, blue lines) after Tapponnier et al.
(1981), Schwab et al. (2004), Rutte, Ratschbacher, Khan, et al. (2017), and interpreted from Vlasov et al. (1991) and Doebrich
et al. (2006) and ownwork: GS = Gissar, NPS = North Pamir, TS = Tanymas, RPS = Rushan Pshart, KKS = Karakorum-Kohistan-
Shyok, IYS = Indus Yarlung. Tectonic units within the Pamir orogen: NP = North Pamir, CP = Central Pamir, SP = South
Pamir. Rivers are marked with light blue. Inset shows the location of Figures 1 and 9 in the context of the India-Asia collision
zone. (b) Seismicity and GPS rates with respect to stable Eurasia (blue arrows; Mohadjer et al., 2010; Zubovich et al., 2010;
Ischuk et al., 2013; Zubovich et al., 2016). Station location (triangles) and shallow (<45 km) seismicity (dots) are color
coded by the TIPTIMON (2012–2014) and TIPAGE (2008–2010) projects. TIPAGE seismicity relocated from Sippl, Schurr,
Tympel, et al. (2013) and Schurr et al. (2014); TIPTIMON seismicity derived in this study. Intermediate-depth (>100 km)
seismicity from Kufner et al. (2017). Blue beach balls represent the double-couple components of all moment tensors from
the GEOFON catalog (GEOFON, 2017) from July 2012 to August 2017. Their size is scaled by moment magnitude with
minimum and maximum values of 4.2 and 7.2, respectively. Gray mechanisms represent the two largest instrumentally
recorded events in the Pamir and along the Tajik basin’s margin (Khait, 1949, mb = 7.6; Sarez, 1911, mb = 7.3; Kulikova,
2016). Political boundaries are marked with gray lines. Red letters refer to selected cities: G = Garm, K = Kabul, N = Nura,
S = Sarez. The dashed red box demarcates the map locations of Figures 2–5.
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Therefore, it is still unclear how crustal deformation is linked to the lithosphere-scale processes within the
entire Pamir-Hindu Kush-Tajik basin collision system on a regional scale. Herein, we use seismologic methods
to assess this question, examining the Cenozoic deformation of the Tajik basin’s crust and comparing the
seismically constrained deformation field with that inferred from geological data for the last ~10 Myr. Our
seismotectonic analysis is primarily based on the recordings of the TIPTIMON seismic network (Schurr
et al., 2012, 2013), deployed in the Tajik basin, Hindu Kush, and western Pamir between 2012 and 2014. It con-
tinues our recent seismotectonic studies of the Pamir that were based on the earlier (2008–2010) deployed
TIPAGE seismic experiment (Schurr et al., 2014; Sippl et al., 2014) and geodetic data (Metzger et al., 2017).
Thus, our study combines two large temporal seismic networks, together covering the Tajik basin, Pamir,
Tian Shan, and Hindu Kush collision system, placing a high-resolution seismotectonic analysis into a regional
tectonic context. In the following, we first focus on the crustal seismic activity within the Tajik basin and its
margins, relate it to the late Cenozoic structures and stress field, and then interpret crustal deformation in
the framework of the lithosphere-scale processes at the western tip of the India-Asia collision zone.

2. Regional Setting
2.1. Formation History and Cenozoic Structural Map

The Tajik basin is interpreted as a retro-foreland basin with ~7–12 km, ~south- and eastward thickening,
Mesozoic-Cenozoic strata (Brookfield & Hashmat, 2001; Burtman & Molnar, 1993; Carrapa et al., 2015;
Klocke et al., 2015; Nikolaev, 2002). Basin inversion was inferred to have occurred during the Neogene, form-
ing the Tajik basin thrust-fold belt (Bourgeois et al., 1997; Chapman et al., 2017; Thomas et al., 1994). The
inversion may have initiated with weak and localized deformation along the North Pamir margin at
≥20 Ma (Bande et al., 2017; Coutand et al., 2002; Rutte et al., 2017; Sobel & Dumitru, 1997) but intensified later
(Cao et al., 2013; Käßner et al., 2016; Sobel et al., 2011; Thompson et al., 2015). Similarly, the first conglomer-
ates shed from the Pamir appear in the upper Oligocene-lower Miocene strata of the (north)eastern Tajik
basin. Massive conglomerate deposition and erosion of the incipient folds in the Tajik basin commenced
in the middle-late Miocene, highlighted by growth strata (~11 Ma) and angular unconformities (Forsten &
Sharapov, 2000; Klocke et al., 2015). The Tajik basin thrust-fold belt seems to be detached along Jurassic eva-
porites. However, the fact that the leading edge, the western thrust front in the Tian Shan of southeastern
Uzbekistan, and the northern lateral margin of the Tajik basin thrust-fold belt, the Tian Shan of northern
Tajikistan, involve crystalline basement rocks implies another, deeper detachment below the Jurassic one.
The Tajik basin’s lithosphere was involved into the late Paleozoic south Tian Shan orogenic belt; this likely
includes remnants of the Gissar suture zone underneath the Tajik basin’s northern margin (Figure 1a;
Brookfield & Hashmat, 2001; Burtman, 1975; Käßner et al., 2017). Studies in the southwestern Tian Shan indi-
cate that it consists of reworked cratonic lithosphere and its cover (Burtman, 1975; Käßner et al., 2017).

We constructed a new structural map of the Tajik basin (Figure 2), by integrating relief (SRTM30), surface, and
subsurface structures (interpreted from 1:200,000 geological maps and USSR seismic and drill-hole data
[compilation in Gągała, 2014], the Geological and Mineral Resource Map of Afghanistan [Doebrich & Wahl,
2006], satellite images [Google Earth™], and our fieldwork [Gągała, 2014; Käßner et al., 2016]). Internally,
the Tajik basin features ~N-NE-trending, westward convex valleys, and ridges; the latter comprise eroded
anticlinoria (e.g., Nikolaev, 2002; Thomas, Chauvin, et al., 1994). In the north, these thrusts and folds bend into
the ~E-striking Illiac fault zone (Illiac f. in Figure 2; Babaev, 1975; Thomas, Chauvin, et al., 1994, Thomas et al.,
1994, Thomas et al., 1996). In the south, the Alburz-Marmul fault zone (Alburz-Marmul f. in Figure 2), an active
transpressional fault zone (e.g., Ruleman et al., 2007), cuts ~NW-trending folds and thrusts that connect―-
mostly covered by the Amu-Darja River floodplain―with those of the central Tajik basin. The interpretation
of basin-wide cross sections (Bourgeois et al., 1997; Chapman et al., 2017; Thomas et al., 1996) indicates that
thrust stacking was bivergent, top-to-~E in the western part, and mostly top-to-~W in the eastern part. The
Illiac fault zone and the broad belt of dextral transpression in the southwestern Tian Shan and the en-
échelon fold-thrusts south of the Amu-Darja River floodplain constitute the northern dextral and the south-
ern sinistral oblique-lateral ramps of the Tajik basin thrust-fold belt, respectively (Figure 2).

2.2. Active Deformation

Deformation in response to the India-Asia collision is ongoing as is evident from GPS-derived displacements
and earthquakes (Burtman & Molnar, 1993; Fan et al., 1994; Ischuk et al., 2013; Schurr et al., 2014). The Tajik
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basin’s northern margin defines a broad deformation zone stretching into the southwestern Tian Shan that is
bounded in the south by the dextral transpressive Illiac fault zone (Figure 1a). The latter transitions into the
Vakhsh thrust system farther east that represents the highly active thrust front of the Pamir with intense
seismicity and high shortening rates (Figure 1a) (Käßner et al., 2016; Leith & Simpson, 1986b; Nikolaev,
2002). It links to the Pamir thrust system at the northern front of the Pamir, which features shortening
rates of ~13–15 mm/year, accumulating more than a third of the total convergence between India and
Asia at this longitude (~34 mm/year; Ischuk et al., 2013; Molnar & Stock, 2009; Schurr et al., 2014; Sippl et al.,
2014; Zubovich et al., 2010). The sinistral transpressive Darvaz fault zone (Figure 1a), forming the eastern
boundary of Tajik basin over a long distance, was proposed to have accommodated significant northward
offset of the Pamir relative to the Tajik basin (Burtman & Molnar, 1993; Nikolaev, 2002), but knowledge
regarding its activity is incomplete. Ischuk et al. (2013) derived ∼10 mm/year of sinistral shear from GPS
measurements, but due to the sparse GPS network, the deformation is poorly localized.

Figure 2. Cenozoic structures in the Tajik basin and surrounding mountain ramps. The map was constructed integrating
relief and surface and subsurface structures from field mapping and geologic surveys (see section 2 for references). The
structures in the Pamir are from Schurr et al. (2014). The simplified fault traces of the Illiac fault, Alburz-Marmul fault, Vakhsh
t.s., Darvaz fault, LSf, and KNf are additionally highlighted in brown as in Figure 1 for orientation. The light blue shaded
area in the Tajik basin outlines the area of active salt diapirs. Shallow (<45 km) earthquakes as in Figure 1b but color-coded
by depth and scaled by magnitude; deep events (black/dark blue) from Kufner et al. (2017). GPS vectors in purple (see
Figure 1 for references and scale). The red “G” indicates the location of the city of Garm. All other features as in Figure 1b.
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In the south and southeast, the Tajik basin is bounded by the poorly studied Hindu Kush and Pamir of
Afghanistan. Transpressive strike-slip faults, like the Albruz-Marmul and the dextral Andarab andHerat, accom-
modate westward lateral motion of crustal blocks from the Karakorum and Hindu Kush (Figure 1a; Tapponnier
et al., 1981; Treloar & Izatt, 1993). These fault zones are bounded in the east by a broad, distributed belt of
segmented sinistral strike-slip faults, connecting the Chaman fault of Pakistan and Afghanistan NNE-ward
with the Sarez-Karakul fault system in the Central and North Pamir (Figure 1a; Strecker et al., 1995; Schurr et al.,
2014; Metzger et al., 2017). Along the Pamir-Hindu Kush transition, these are the sinistral Lake-Shiwa and
Kapisa-Nuristan fault systems (Figure 1a). Following these transfer systems into the Pamir, the Pamir’s interior
was suggested to be segmented along the Sarez-Karakul fault system, with the eastern Pamir moving
relatively aseismically northward en bloc, and the western part being seismically more active (Figure 1b;
Schurr et al., 2014). Seismic deformation of the western Pamir was explained by the combination of the north-
ward movement of the Pamir and the gravitational collapse and westward lateral extrusion of the Pamir-
plateau crust into the Tajik basin, where it causes ~W-E shortening (Schurr et al., 2014; Stübner et al., 2013).

At subcrustal depths, the Pamir and the Hindu Kush are underlain by a curved zone of intense seismicity
(Figure 1). Due to the opposite dip of the seismic zones beneath the two mountain ranges, seismicity has
been attributed to the ongoing, oppositely inclined continental subduction of Indian and Asian mantle
lithosphere (e.g., Burtman & Molnar, 1993; Chatelain et al., 1980; Fan et al., 1994; Negredo et al., 2007;
Roecker, 1982). As a competing concept, one slab scenarios were proposed (e.g., Billington et al., 1977;
Pavlis & Das, 2000; Pegler & Das, 1998), suggesting that the seismicity is related to a single contorted slab.
However, recent seismological studies, based on local earthquake tomography and receiver functions
(Schneider et al., 2013; Sippl, Schurr, Yuan, et al., 2013), showed a connection of the Pamir intermediate-depth
seismicity with an inferred Moho structure, dipping from the Asian side, clearly favoring a two-slab scenario.
In such a two slab scenario, the lithosphere of the Tajik basin would act as a backstop for the north-dipping
Hindu Kush subduction zone (Koulakov & Sobolev, 2006; Kufner et al., 2016, 2017; Lister et al., 2008) but at the
same time experiencing delamination and rollback beneath the Pamir (Kufner et al., 2016; Schneider et al.,
2013; Sippl, Schurr, Tympel, et al., 2013).

3. Methods and Data
3.1. Earthquake Analysis and Location Errors

The earthquake catalog presented here comprises all shallow (<45 km) earthquakes detected using the
stations of the TIPTIMON network (Figure 1b; FDSN network codes 6C [2013–2014] and 5C [2012–2014])
and additional permanent stations of the Tajik seismic network and in Kabul (FDSN network codes TJ, IU,
and GE; see Kufner et al., 2016, for a detailed description). Additionally, it includes a subset of the TIPAGE
catalog (Sippl, Schurr, Tympel, et al., 2013; Schurr et al., 2014; FDSN network codes 7B [2008–2010], 4B
[2008–2009], and 6C [2009–2010]) that is derived from stations that were deployed within the Pamir and
southwestern Tian Shan. As the TIPTIMON and TIPAGE networks share several stations in the western
Pamir (Figures 1b and 3), their configuration allows combining the data sets for a joint analysis.

We obtained earthquake hypocenters by a multistep detection, location, and relocation procedure
(Sippl, Schurr, Tympel, et al., 2013). After the initial event association, P and S picks were updated or rejected
based on their quality. Earthquakes included from the TIPTIMON deployment time in the final catalog were
required to have a root mean square residual smaller than 2 s, at least five P picks and at least one S pick in
this initial detection step. We used the regional 1D velocity model of Sippl, Schurr, Tympel, et al. (2013) for
the initial event detection and subsequently improved the locations of the joint catalog by event relocation
in the regional 3D velocity model of Kufner et al. (2017). Given the highly variable crustal velocity structure in
the study region, the relocation in the 3D velocity model was essential for the accurate determination of the
event depths. The relative locations were improved by a double-difference relocation scheme. The individual
and double-difference event relocation was performed with the software simulps (Eberhart-Phillips, 1993;
Evans et al., 1994; Thurber, 1983, 1993) and hypoDD3D (Waldhauser, 2001; Waldhauser & Ellsworth, 2000),
respectively. The local magnitudes were calculated from the maximum amplitudes in the waveforms
according to Hutton and Boore (1987).

In total, 1,640 shallow earthquakes were detected between July 2012 and April 2014 and jointly relocated
with 2,838 events of the TIPAGE catalog, yielding 4,478 events in the final catalog (attached as supporting
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information Data Set S1). The mean root mean square residual of the events in our joint catalog is 0.23 s. The
magnitude completeness threshold is approximately atMl = 2.4 (Figure S1), and 76% of all earthquakes were
double-difference relocated (Figure S2). The events not relocated with the double-difference scheme were
mainly isolated events, which could not be associated with any event cluster (Further discussion on
catalog completeness and the data subsets is appended in supporting information Texts S1/S2 and in
Figures S1 to S3).

Figure 3. Earthquake location quality. (a and b) Absolute horizontal and vertical location errors. Errors are the axis lengths of the error ellipses in the specific direction
from a probabilistic location scheme averaged over all earthquakes in 0.5° × 0.5° bins. The horizontal error is the average over the longitudinal and latitudinal
directions. Only bins with at least three events are shown. Political boundaries in dark gray. The simplified fault traces of Illiac fault, Alburz-Marmul fault, Vakhsh t.s.,
Darvaz fault, LSf, and KNf are highlighted in brown as in Figure 1 for orientation. (c) Station locations and largest azimuthal separation between two stations used to
locate a specific earthquake for the events shown in (a) and (b), averaged in 0.5° × 0.5° bins. (d) Depth and (e) magnitude histograms, color-coded by location
error. The upper number at the top of each bin refers to the number of events (N), and the lower number is the averaged location error in kilometers (radius of a
sphere with the same volume than the error ellipse).
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We assessed the location error by calculating probabilistic earthquake locations using the software
NonLinLoc (Lomax, 2008). The 68% confidence ellipsoids of the maximum likelihood hypocenters served
as the measure for the location uncertainty (Figure 3). The average location uncertainty estimated from
the error ellipsoids is ±2.95 km; this value refers to the radius of a sphere with the same volume as the error
ellipsoids. In general, the average horizontal errors are smaller than the vertical errors (±2.7 and ± 2.5 km in
longitudinal and latitudinal directions versus ±6.2 km in the depth direction). The location uncertainty is
smallest in the center of the network (horizontal <±2 km; vertical ±3.0–5.5 km; Figures 3a and 3b), as it
correlates well with the largest azimuthal gap between the stations used for the location of a specific event
(Figure 3c). The regions with the smallest location errors include the Tajik basin, Peter I. range, and western
Pamir. East of the Peter I. range, the location quality decreases, probably together with the detection
capability. Thus, it is unclear to what extent the decrease in the seismic activity in this region arises from
the network-geometry effect. The same concern applies for the western Tajik basin and the southern
Hindu Kush, where the vertical location errors are largest (∼±10 km). The event-location quality decreases
with depth (Figure 3d). However, this trend is biased, as about half of the deepest crustal earthquakes are
located in the Hindu Kush, where azimuthal coverage is bad. No correlation occurs between the magnitude
and the average location error (Figure 3e). We constrained the relative location errors directly from
hypoDD3D, relocating subsets of clusters in the singular value decomposition mode, based on the posterior
analysis of the covariance matrix (Waldhauser & Ellsworth, 2000). Compared to the absolute errors, the
relative errors are much smaller with an average for all events of ±0.7 km, suggesting that the geometry of
the individual seismogenic structures is resolvable in detail.

To assess the dependency of the absolute event locations on the velocity model, we relocated our data set in
the 3D velocity model of Sippl, Schurr, Yuan, et al. (2013), which has its highest resolution in the Pamir but
also covers the Tajik basin. P wave velocities (vp) of the two models differ by ~0.6 km/s in the Tajik basin
sediments (Figure S4a). We find the map view locations of the earthquakes (their longitudinal and latitudinal
position) to be mostly independent of the model. However, the event depths can vary by up to 5 km with
events locating generally deeper in our model (Figure S4b). The hypocenter depth differences arising from
the use of these twomodels are most pronounced at locations near the transition from the low velocity basin
sediments to the high velocity rocks of the Pamir and Hindu Kush. Despite this depth discrepancy, we would
argue that the velocity model of Kufner et al. (2017) used herein is currently the most accurate model for the
Tajik basin, as the entire basin is located in a well-resolved domain of the inversion (Figure S4b). Nevertheless,
it is important to bear in mind that uncertainties stemming from the choice of model may have a severe
effect on the event depths, using the available station geometry.

3.2. Seismic Moment Tensors

We derived earthquake-source mechanisms for the strongest events in our catalog from moment tensor
inversion (Nábēlek & Xia, 1995; Schurr & Nábēlek, 1999). Inversions were performed interactively in the time
domain, inspecting all data visually and disregarding low signal-to-noise ratio traces. The filter bandwidth
was adjusted depending on the size of the event (e.g., between ~10 and 30 s for smaller and 15 and 50 s
for larger events). We calculated Green’s functions for the 1D velocity model of Kufner et al. (2017), which
was derived based on the TIPTIMON data set. The least square inversion for the deviatoric moment tensor
was repeated for a suite of trial depths around the hypocentral depth until the solution with the lowest
variance was found. This procedure yielded source mechanisms for 81 events, ranging from Mw (moment
magnitude) 3.1 to 4.8 (mechanisms attached as supporting information Data Set S2). In addition, we included
earthquake-source mechanisms from the TIPAGE deployment (Schurr et al., 2014). These mechanisms were
plotted at the updated hypocenter positions (see supporting information Figures S5 and S6 for the
components of the two different subsets and data examples).

3.3. Stress Field From Geological Fault-Slip Data

To compare the recent stress-field parameters derived from the earthquake analysis with the long-term
evolution of the Tajik basin, we calculated reduced “stress” tensors involving the ratios between and
orientations of the principal stresses (e.g., Angelier, 1994), based on mesoscopic fault-slip data collected at
54 sampling locations within our study area. We used the numeric dynamic analysis (Spang, 1972;
implemented in the software package of Sperner and Ratschbacher, 1994) for tensor calculation and
visualization (Figure S7). Supporting information Data Set S3 gives the sampling locations, the stratigraphic
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age of the analyzed rocks, and the calculation parameters. Data Set S3 also includes the published data
presented by Thomas, Chauvin, et al. (1994), Sippl et al. (2014), and Käßner et al. (2016). The age of strata
involved in the deformation and the available apatite fission-track (U-Th)/He thermochronology (Bande
et al., 2017; Chapman et al., 2017; Käßner et al., 2016) indicate that the deformation recorded by these data
is younger than middle-late Miocene. Thus, whereas the seismically derived stress directions and the GPS
data represent the present deformation regime, the geologic fault-slip data give an average over the
past ~15–10 Myr.

4. Results

Seismicity within the Tajik basin and the adjacent mountain ranges is highly partitioned with earthquakes
aligning not only along the active faults flanking the Pamir and Tian Shan but also in the basin’s interior
(Figure 2). Shallow seismicity dominates with ∼75% of all hypocenters locating above 12-km depth
(Figures 3d and 4). Sparse deeper crustal earthquakes (up to ~35-km depth) occur mainly in the southern part
of our study region (southern Tajik basin and Afghan platform). Seismic activity, together with the location
accuracy, decreases toward the western Tajik basin at the fringe of the seismic network (Figures 2 and 3).
Thus, we will restrict the following presentation of results to the well-resolved domains within our study area
(i.e., east of ~68.5°E and north of 36°N). From the basin’s margins to its interior and into the adjacent
mountains, crustal seismicity is arranged as follows:

Both the northern and eastern margins of the Tajik basin are outlined by localized seismicity: at the eastern
margin, seismicity with hypocenters up to 10-km depth coincides with the surface trace of the Darvaz fault
zone (Figure 2). Most earthquake-source mechanisms of these events and our only geologic sampling
location indicate sinistral strike-slip displacement (Figures 5–7). At the northern margin, seismicity aligns
along the Illiac fault zone. East of ~69°E, where our resolution increases, hypocenters form a near-vertical
seismically active structure, penetrating to ∼15–18-km depth (Figures 5 and 8a) along which our earthquake
mechanisms indicate dextral strike-slip displacement. Seismic activity along the Darvaz and the Illiac faults
intensifies toward the northeast where both fault zones converge, entering the Garm region/Peter I. range.

Earthquakes within the Garm region/Peter I. range form a triangle of seismic activity in map view (Figure 6),
located within a tomographically imaged low-velocity domain (Figure 7). The hypocenters of the northern
branch of this triangle vaguely outline a SE-dipping ramp in cross section (Figure 7b), slightly offset south
of the surface trace of the Vakhsh thrust, reaching ~12–15-km hypocentral depths. The earthquake
mechanisms from events associated with this ramp indicate thrusting with a dextral strike-slip component.
The western branch of the triangle of seismic activity is formed by aligned earthquake hypocenters following
the trace of the Obikhingou fault (Figure 6). Most of these events are shallower than 10 km, but some sparse
deeper events occur as well (down to ~35 km). The southeastern branch of the triangle is formed by the
Darvaz fault that changes strike from NNE to NE in the northeastern Pamir (Figure 6). Within this seismically
active triangle, we image a fourth zone of activity between the Vakhsh thrust system and the Darvaz fault,
which encompasses mostly earthquakes with subhorizontal or subvertical fault planes. Our catalog includes
only a few events north of the Garm region/Peter I. range triangle within the high-velocity rocks of the
southwestern Tian Shan (Figure 7). Two of these events have thrust-source mechanisms and ~N-trending P
axes, oblique to the axes of the events aligning close to the Vakhsh thrust system (Figures 6 and 7a).
Shallower events in the Tian Shan feature ~NW- and ~NE-striking thrust mechanisms (Figures 6 and 7b).

Southwest of the Garm region/Peter I. range, events in the Tajik basin’s interior are sparser and have generally
smaller magnitudes (only one of the 18 ML5+ events of our catalog occurs in the basin). Most of the basin
events form a southward deepening wedge with its deepest extent, ranging from ~8–9 km in the north to
∼12–15 km in the south (Figure 8). Like the seismicity in the Garm region/Peter I. range, these events roughly
coincide with low seismic velocities imaged from seismic tomography. Many rupture mechanisms of events
along the base of the wedge have thrust mechanisms with one subhorizontally dipping fault plane
(Figures 5–8), similar to those in the central segment of the Garm region/Peter I. range, but with different P
axis trends. The geologically and seismologically derived P axes change from an overall ~NNW–SSE
orientation in the Garm region/Peter I. range to ~W-E in the Tajik basin (Figure 4). Seismicity in the basin’s
interior shallower than the interface at the base of the wedge is sparse and has even smaller magnitudes.
Deeper seismicity clusters in a few places. The most intense cluster occurs at the Tajik-Afghan border
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Figure 4. Distribution of seismologic and geologic pressure (P) and tension (T) axes. Pressure (black in (a)) and tension (red
in (b)) axes are from seismic moment tensors (associated beach balls plotted in Figure 5). Geologic P (blue in (a)) and T
(orange in (b)) axes derived from fault-slip data. Lengths of the axes are normalized to one and projected onto the hori-
zontal map. Shallow seismicity in green. All other features as in Figure 2.
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Figure 5. Double-couple component of the moment tensors from this study (bright colors) and from the global CMT data-
base (faded colors) (Dziewoński et al., 1981; Ekström et al., 2012). The mechanisms are colored according to fault type:
red, strike-slip; orange, normal; blue, thrust; turquoise, thrusts with one subhorizontal fault plane. The corona of the
mechanisms corresponds to their hypocentral depth. Local seismicity and faults as in Figure 2. (a) Events shallower than
10 km. (b) Deeper crustal events (10–45 km depth). Black and blue-pink boxes refer to the map view, respectively, cross-
section extent of Figures 6, 8a, and 8b. The blue lines indicateminimal and the pink lines maximal profile normal distance in
the Figures 8a and 8b.
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(~69.5°E/37.5°N) and features thrust but also dextral strike-slip mechanisms (Figure 5). At the transition of the
Tajik basin to the Afghan platform, seismicity is not focused along one active fault zone, as it is at the basin’s
northern and eastern margins. Instead, we image a diffuse, ~E-trending belt of earthquakes beneath the
Afghan platform east of the surface trace of the Alburz-Marmul fault zone and west of the intermediate-
depth Hindu Kush earthquake cluster (Figures 2 and 5). Hypocenters of the crustal events beneath the
Afghan platform penetrate as deep as 40 km (Figures 2–5) and occur in higher velocity material than those
clustering in the Tajik basin (Figure S4). We only could determine one NNE-striking thrust mechanism from
these earthquakes, but global CMT-catalog mechanisms indicate ~N-, NE-, and NW-striking thrust events
and isolated strike-slip earthquakes (Figure 5b). The crust above the prominent intermediate-depth
Hindu Kush earthquake zone is almost completely aseismic (Figures 2–5 and 8), but shallow seismicity
resumes NE of the Hindu Kush intermediate-depth earthquake cluster and east of the Lake-Shiwa and
Kapisa-Nuristan faults in the Shakhdara region of the southwestern Pamir (Figures 2 and 8b). Earthquakes
NE of the Hindu Kush intermediate-depth earthquake cluster have mainly strike-slip mechanisms, which
are also the dominant mechanisms for events in the Shakhdara region.

5. Interpretation and Discussion

Two major processes likely control the current deformation of the Tajik basin, Pamir, and Hindu Kush. (1) The
northward motion of Indian lithosphere beneath the Hindu Kush and the Pamir (e.g., Kufner et al., 2016;
Metzger et al., 2017; Sippl, Schurr, Yuan, et al., 2013) and (2) the gravitational collapse and lateral extrusion
of the thickened and elevated Pamir-plateau crust into the depression of the Tajik basin (e.g., Käßner et al.,

Figure 6. Zoom into the Garm region/Peter I. range (Figure 5 for map location). Color-coding of seismicity with depth as in
Figure 4. The number on top of the associated beach balls and the surrounding colored circle indicate the hypocentral
depth. The color of the mechanisms indicates the fault type (see annotation in Figure 5). The black mechanism is the focal
mechanisms for the 1949 Khait earthquake (mb 7.6; Kulikova, 2016). Major active faults, as determined from fieldwork, are in
red (V.t.s. = Vakhsh thrust system, O.f. = Obikhingou fault). Boxes indicate the section lines shown in Figures 7a and 7b. Dots
along the central black line are 50-km marks. The blue line indicates minimal, the pink line maximal profile normal distance
(in accordance to the color-scaling of the earthquakes in Figure 7). The red “G” indicates the location of the city of Garm.
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2016; Rutte, Ratschbacher, Khan, et al., 2017; Schurr et al., 2014; Stübner et al., 2013). The stress axes from this
study, covering a few years (earthquake-focal mechanism) and a ~10-Ma period (geologic fault-slip analysis),
show the same orientation variation on a regional scale and allow to resolve the interconnection of the
different tectonic elements involved in the collision.

5.1. W-E Shortening in the Tajik Basin’s Interior

For most events in the Tajik basin for which we could estimate focal mechanisms, the P axes are parallel to the
~W trend of the GPS-velocity vectors. Additionally, often one of the two possible fault planes aligns
subhorizontally. Schurr et al. (2014) interpreted this configuration as reflecting shortening of the Tajik basin
strata due to gravitational collapse of the Pamir-plateau crust into the depression occupied by the basin. They
suggested slip along a basal décollement, marked by the Jurassic evaporite layer, to explain the earthquakes
with subhorizontally orientated thrust mechanisms in their data set. Because deformation in salt is normally
ductile, earthquakes would then occur where the salt layer is thinned or has pinched out. In our catalog, the
most intense seismicity along the base of the wedge occurs north of the Panj river, in an area of active salt
diapirism, where the diapirism may have deprived the décollement of salt (Leith & Simpson, 1986a;
Figures 2, 4, and 5). Thus, this configuration supports the hypothesis of earthquake clustering along the
evaporite décollement. However, with hypocenter depths from ~9 km in the northern to ~15 km in the
southern Tajik basin, a significant number of earthquakes are deeper than the evaporite décollement at
7–12 km, whose depth was approximated by geologic and drilling data (Brookfield & Hashmat, 2001;

Figure 7. Vertical sections through the Garm region/Peter I. range seismicity (Figure 6 for section lines). Focal mechanisms
are rotated in the cross section and represent back projections, as seen from a viewpoint orthogonal to the profile.
Color-coding of the earthquakes indicates their profile-normal distance. Events with average location error larger than 5 km
are plotted with error bars. The background map shows the P wave velocity model of Kufner et al. (2017), which was
also used to relocate the earthquakes, along the center trace of the sections. Gray domain on top of the profiles is the
projected topography.
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Nikolaev, 2002). This discrepancy could be due to either an imprecisely determined evaporite décollement
depth or a systematic shift of our earthquake hypocenters (e.g., up to 5 km model error for events in the
basin; Figure S4). Alternatively, the events could indicate sliding along a deeper décollement, possibly
along the sediment-basement contact, which would be in accordance with a southward thickening of
sediments in the Tajik basin (Brookfield & Hashmat, 2001; Nikolaev, 2002). Interestingly, events in the
central Tajik basin (e.g., at ~38°N), although numerous, have dominantly small magnitudes (<4.5; see
Figure S3b). Accordingly, this region appears nearly aseismic in global catalogs (e.g., USGS (USGS, 2017),
EHB (Engdahl et al., 1998) or ISC (International Seismological Centre, 2014); Figure S3) that cover larger
timespans (~40 years) but have larger completeness magnitudes (~4.5) than our data set. These generally
smaller earthquakes in the basin’s interior might indicate that only small patches along the basal
décollement and not the entire length of the décollement ruptured during one seismic event.

From the earthquake data alone, we cannot exclude the possibility that the subvertical fault plane and not
the subhorizontal one is the rupture plane. In this case, the mechanisms would indicate dominantly thrusting
along near-vertical faults within the Tajik basin. However, given the overall E-W directed compressional
tectonics of the basin, W-pointing GPS-velocity vectors, the alignment of earthquake hypocenters along an
approximately horizontal structure, which follows a single contour of the P wave velocity model
(vp = 5.6 km/s; Figure 8), vertical faulting seems less likely. Thus, we suggest that thin-skinned E-W shortening,
possibly driven by the push of the collapsing Pamir plateau, controls seismic deformation in the basin (Schurr
et al., 2014). At least for the last ~40 years, the events in the central Tajik basin seem to be characterized by
smaller magnitudes. This is in contrast to the basin’s margins, where the historically largest earthquakes were
located (Kulikova et al., 2016). The few deeper earthquakes beneath the Tajik basin would consequently have
to be associated with deformation in the basement. Such seismicity could be triggered by the response of the
basin’s basement to delamination and rollback of lower crust and lithospheric mantle beneath the Pamir
(Sippl, Schurr, Yuan, et al., 2013). Hamburger et al. (1992) proposed a similar reason for events deeper than
~15 km in the Garm region/Peter I. range.

Existing geologic data indicate that the seismically active portion of both the Darvaz and the Illiac fault zones
penetrates into the basement below the evaporite décollement (Bourgeois et al., 1997; Thomas et al., 1996).
For the Illiac fault zone, our earthquake data confirm this interpretation, as seismicity associated with the
surface trace of this fault penetrates as deep as ~15–20 km, which is deeper than the proposed sediment
thinness (Brookfield & Hashmat, 2001; Nikolaev, 2002). For the Darvaz fault, the situation is less clear as its

Figure 8. Depth sections through the Tajik basin (Figure 5 for section lines). Color coding and rotation of the focal mechanisms as in Figure 7. Dashed white line
encloses low resolution of the velocity model. (a) N-S profile; (b) W-E profile. LSf = Lake-Shiwa fault. In the velocity model, the vp = 7.8 km/s contour approxi-
mately denotes the crust-mantle boundary. Black circles are the shallowest earthquakes associated with the Pamir intermediate depth seismicity.
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seismogenic depth in the central segment is ~10 km. Nevertheless, the sinistral strike-slip displacement
inferred from seismicity and fault-slip field data is in accordance with the sinistral shear inferred from
geologic and GPS observations (Ischuk et al., 2013; Kuchai & Trifonov, 1977; Trifonov, 1978). Whereas the
GPS measurements are too sparse to assess where deformation is localized, the aligned seismicity imaged
herein suggests confined deformation. Furthermore, from the absence of thrust events, we infer that
thrusting between the Pamir and the Tajik basin along the Darvaz fault zone is inactive or aseismic today.
This is in accordance with the neotectonic field mapping (Trifonov, 1978).

5.2. Thrusting and Lateral Extrusion Within the Garm Region/Peter I. Range

Our results on seismicity and earthquake-rupture mechanisms within the Garm region/Peter I. range confirm
the seismicity pattern obtained from the local, Soviet-time seismologic studies (Soviet/US-CSE earthquake
catalog; Nersesov & Popandopulo, 1988; Lukk & Yunga, 1988; Hamburger et al., 1993). Both catalogs show
a similar segmentation into seismically active regions: Earthquakes are mostly shallower than ~12 km, split
into individual segments, and separated by the Obikhingou fault from the seismically less active Tajik basin
(Figure S8). However, due to the use of well-timed digital data, a 3D velocity model, and double-difference
relocation, the events in our catalog outline the geologic structures more sharply (e.g., the seismic structure
associated with the Vakhsh thrust; Figure 7a). The strain pattern derived from the CSE focal mechanism
analysis (Lukk et al., 1995) is in accordance with the overall NNE-SSE compression resolved in our study.
Thus, the good agreement of seismogenic features presented in these two independent data sets indicates
their accuracy and consistency through time.

The seismically active domain of the Garm region/Peter I. range coincides with low vp imaged by local
tomography (Kufner et al., 2017). As sediments are characterized by lower seismic velocities than basement
rocks, the low vp domain likely maps the Tajik basin sediments imbricated between the crystalline basement
rocks of the Pamir and Tian Shan, a configuration also proposed from fieldmapping (Burtman &Molnar, 1993;
Hamburger et al., 1992). The SE-dipping seismic ramp, forming the northern termination of the intense
seismicity of the Garm region/Peter I. range, collocates well with the northern P wave velocity contrast
(Figure 7). This suggests an alignment of the northern branch of seismicity along an interface between the
Tajik basin sediments (low vp) and the Tian Shan basement rocks (high vp). Dependent on the velocity model
used for earthquake location, this interface would reach depths from ~7 up to 12 km (see model-dependent
depth variation in Figure S4). As the surface trace of the Vakhsh thrust zone is located directly updip of the
seismically active zone at depth, these events likely indicate oblique thrusting on the Vakhsh thrust. If this
is the case, the decrease in seismicity shallower than 5-km depth might indicate that the upper part of the
Vakhsh thrust is either creeping or locked. Recent GPS measurements show a large surface velocity contrast
across the fault (Metzger et al., 2018). This could indicate a creeping behavior along of the fault’s shallowest
segment. During our observation period, the seismogenic interface likely associated with the Vakhsh thrust
hosted the largest crustal earthquakes. Thus, we propose that it accommodates most of the today’s
northwesterly motion of the Pamir, both in shortening and dextral shear (Lukk et al., 1995, 2008). The events
with subhorizontal fault planes in the center of the Peter I. range could then indicate sliding along a basal
décollement either at the base of the sediments or in the basement rocks (e.g., Hamburger et al., 1992;
Lukk et al., 1995). Alternatively, they might indicate shortening along steeply dipping backthrusts, if the more
vertical focal plane is the rupture plane (e.g., Leith & Simpson, 1986b; Pavlis et al., 1997).

The events located in the basement rocks of the Tian Shan likely indicate shortening as well, expressed
through the reactivation of E- to SE-trending Paleozoic basement structures. Sippl et al. (2014) observed such
a structural control in the aftershock sequence of the 2008 Mw 6.6 Nura earthquake along the eastern
continuation of the Vakhsh thrust system. The 1949 mb 7.6 Khait earthquake (Evans et al., 2009) at the
northeastern termination of the Garm region/Peter I. range could also belong to the group of basement
earthquakes in the Tian Shan. The event locates close to the leading edge of the Vakhsh thrust system
(Figure 6). Macroseismic observations, however, place it into the Tian Shan (Bindi et al., 2014). One of its nodal
planes parallels the Vakhsh thrust but has sinistral strike-slip kinematics. The other nodal plane strikes ~NNE,
subparallel to faults in the Garm crystalline-basement complex in the Tian Shan to the north and possible
kinematically related faults in the Vakhsh thrust system.

Summarizing, we attribute the intensity and the complexity in the distribution of seismicity in the Garm
region/Peter I. range to three interconnected aspects of the current deformation field. (1) The Garm
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region/Peter I. range occupies the northeastern edge of the Pamir orocline, where northward translation of
the Pamir along the Darvaz fault zone and the western Pamir interacts with focused thrusting along the
northern Pamir front (Vakhsh thrust system). (2) The Garm region/Peter I. range accommodates a significant
portion of the dextral displacement along the northern margin of the lateral extrusion zone, where
Pamir-plateau crust is moving westward into the Tajik basin proper. (3) The Garm region/Peter I. range likely
is strongly influenced by the heterogeneity of the underlying Tian Shan basement structure, for example,
inherited normal and strike-slip faults (Figure 2; Hamburger et al., 1992).

5.3. Focused Crustal Deformation in Afghanistan

The depths of earthquakes located underneath the Afghan platform are less well constrained than the basin
events. However, the horizontal locations of the crustal earthquakes in Afghanistan are still relatively accurate
(Figure 3), allowing a discussion on the epicentral distribution of these events. The crustal earthquakes
beneath the Afghan platform cluster at the western termination of the intermediate-depth Hindu Kush
seismicity, which was proposed to be driven by ongoing slab break-off (Kufner et al., 2017; Lister et al.,
2008). Numerical modeling showed that slab detachment, that is, the loss of the gravitational slab pull force,
can cause uplift in the crust above (e.g., van Hunen & Allen, 2011). This uplift might be relatively coherent over
a large region, causing deformation to focus along its margins. Thus, we propose that the crustal earthquakes
at the western edge of the Hindu Kush intermediate-depth seismicity and the absence of crustal seismicity
directly above the nest of deep seismicity might be the expression of such a phenomenon. Alternatively,
crustal earthquakes within the central Hindu Kush could happen with larger intervals than our observation
time, but also exceeding the observation time of global catalogs (Figure S3).

5.4. Crustal Deformation Related to Mantle Processes

On a regional scale, our data suggest the existence of two sinistral transfer corridors for deformation with
focused crustal seismicity at their northern tips and subdued seismicity east of them (labeled “1” and “2” in
Figure 9). (1) The Sarez-Karakul fault system with the eastern Alai valley seismic cluster at its northern tip
and the relatively aseismic eastern Pamir in the east. The Sarez-Karakul fault system hosted magnitude 7+
strike-slip earthquakes in 1911 and 2015 (Sarez earthquakes; Ambraseys & Bilham, 2012; Kulikova et al.,
2016; Sangha et al., 2017, Metzger et al., 2017). Three 6+ thrust earthquakes occurred at its northern tip
(1974 Markansu; Ni, 1978; Jackson et al., 1979; Sippl et al., 2014; 2008 Nura, Teshebaeva et al., 2014; Sippl
et al., 2014; 2016 Sary Tash). (2) The Darvaz fault zone of the easternmost Tajik basin with the Garm
region/Peter I. range seismic cluster in the north and the mostly aseismic Afghan Pamir in the east. The
Darvaz fault zone hosted the 1949 7+ Khait earthquake at its northern tip.

The formation of these transfer corridors might be driven by subcrustal processes. We (Kufner et al., 2016)
proposed that the two oppositely dipping zones of intermediate-depth seismicity beneath the Pamir and
Hindu Kush trace Indian and Asian lithospheres. In this model, the northward advancing cratonic Indian
lithosphere (Cratonic India) forces the north- and westward delamination and rollback of the Asian
lithosphere beneath the Pamir. At the same time, India’s thinned western margin (Marginal India) first
underthrusts alongside Cratonic India and then separates and subducts beneath the Hindu Kush
(schematically shown in Figure 9). Based on the study of crustal seismicity presented here, we speculate that
the proposed subcrustal lithospheric boundaries determine the deformation in the crust and locate the
transfer corridors identified above. (1) In the southwestern Pamir, the ~NE-trending belt of shallow crustal
earthquakes is congruent with the ~NE-trending zone of intermediate-depth seismicity (Figure 9a) that is
likely tracing the western edge of Cratonic India at mantle depth. Nodal planes and slip vectors of the crustal
earthquakes also follow this ~NE trend (Figures 4 and 5). The overall strike-slip and more rarely normal
mechanisms suggest that seismic deformation occurs along a network of interconnected faults. The
seismicity, however, does not clearly coincide with distinct surface structures. We interpret this distributed
shear zone as the shallow and early-stage manifestation of the India-Asia plate boundary at mantle depth.
It is accommodating displacement between the Asian crust carried on top of Indian lithosphere northward
and the more stationary Asian crust and mantle farther west. Thus, the presence of a shear zone with
earthquake-source mechanisms indicating relative displacement between a western (Hindu Kush) and an
eastern (Pamir) unit supports a two-slab scenario for the explanation of the zone of intermediate-depth
seismicity underlying thesemountain ranges. This shear zonemay also transfer deformation from the sinistral
strike-slip faults of Afghanistan and Pakistan in a right-stepping array toward northeast, connecting them to
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Figure 9. Tajik basin seismicity and neotectonics at the western edge of the India-Asia collision zone. (a) Seismicity catalog
and stress orientations from earthquake-focal mechanisms (yellow on black) and from fault-slip data, representing the
stress field over the last ~10 Ma (black on yellow). Crustal earthquakes in green, intermediate-depth seismicity in black
(Pamir) and blue (Hindu Kush), and GPS velocity vectors in blue. See Figure 1 for references. The gray domain represents
topography higher than 2,000 m. The red dashed lines (labels “1” and “2”) indicate two crustal transfer corridors that we
suggest to align with the subcrustal boundaries of Marginal and Cratonic India farther south (see section 5.4 for a detailed
discussion). South of ~37°E, the dashed red lines and the blue outlines mark the map view extension of Marginal and
Cratonic Indian lithosphere according to the interpretation of Kufner et al. (2016). (b) Interpretation of the neotectonics. The
sketch shows Indian lithosphere at subcrustal depths as light and dark blue bodies (crustal and lithospheric thickness not to
scale); the red dashed lines mark the outline of the transfer corridors according to section 5.4. Yellow focal mechanisms
indicate the style of dominant crustal deformation. Green arrows show directions of material flowwithin the crust imposed
by the Indian convergence at subcrustal depths (dominantly for Pamir and Hindu Kush) and the gravitational collapse of
the western Pamir (dominant for the Tajik basin). Sketch and kinematics in the central/eastern Pamir and in the Tian Shan
are adopted from Schurr et al. (2014) and Käßner et al. (2016), respectively.
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the Sarez-Karakul fault system (Metzger et al., 2017; Rutte, Ratschbacher, Khan, et al., 2017; Schurr et al., 2014;
Stübner et al., 2013). The Sarez-Karakul fault system then seems to act as a transfer corridor for deformation
through the Pamir. (2) The Hindu Kush continental subduction zone may still transmit stress to the Tajik basin
lithosphere, building up the second transfer corridor along the Darvaz fault, as the strike-slip movement
along the fault is still active.

We suggested that lateral extrusion of Pamir rocks is responsible for the high seismic activity and frequent
large earthquakes in the Garm region/Peter I. range. However, given the complex crustal and mantle
structure and the near-syntaxis location of the Pamir-Hindu Kush-Tajik basin, other tectonic processes might
contribute to the observed strong and complex deformation field. Ideas suggested for surface-crust-mantle
coupling at plate-boundary syntaxes (e.g., western and eastern Himalayan syntaxes, Alaska, Caucasus, etc.)
might be applicable for our study region as well. Based on geodetic, modeling, and field studies, it has been
shown that oblique convergence can cause orogen parallel material flow throughout the crust and upper
mantle as well as the rotation of surface velocity vectors, surface strain, and fault orientations (Finzel et al.,
2015; Hu et al., 2012; Sternai et al., 2016; Whipp et al., 2014). Such processes might also contribute to the radial
strain field we observe in the Tajik basin. Erosion and exhumation may also have an effect on strain
localization in the crust (Enkelmann et al., 2015; Wang et al., 2014; Zeitler et al., 2015), which might play a role
at the orographic transition from the Tajik basin to Pamir and Hindu Kush mountains.

6. Conclusions

Based on 4 years of temporarily deployed seismic networks, we derived an earthquake and
source-mechanism catalog for the crustal seismicity within the Tajik basin and the adjacent Pamir, Hindu
Kush, and Tian Shan. We interpret the seismic features together with the long-term stress field derived from
geologic fault-slip data, an updated Cenozoic fault map, and in relation to the subcrustal processes beneath
the Hindu Kush and Pamir. Our results suggest that the regional seismic deformation can be characterized by
three domains with different activity:

1. We find that earthquakes that occur on active faults bounding the basin (Illiac and Darvaz fault zones) are
predominantly strike-slip. In the northeastern Tajik basin, where the Pamir and Tian Shan converge (Garm
region/Peter I. range), strike-slip earthquakes associated with the dextral Illiac and sinistral Darvaz fault
zones transition into a zone of oblique thrusting. The Garm region/Peter I. range hosts not only the largest
instrumentally recorded earthquakes along the basin’s margins (Kulikova, 2016, and references therein)
but also exhibits the most frequent crustal seismicity in our catalog. We suggest that this intense
seismicity occurs in response to the combined effects of the northward pushing Indian indenter and
the westward extruding Pamir-plateau rocks into the Tajik basin.

2. Hypocenters in the Tajik basin gradually deepen southward from 9 to 15 km, possibly outlining the
Jurassic evaporite décollement or a deeper detachment. The stress orientations derived from seismic
moment tensors match with the trends of the westward-oriented GPS-velocity vectors. We find that this
pattern is consistent with a model of gravitational driven extrusion of Pamir crust onto the Tajik basin.
Other processes associated with the near syntaxis-location of the study region might affect tectonics as
well.

3. Crustal seismicity in northeastern Afghanistan appears to be dominated by compression at the western
edge of the Hindu Kush continental subduction zone. The Afghan Pamir north of the Hindu Kush
subduction zone exhibits little seismicity, moving north- and westward with little internal deformation.
Farther east, a domain of interconnected strike-slip faults in the Hindu Kush and southwestern Pamir
outlines a transfer zone. We suggest that this transfer zone is accommodating the relative movement
between the two segments of the horizontally tearing Indian lithosphere at subcrustal levels (Cratonic
and Marginal India in Figure 9). This implies that subcrustal lithospheric boundaries can be traced as
complexly deforming regions in the overlying continental crust.
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