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Abstract The Cenozoic convergence between India and Asia has created Earth's thickest crust in the
Pamir-Tibet Plateau by extreme crustal shortening. Here we study the crustal structure of the Pamir and
western Tian Shan, the adjacent margins of the Tajik, Tarim, and Ferghana Basins, and the Hindu Kush,
using data collected by temporary seismic experiments. We derive, compare, and combine independent
observations from P and S receiver functions. The obtained Moho depth varies from ~40 km below

the basins to a double-normal thickness of 65-75 km underneath the Pamir and Hindu Kush. A Moho
doublet—with the deeper interface down to a depth of ~90 km—coincides with the arc of intermediate-
depth seismicity underneath the Pamir, where Asian continental lower crust delaminates and rolls back.
The crust beneath most of the Central and South Pamir has a low V,/V; ratio (<1.70), suggesting a
dominantly felsic composition, probably a result of delamination/foundering of the mafic rocks of the
lower crust. Beneath the Cenozoic gneiss domes of the Central and South Pamir, which represent
extensional core complexes, the V,/V ratios are moderate to high (~1.75), consistent with the previously
observed, midcrustal low-velocity zones, implying the presence of crustal partial melts. Even higher
crustal average V},/V; ratios up to 1.90 are found in the sedimentary basins and along the Main Pamir
Thrust. The ratios along the latter—the active thrust front of the Pamir—may reflect fluid accumulations
within a strongly fractured fault system.

1. Introduction

The Pamir has been forming at the northwestern tip of the India-Asia collision zone since ~50 Ma (e.g.,
Najman et al., 2010) and, together with the Tibet Plateau, contains the thickest crust on Earth (e.g.,
Reguzzoni et al., 2013; Figure 1). To infer the geodynamic processes that created the thick crust, detailed
information on the present-day crustal structure is essential. Specifically, mapping the crustal thickness
and structure of the Pamir and its surrounding basins may provide constraints for assessing the role of
continental subduction, crustal recycling into the mantle, and lateral extrusion of crust out of the orogen,
when considered alongside geological evidence for strong shortening across the Pamir.

Although previous studies mostly based on satellite gravity observations showed that the Pamir has a
continental crustal thickness of twice the global average, detailed information on the thickness and bulk
composition based on local seismic data is missing. Steffen et al. (2011) obtained a map of crustal thickness
for Central Asia including the Tian Shan and the Pamir by modeling the EGM2008 gravity data. Reguzzoni
et al. (2013) combined a global seismic crustal model (CRUST2.0) with satellite gravity data and improved
the standard deviation of the seismic crustal model at places where seismic data are sparse. Robert et al.
(2017) obtained a crustal thickness map of Central Asia by combining elevation, geoid anomaly, and thermal
data. These studies imply a crustal thickness of up to 75 km in the Pamir and Tian Shan, but with low spatial
resolution (>0.5°) and without detailed information on the crustal structure and composition.

In Soviet times, a number of controlled-source, wide-angle seismic profiles were acquired and evaluated,
covering parts of the southern Tian Shan, Tajik Basin, and Pamir. A crustal thickness of 50-55 km was found
beneath the Ferghana Basin and southern Tian Shan; it increases to 70-75 km beneath the North Pamir and
decreases to 60-65 km beneath the Central and South Pamir (Beloussov et al., 1980). Beneath the Tajik
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Figure 1. Map showing the geological features and locations of the seismic stations (blue triangles). Green-filled triangles mark stations for which data are shown
in Figures 3 and 9. Sutures and faults are modified after Robinson et al. (2004) and Kufner, Schurr, et al. (2018) from north to south: Talas-Ferghana Fault
(TFF), Main Pamir Thrust (MPT), North Pamir/Kunlun Suture (NKS), Kashgar-Yencheng Transfer System (KYTS), Tanymas Suture (TAN), Rushan-Pshart
Zone (RPZ), Darvaz Fault (DF), Tirich-Mir Zone (TRM), Shyok Suture (SHY), and Indus-Zangbo Suture (IZS). Red shaded areas mark the Cenozoic gneiss
domes of the Pamir: Yazgulom (Y), Sarez (Sz), Muskol-Shatput (M-S), Kongur Shan-Muztaghata (K-M), Shakhdara-Alichur (S-A). Grey and black dots are the
earthquake epicenters from Kufner et al. (2016) with focal depths in the 100-150- and 150-300-km ranges, respectively. Inset shows the Indian-Asian collision zone:
Hindu-Kush (HK), Pamir (P), and Tibet (T). Terranes are Kunlun (KL), Songpan-Ganzi (S-G), Qiangtang (Q), and Lhasa (L). Altitudes exceeding 3,000 m are
highlighted in brown, including Tibet, Himalaya, Pamir, and the Tian Shan.

Basin, crustal thickness values between ~37 and 49 km were obtained (Burtman & Molnar, 1993; Kulagina
et al.,, 1974). However, these investigations suffer from insufficient publication, documentation, and
justification of data analysis (see comments in Burtman & Molnar, 1993).

Since 2008, temporary local seismic arrays have been operated in the Pamir and surrounding regions. In
the course of this work, Mechie et al. (2012) detailed the crustal structure and thickness along a north-south
profile traversing the Pamir by wide-angle reflections and refractions observed from local earthquakes.
The crustal thickness obtained in this study varies from ~58 km in the North Pamir, through ~74 km in
the Central Pamir, to ~66 km in the South Pamir. The P wave velocity was shown to be relatively low
(<6.3 km/s) with respect to the global average. Moreover, they inferred a low average crustal Poisson's ratio
(0.23, corresponding to a V,,/V; ratio of 1.69) in the Central and South Pamir. Schneider et al. (2013) used the
same transect to construct receiver function cross sections showing similar crustal thickness variations,
except for a slightly deeper Moho in the South Pamir. Furthermore, they resolved a south dipping,
~15-km-thick, low-velocity zone, interpreted as delaminating or subducting Asian lower crust.

In this paper, we study the crustal structure and map the crustal thickness and V,/V; ratio beneath the
seismic arrays using converted seismic waves and their multiples. Our results are in general agreement with
the previous studies, but provide information over a broader area of the Pamir and the surrounding regions.
The detailed maps of the Moho depth and crustal V,/V; ratio are used to constrain the mode of crustal
convergence and to infer the recent geodynamic evolution of the Pamir.
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2. Tectonic Setting

The Pamir of Central Asia constitutes the northwestern extension of the Tibet Plateau. In the north, west,
east, and south, it abuts, respectively, on the western Tian Shan, Tajik Basin, Tarim Basin, and the Hindu
Kush and Karakorum (Figure 1). The Pamir consists of a similar amalgamation of lithospheric terranes as
Tibet. These terranes, comprising Gondwana-derived microcontinents, subduction-accretion complexes,
and arcs, were accreted to Asia during the Paleozoic and Mesozoic (e.g., Robinson et al., 2012; Schwab
et al., 2004) and are nowadays separated by roughly east-west trending suture zones. In the Pamir, the
intervening sutures are the North Pamir-Kunlun Suture, the Tanymas suture, and the Rushan-Pshart
Zone; they outline an orocline and are the basis for the classic subdivision into the North, Central, and
South Pamir. Compared to Tibet, the North Pamir correlates to the Kunlun and Songpan-Ganzi terranes,
and the Central and South Pamir as well as the Hindu Kush and Karakorum to the Qiangtang and Lhasa
terranes (e.g., Robinson et al., 2012; Schwab et al., 2004). The lithosphere of the amalgamated Gondwana
terranes likely was weakened rheologically by the long history of subduction, accretion, arc formation,
and tectonism (e.g., Angiolini et al., 2013; Kufner et al., 2016; Schwab et al., 2004). Cenozoic relative north-
ward motion of the Pamir with respect to its surrounding basins has mostly been accommodated along the
Darvaz fault in the west and the Kashgar-Yencheng Transfer System in the east (Cowgill, 2010). Most of the
current crustal N-S shortening is accommodated along the Main Pamir Thrust (Kufner, Schurr, et al., 2018;
Schurr et al., 2014) by periodically occurring large earthquakes (Sippl et al., 2014).

The Central and South Pamir crust experienced Cenozoic high-grade metamorphism and magmatism.
The related rock outcrop in extensional gneiss domes; the Shakhdara dome in the South Pamir; the
Yazgulom, Sarez, Muskol, and Shatput domes in the Central Pamir; and the Kongur Shan and
Muztaghata domes in the East Pamir of China (Figure 1). The Cenozoic mineral assemblages indicate
Barrovian-facies metamorphism, which culminated in regional migmatization in the Shakhdara dome
and anatectic plutonism in all domes (e.g., Chapman et al., 2018; Grew et al., 1994; Hacker et al., 2017;
Peykre et al., 1981; Robinson et al., 2004; Schmidt et al., 2011). These gneiss domes collectively make up
~20% of the exposed rock of the Pamir, having surface areas of ~2,000-30,000 km?.

Clastic and carbonate metasedimentary sequences dominate the Central Pamir, but also include large
volumes of Paleozoic to Miocene quartzofeldspathic orthogneiss and granitoids (Hacker et al., 2017;
Rutte, Ratschbacher, Schneider, et al., 2017; Rutte, Ratschbacher, Khan, et al., 2017; Schwab et al., 2004).
Quartzofeldspathic plutonic rocks of the Jurassic-Cretaceous, Andean-style magmatic arc, and its
Proterozoic-Mesozoic host rocks along the southern margin of Asia dominate the South Pamir
(Hacker et al., 2017; Stiibner, Ratschbacher, Rutte, et al., 2013; Stiibner, Ratschbacher, Weise, et al., 2013).
Structural investigations reveal that the Central Pamir domes formed in crust that was tripled in
thickness by north-south shortening during the late Eocene-Oligocene (Rutte, Ratschbacher, Schneider,
et al., 2017; Rutte, Ratschbacher, Khan, et al., 2017). This implies that the crust was thicker than the
present 60-70-km-thick Pamir crust (Mechie et al., 2012). Mostly Miocene, syn-convergent exhumation
along large-scale, normal-sense shear zones exhumed the mostly felsic crust from 25- to 50-km depth in
the gneiss domes of the Central and South Pamir. Exhumation was likely driven by the sudden removal
of crustal compressive forces when the underthrusting Indian slab broke off (Rutte, Ratschbacher,
Khan, et al., 2017; Stearns et al., 2013, 2015).

The Pamir and Hindu Kush host a zone of intermediate-depth seismicity down to ~300 km (Kufner et al.,
2016, 2017; Sippl, Schurr, Yuan, et al., 2013). In map view, this intermediate-depth seismic zone forms an
~450-km-long band from the Hindu Kush in northeastern Afghanistan to the East Pamir of China
(Figure 1). Beneath the Pamir and the Hindu Kush, the hypocenters of these earthquakes form two
separated continental Wadati-Benioff zones (e.g., Burtman & Molnar, 1993; Fan et al.,, 1994; Pegler &
Das, 1998). While north-south cross sections revealed opposite dips for both zones, accurate earthquake
locations constrained the detailed geometry of the seismicity in the Pamir as a curviplanar arc, dipping to
the south in the East Pamir and bending to an eastward dip beneath the southwestern South Pamir
(Figure 1; Kufner et al., 2017; Sippl, Schurr, Yuan, et al., 2013). At the southwestern end of the arc, the
intermediate-depth seismic zone dips due east and reaches ~240-km depth. At the eastern end, the deepest
earthquakes occur at ~150-km depth. At depths below 80 km, the seismic zone beneath the Hindu Kush is
spatially separated from the Pamir zone and hosts earthquakes with focal depths of up to 300 km.
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Several scenarios were proposed to explain the different dips of the intermediate-depth seismic zones
beneath the Hindu Kush and the Pamir. The two-slab scenario implies that the seismicity beneath the
Pamir is situated within south and east dipping Asian crust, while the seismicity beneath the Hindu Kush
occurs in northward subducting crust of Indian origin (Burtman & Molnar, 1993; Chatelain et al., 1980;
Fan et al., 1994; Negredo et al., 2007; Roecker, 1982). One-slab scenarios locate the intermediate-depth seis-
micity beneath the Pamir and Hindu Kush in a single contorted slab of either Indian (Billington et al., 1977;
Pavlis & Das, 2000; Pegler & Das, 1998) or Asian origin (Perry et al., 2019).

Recent studies of the intermediate-depth earthquakes and teleseismic tomography using local seismic arrays
revealed an arcuate east to south dipping configuration for the Pamir seismic zone (Sippl, Schurr, Yuan,
et al., 2013) and a north dipping seismic zone beneath the Hindu Kush (Kufner et al., 2016, 2017).
Receiver function images (Schneider et al., 2013) showed that between ~70- and 90-km depth in the
Pamir seismic zone, where there are no earthquakes, the Asian slab continuously dips to the south. In the
upper mantle beneath the eastern Central Pamir, a 10-15-km-thick layer of Asian continental crust,
descending to a depth of ~150 km, was observed hosting the intermediate-depth seismicity. This was con-
firmed by local earthquake tomography (Sippl, Schurr, Tympel, et al., 2013) and the observation of guided
waves (Mechie et al., 2019). Together, these seismic observations demonstrate an east to south dipping slab
of Asian lithosphere beneath the Pamir, which is corroborated by the observation of a clear deformation
front along the Main Pamir Thrust (e.g., Burtman & Molnar, 1993; Zubovich et al., 2016). Sippl, Schurr,
Tympel, et al. (2013) and Kufner et al. (2016) inferred that indenting cratonic Indian mantle lithosphere
causes the arcuate shape of the Asian slab, delaminating, rolling back, and tearing apart the cratonic
lithosphere of the Tajik/Tarim Basins underneath the Pamir.

The observation of a low-velocity zone beneath the Hindu Kush reaching down to a depth of ~160 km has
been interpreted as subducted crust (Kufner et al., 2017; Li et al., 2018; Roecker, 1982). Tomographic images
(Koulakov, 2011; Kufner et al., 2016) showed that a high-velocity zone, interpreted as a cold lithospheric
slab, reaches down to ~600-km depth, thus much deeper than the seismicity beneath the southwestern edge
of the Pamir and beneath the Hindu Kush. Koulakov (2011) described the shape of the deep-reaching
lithosphere as a structure resembling a honey drop, originating from delamination rather than subduction.
Molnar and Bendick (2019) similarly interpreted the observations of deep seismicity and the inference of a
sinking lithospheric “blob” beneath the Hindu Kush to be caused by a Rayleigh-Taylor-type instability as
GPS measurements north and south of the Hindu Kush show little relative shortening (Perry et al., 2019).
In contrast, Kufner et al. (2016, 2017) derived from moment tensor inversion of the deep seismicity a
stress state of vertical tension, which they interpreted together with the observation of a neck in the
lithospheric slab as active slab break-off and thinning of subducting Indian lithosphere. Furthermore, they
showed that the zone of intermediate-depth seismicity dips north; that is, it connects southward with Indian
lithosphere, and the high-velocity zone outlines a slab. Taking the ~34-mm/year India-Asia convergence
rates of Molnar and Stock (2009) and the length of the (restored) Indian and Asian slabs (380-400 km),
the collision of the cratonic Indian and the cratonic Asian lithospheres would have started at 12-11
Ma (Kufner et al., 2016).

Miocene granulite- and eclogite-facies xenoliths from the southeastern Pamir provide a snapshot of what
may have happened to the Pamir crust before the collision between the Asian and Indian lithospheres
beneath the Pamir (Kooijman et al., 2017; Shaffer et al., 2017). The xenoliths were derived from mixed
sedimentary-igneous Pamir crust like that exposed in the gneiss domes. At 14-11 Ma, the xenoliths were
heated by 200-300 °C, buried to depths of ~90 km at rates of ~1 cm/year, that is, ~20 km below the present
Moho, and invaded by ultrapotassic/carbonatitic melt. Shaffer et al. (2017) interpreted this to reflect crustal
foundering, synchronous with the onset of Indian cratonic lithosphere indentation, causing rollback of the
Asian cratonic lithosphere as inferred from the seismic imaging. The melting of the foundered crust and
surrounding mantle produced the Neogene and younger (ultra)potassic magmatism of the South Pamir
and adjacent Tibet, including the eruption of the xenoliths.

3. Data and Method

This work is based on teleseismic waveform data recorded by three temporary seismic networks, TIPAGE
(Yuan et al., 2008), TIPTIMON (Schurr et al., 2012, 2013), and FERGHANA (Haberland et al., 2011), and
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Figure 2. Epicenters of teleseismic earthquakes used for P (1,680 events) and S wave (540 events) receiver functions
(P-REF, circles; S-RF, crosses). The ranges of teleseismic earthquakes used for the P-RF and S-RF methods are 30-95°
and 55-85°, respectively. The research area is marked with the red box. Black and green circles show the distances
that correspond to the P-RF and S-RF distance ranges, calculated from the center coordinates of the research area
(38°N, 72°E).

some permanent stations in Kyrgyzstan, Tajikistan, Afghanistan, and China. Figure 1 shows all stations used
in this study (see Kufner et al., 2016; Mechie et al., 2012; Sippl, Schurr, Yuan, et al., 2013 for details). The
stations occupy a major portion of the Pamir, southern Tian Shan, Hindu Kush, and parts of the surrounding
Tajik, Tarim, and Ferghana Basins.

We applied the P and S receiver function (P-RF and S-RF) methods to measure the crustal thickness. The two
methods provide independent observations of discontinuities in seismic shear-wave speed (Li et al., 2011).
They make use of mode conversions of seismic waves (Ps or Sp) from teleseismic distances at discontinuities
such as the Moho. The arrival time of the converted Ps or Sp phase is compared to the arrival time of the P or
S mother phase, respectively, and the converter depth is determined from the time difference between the
converted phases and their mother phases. Epicentral distances ranging from 30° to 95° are used for P-RF
events. Only a subset of these earthquakes is usable for the S-RF method, for which epicentral distances
of 55° to 85° are most suitable (Yuan et al., 2006). Figure 2 shows all events used in our analysis. All records
were band-pass filtered (0.5-30 s for P-RFs and 1-30 s for S-RFs). Events with magnitudes larger than 5.5
were inspected and selected manually, with respect to their signal-to-noise ratios. If needed, additional
high-pass filters (20, 15, 10, 7.5, or 5 s) were applied to remove low-frequency noise. The three-component
records were rotated into the L-Q-T coordinate system using theoretical back azimuths and incidence angles.
For P-RFs, the L component is deconvolved from the Q component, and for S-RFs, the Q component is
deconvolved from the L component. We performed the deconvolution steps using time-domain Wiener
filtering with a time window of 100 s.
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Figure 3. Illustration of the extended H-x inspection routine for determination of the Moho depth and average crustal
Vp/V; ratio from P-RFs of a single station based on 181 events at station P24 in the southeastern Pamir (see Figure 1).
(a) Stack contributions of Ps, PpPs, and PpSs phases in a V},/V depth diagram; only amplitudes of the correct sign
above a threshold value are plotted. (b) Stacked Ps, PpPs, and PpSs phases (standard H-x diagram). (c) Summation
traces after moveout correction (to a reference slowness of 6.4 s/deg, corresponding to an epicentral distance of 67°)
for the direct (Ps) and the multiple (PpPs and PpSs) phases. The color coding corresponds to the color code in
Figure 3a. White dashed lines mark the phases selected automatically from the maximum H-x stack (Figure 3b).

(d) Individual traces stacked in slowness bins. Positive amplitudes are shown in red, negative in blue; black lines mark
the theoretical arrival times of Ps, PpPs, and PpSs phases calculated from the H and x values with the maximum
stacked amplitude (circles in Figures 3a and 3b).

Even though the P- and S-RF methods are in principle similar, they differ in certain aspects. Ps phases appear
in the coda of the P waves, while Sp phases arrive earlier than the main S phase. P-RFs are often complicated
by crustal multiples (PpPs and PpSs phases). In contrast, Sp waves used for S-RFs are precursors of the
mother S phase and are separated from the multiple reverberations that arrive after the mother phase.
However, the crustal multiple phases, which complicate the P-RFs, can also be utilized to determine the
crustal average V},/V ratio. We used the H-x algorithm (Zhu & Kanamori, 2000) for the joint determination
of the crustal V,/V; ratio and the crustal thickness from P-RFs. P waves contain higher frequencies than S
waves, therefore allowing for a higher resolution. Moreover, due to the greater suitable distance range, more
earthquakes can be used for P-RFs, providing better signal-to-noise ratios.

We used both methods and derived independent measurements for the Moho depth. From the differential
arrival times, approximate Moho depths were determined directly by consulting an average one-
dimensional velocity model with a constant V,/V; ratio. To get comparable depth results from P-RFs and
S-RFs, we applied the V,/V; ratio obtained from the H-x method for the time-depth conversion to
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construct both the P-RF and S-RF Moho depths. The results of both methods were combined, so that the
uncertainties and errors involved in the individual methods are minimized by averaging.

3.1. Determination of Crustal V,,/V, Ratio and Moho Depth From P-RF

Using the H-x method, the Moho depth and crustal average V,,/V; ratio were determined for each station. If
shallow crustal converters are present, the multiple phases of these discontinuities can obscure the Moho
phase. The H-x algorithm (H stands for the Moho depth and x for the V},/V; ratio) helps to identify possible
candidates of “real” Ps phases through the association of direct with multiple phases. During the procedure,
additional zero-phase low-pass filters were applied in order to suppress signals from intracrustal converters.
As default value, a cutoff frequency of 2 s was used. However, at some stations this value was manually
tuned in order to optimize the signal-to-noise ratio. Receiver functions are stacked on a H-x grid using
the moveout of Ps, PpPs, and PpSs phases. The maximum stack is regarded as the most likely H-x
combination for the Moho phase. To ensure that the H-x stack maximum corresponds to realistic
associations between direct and multiple phases, we applied an extended inspection routine. For each
station, we examined a combination of different representations of data. Figure 3 visualizes the analysis
for station P24, located in the southeastern Pamir (see Figure 1 for station location). While Figure 3b shows
the classical representation of the H-x stacking result as introduced by Zhu and Kanamori (2000), the
different depth-time relations of the Ps, PpPs, and PpSs phases can be used separately as shown in
Figure 3a. The advantage of the latter data representation is that one can see how many phases join at one
H-x combination, which helps to evaluate the reliability of the maximum stack (see Figure 3b). In Figure 3d,
the RFs are sorted by their slowness and stacked in bins of 0.1-s/deg slowness intervals. Here the direct and
multiple phases can be distinguished from each other by their slopes (moveout). While for direct
Ps phases larger slownesses result in larger arrival times, multiple PpPs and PpSs phases show the
opposite moveout.

In the three panels of Figure 3c, the summation trace is calculated after moveout corrections for the Ps, PpPs,
and PpSs phases, respectively (Yuan et al., 1997). For the preferred H-x combination based on the stack in
Figure 3b, the curves of the theoretical arrival times for the three investigated phases are calculated as a
function of slowness. The resulting slowness-arrival time curves are compared with the moveout of the
observed data (black lines in Figure 3d). For station P24 (Figure 3), all three phases can be identified clearly.
They follow the theoretical moveout curves. We inspected and interpreted these three data representations
for each station in order to minimize false associations between the mother phase and the multiples when
determining the Moho depth and the V,,/V; ratio. The V,/V; values, obtained from the H-x algorithm, are
shown in Figure 4 for all stations. The V,/V; values between the stations are interpolated using
continuous curvature splines in tension (Smith & Wessel, 1990), implemented in the surface tool of GMT
(Wessel & Smith, 1998). H-x analysis was performed for stations where at least one multiple phase is
available. If the multiple phases could not be identified clearly, but the Ps conversion is clear and shows
the expected slope in the representation of Figure 3d, only the Ps time is picked. In those cases (at 17 stations),
the crustal thickness was calculated from this Ps time and a V,,/V; value at the station location, deduced from
the interpolated V),/V ratio map (Figure 4).

Figure 5 shows the Moho-depth distribution computed from the P-RFs. At nine stations in the Pamir, we
detected two converted phases in the depth range of 60-90 km, providing possible candidates for the
Moho. The occurrence of this double Moho phase is discussed in detail (see section 5). Figure 5 shows a
map of the Moho depth with the deeper Moho interface chosen; in the inset, the shallower Moho interface
has been selected below these nine stations.

3.2. Determination of Moho Depth From S-RF and Combination With P-RF

As a complementary observation to the P-RF Moho map, we deduced the crustal thickness from S-RFs.
Because the offsets between the conversion points at the Moho from a station are quite large for S-RF (in
the order of the Moho depth), they overlap significantly for neighboring stations in our network. Thus, a
station-wise analysis would blur the lateral variations. To account for lateral Moho-depth variations and
to enhance the converted Moho signals, we computed S-RF cross sections, using common conversion point
stacking (Yuan et al., 2000). The Moho depth is then picked from the cross sections.
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Figure 4. Average crustal V,,/V ratio obtained from H-x analysis using Ps, PpPs, and PpSs arrivals. The ornamented areas mark the locations of the Cenozoic Pamir
gneiss domes. V},/V; ratios are interpolated between stations using the procedure of Smith and Wessel (1990) with a tension parameter of T = 0.25. H1-H6 and L1
mark anomalies of high and low V},/Vj ratio, respectively. Grey lines are political boundaries; major faults and suture zones are as in Figure 1.

A series of west-east S-RF cross sections was created in the latitude range between 37° and 40°N for the
Moho-depth determination (Figure 6). At each section, we picked the Moho depths at the maximum ampli-
tude approximately every 1°. The time-depth conversion was computed based on a modified IASP91 model
(Kennett & Engdahl, 1991) with a crustal thickness of 80 km and a constant V,/V ratio. To account for local
variations of the V,/V; ratio and to allow comparability with the P-RF Moho map, we corrected the S-RF
Moho depths using the V,/V; value at the corresponding coordinates from the V,/V; ratio map derived from
the H-x analysis (Figure 4). Thus, the Moho depths in Figure 6 are slightly different from the final values.
Figure 7 shows the Moho map derived from the S-RFs. Here the values from the cross sections are corrected
taking into account the interpolated V,/V; ratios at the positions of the S-RF measurements.

The main features of the S-RF and P-RF Moho maps (Figures 5 and 7) are nearly identical. In Figure S1, we
show the differences between the Moho depths derived by the two methods. Since both observations are
independent, their similarity corroborates the results. We combined the P-RF and S-RF data sets in one
map (Figure 8). For the P-RF Moho depth estimates, we used the station locations as reference points
(depicted as triangles in Figure 7). For the S-RFs, the locations of the picks along the cross sections
(Figure 6) were used (depicted as squares in Figure 7). The Moho surface was constructed by interpolation
through the combined data set in the same way as for the P-RF and S-RF data sets alone.

4. Results
4.1. Map of Crustal V,/V Ratios

A map of the crustal V,/V; ratios was created by interpolating the individual measurements from the H-x
algorithm at each station (Figure 4). Where a double Moho was observed, the V,,/V; ratio was determined
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Figure 5. Moho map determined from P-RFs. At the stations displayed in Figure 4, direct Ps and crustal multiples were stacked to determine the Moho depth. At
stations where the V},/V; ratio could not be unambiguously determined by the H-x analysis, only the Ps conversion time was taken into account and the V,/V;
ratio is taken from the interpolated map (Figure 4). At nine stations, two Moho phases were detected (marked with thick circles in the inset). While in the main
figure the deeper Moho interface was chosen, the inset shows the Moho map with the shallower Moho selected at those nine stations. Values for the Moho depth are
interpolated between the stations using the interpolation procedure of Smith and Wessel (1990) with a tension parameter of T = 0.25. Lines A-A’ and B-B’ refer
to the profiles shown in Figures 9 and 10. Cross section C-C’ is provided in Figure S6 in the supporting information.

for the crustal average structure down to the deeper Moho. General features are the low V,/V ratios in the
Central and South Pamir and the high V,/V; ratios in the North Pamir and in the sedimentary basins
surrounding the Pamir. In most parts of the Tajik and Ferghana basins, the V,/V; ratios are higher than
1.80 and in some areas they reach 1.90 (H1 and H3). Elevated V,,/V; ratios can be found in some regions
in the Pamir, mostly beneath the gneiss domes in the Central and South Pamir. At six stations located in
the southwestern Pamir Shakhdara dome (H6), the V,,/V; ratios range from 1.76 to 1.82. In the area of the
Shatput dome in the eastern Central Pamir (H5), four stations show values ranging from 1.76 to 1.84.
High V,,/V; ratios also occur at the northwestern boundary of the Pamir along the Vakhsh Thrust System
(H2) and in the eastern part of the North Pamir along the Main Pamir Thrust (H4). Low V,/V; ratios
dominate most parts of the Central and South Pamir outside the gneiss domes (L1). Here the V,/V; ratios
are lower than 1.70 at many stations, significantly lower than the global average for continental crust
(1.75-1.77; Christensen, 1996; Zandt & Ammon, 1995). The variation of the V,/Vj ratios in the Pamir
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from the values shown here.

agrees with the results from wide-angle seismic reflections and refractions from local earthquakes along the
north-south TIPAGE profile (V},/V; ratio of 1.77 beneath the North Pamir, and 1.69 beneath the South and
Central Pamir; Mechie et al., 2012).

4.2. Crustal Thickness Map

We created a map of crustal thickness by combining P-RF and S-RF measurements (Figure 8). Over the
entire study area, the crustal thickness varies significantly, from 35 to 55 km below the basins to a double
normal thickness of 65-75 km in the Pamir and Hindu Kush. It locally reaches ~90 km in the western
Central Pamir. Note that an inclined Moho interface would yield an underestimated Moho depth as
H-x result as we found from synthetic tests (see Figure S2 in the supporting information). In the
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Figure 7. Moho map from S-RF picks. Squares show the locations of picked S-RF Moho depths and triangles the locations of the seismic stations. Values for the
Moho depth are derived from Figure 6 and corrected taking into account the corresponding V),/V; values shown in Figure 4. For interpolation between all single
measurements, we used the interpolation procedure of Smith and Wessel (1990) with a tension parameter of T = 0.25.

central part of the Tajik Basin, the crustal thickness is 35-45 km and increases to ~55 km toward the
Pamir. This result is in general agreement with the crustal thickness derived by controlled-source,
wide-angle profiles (Kulagina et al., 1974 discussed in Burtman & Molnar, 1993). Our data sampled
the southern and western parts of the Ferghana Basin, where the crustal thickness is 40-45 km
beneath the sedimentary basin; it increases to ~50 km beneath the Talas-Ferghana Fault. In the
Tarim Basin, the crust is ~50 km thick, ~5 km thicker than that of the Tajik and Ferghana Basins.
Although our data only cover the western edge of the Tarim Basin, the estimates are consistent
with the 45-50-km crustal thickness revealed by controlled-source seismic data in the central Tarim
Basin (Li et al., 2006).

The orogenic areas are underlain by thick crust. The southwestern Tian Shan stands out in Figure 8
as an east-west trending feature with 55-65-km-thick crust. The crustal thickness of the Hindu Kush
increases slightly toward the southern Pamir from ~60 to 65 km. The crust in the Pamir is overall
thicker than ~65 km and exhibits significant lateral variations, which do not follow the geological
division into the North, Central, and South Pamir. The North Pamir has an ~65-km-thick crust. At nine
stations, mainly located in the western Central Pamir between the Darvaz Fault/Tanymas Suture and
the Rushan-Pshart Zone, we detected two discontinuities at depths of roughly 60-70 and 80-95 km,
respectively; both are candidates for the Moho (see also H-x results of three example stations located
in the double Moho zone in Figures S3-S5 in the supporting information). In the following, we call this
double Moho structure the Moho doublet. The main Moho map in Figure 8 is based on the deeper dis-
continuity at these nine stations, while in the inset, the shallower discontinuity defines the Moho map.
To the east and southeast, the crust thins to 50-60 km in the eastern Central Pamir and to ~65 km in
the central South Pamir; it thickens to 75 km in the eastern South Pamir along the transition to Tibet,
that is, into the narrowest part of the entire orogen.
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Figure 8. Moho map combining P-RF (deep Moho phase in Figure 5) and S-RF observations. At nine stations in the western and northwestern Pamir, where
the Moho depth exceeds 80 km, two Moho phases were detected from P-RFs (see Figure 5). In the main figure, the deeper Moho interface, which is continuous
to the east and northeast, was chosen. The inset shows the Moho map with the shallower Moho, which is continuous to the west and southwest, selected at those
nine stations (see also Figures 9 and 10).

5. Discussion
5.1. Crustal Underthrusting and Delamination Beneath the Pamir

In most areas of the Pamir, the crust is twice as thick as the global continental average (~35 km; e.g.,
Hacker et al., 2015; Kennett & Engdahl, 1991), similar to Tibet. The thickest crust is observed along a
southwest-northeast trending trough between the Darvaz fault/Tanymas suture and the Rushan-Pshart
Zone, mostly in the western Central Pamir region. Here the crust is up to 90 km thick, making it, to our
knowledge, nominally the thickest on Earth. At several stations in this region, we detected Moho doublets
by P-RF. The Moho trough and doublet zone is parallel to the boundary region of the Pamir to the
Tajik Basin and runs parallel to the intermediate-depth seismic zone on it northwestern side (Figure 8).
We interpret the extremely thick crust and the Moho doublet as evidence for crustal stacking of the
converging tectonic units beneath the Pamir. We cannot exclude the presence of a thin mantle wedge below
the shallower Moho. The thick, mostly Gondwana-derived Pamir crust thrusts over the cratonic Asian litho-
sphere, that is, the lithosphere of the Tajik Basin. At greater depths, in the upper mantle, the cratonic Asian
crust is detached from the overlying Pamir crust, leaving a mantle wedge between the upper and lower
plates. The deeper Moho interface continues to the south and southeast as a dipping interface, following
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the intermediate-depth seismicity. This interface has been resolved along the TIPAGE seismic profile in the
eastern Central Pamir. Schneider et al. (2013) identified a second interface with negative velocity contrast on
top of the lower plate, outlining a low-velocity zone with a thickness of 10-15 km down to a depth of
>150 km. Sippl, Schurr, Tympel, et al. (2013) observed a low-velocity anomaly by local earthquake tomogra-
phy and interpreted it as deeply buried middle crustal material which has been pulled to depth by the
delaminating and retreating cratonic Asian lithospheric mantle. The interpretation of the continental
nature of the crust is plausible, since there is no geological evidence for the presence of oceanic crust
in the area of the Pamir, and the low-velocity zone connects to the Tajik Basin crust, where the Moho
is observed at 40-50-km depth, dipping toward the Pamir.

An example for the Moho doublet observation at station BRC9 is shown in Figures 9a-9c. In the H-kx analysis
(Figures 9a and 9b), two maxima occur at ~65- and 88-km depth with V,/V ratios of 1.72 and 1.75, respec-
tively. Figure 9c shows a southeast-northwest P-RF cross section, perpendicular to the strike of the seismic
zone (B-B’; see Figure 5 for profile location). In this cross section, the deeper (Asian) Moho continues toward
the northwest, while the shallow (Pamir) Moho continues toward the southeast. Beneath the western and
central South Pamir, the Asian crust has detached from a 60-70-km-thick Pamir crust. The Pamir crust thins
locally to ~50 km beneath the eastern Central Pamir around stations RANS and P16 (Figures 9d-9h), thinner
than beneath the rest of the Pamir (Figure 8). The H-k analysis for both stations shows a clear maximum at
the attributed Moho depth (Figures 9d-9g). For station P16, the Ps and PpPs are unambiguously detectable.
At station RANS, where the Moho depth is at its minimum, both multiple reverberations (PpPs and PpSs)
confirm the depth of the direct Ps phase. Along profile A-A’ (location shown in Figure 5), strong variations
in the Moho depth can be seen in this region between 38 and 39°N (Figure 9h). The Moho shallows from 39
to 38.5°N and deepens again to 38°N. Strong crustal deformation has been inferred in this region from seis-
mic anisotropy (Kufner, Eken, et al., 2018). The thinning of the Pamir crust at 38.5°N can be explained by the
buckling effect due to the delamination and rollback of the cratonic Asian lithosphere beneath the thick
crust and lithosphere of the Pamir. Along both profiles (Figures 9c and 9h), the shallower Moho is the base
of the Pamir crust that thrusts over the delaminating and retreating cratonic Asian lithosphere of the Tajik-
Tarim Basins, marked by the deeper Moho (Schneider et al., 2013). The Pamir Moho indicates that the
underlying mantle wedge locally extends upward to a depth as shallow as ~50 km on top of the delaminating
Asian crust and lithosphere. The locations of the shallow Moho detections along profiles A-A’ and B-B’ coin-
cide with the position of the Muskol-Shatput and the Sarez domes at the surface, respectively (Figure 1).

Double Moho structures have also been observed in southern Tibet beneath the Lhasa terrane and
were interpreted as a result of the underthrusting of the Indian lower crust beneath the Tibetan crust
(Kind et al., 2002; Nabélek et al., 2009; Xu et al., 2017). These observations revealed that the northern front
of the underthrusting Indian crust does not extend north beyond the Lhasa terrane and is apparently
detached from the underlying Indian mantle lithosphere. In contrast to Tibet, no evidence was found for
Indian crust beneath the Pamir. Instead, cratonic Asian crust underlies the North Pamir and has detached
beneath the Central and South Pamir to a depth of at least 150 km, hosting the intermediate-depth
seismicity (Figure 10).

5.2. Felsic Composition of the Pamir Crust

The V),/V ratios determined in this study are a crustal average below each station from the surface to the
Moho, implying that much larger variations are possible within single layers. V},/V; ratios largely depend
on the rock physical properties and composition (Christensen, 1996), with only a weak dependence on pres-
sure and temperature. Generally, felsic rocks have a low V,/V; ratio, while mafic rocks have a high V},/V;
ratio. Quartz is the most important crustal constituent reducing the V,/V; ratio; the V,/V; ratio of a single
quartz crystal in the a state can be as low as 1.5 (Christensen, 1996). The presence of fluid or local melt
reduces the shear wave velocity more dramatically than the compressional wave velocity, thus increasing
the V,/V; ratio. Continental crust has average V,/V; ratios of 1.75-1.77 (e.g., Christensen, 1996; Zandt &
Ammon, 1995), and is usually composed of felsic upper crust with lower V,,/V; ratios (roughly <1.75) and
mafic lower crust with higher V,/V; ratios (roughly >1.75).

Our analysis revealed low crustal V,/V; ratios (~1.70) in much of the Central and South Pamir, indicating
that the crust is felsic, rich in a-quartz in the upper crust (Figure 4). In the regions of the gneiss domes,
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Figure 9. Examples of Pamir stations with a thick crust, a double Moho, and a shallow Moho. (a-c) P-RF data showing the double Moho phase at the location of the
Moho trough. (a and b) H-x analysis for station BRC9 showing two maxima in the V},/V -depth diagrams. (c) Migrated northwest-southeast cross section
passing through BRC9. The black dashed lines mark the interpolated Moho depths. Orange and magenta dashed lines mark the lower and upper interface of the
Asian slab's lower crust. While to the northwest of BRC9 the deeper Moho is plotted in Figure 8, the shallower Moho is plotted to the southeast of BRC9. Location of
the cross-section line B-B’ is shown in Figure 5. (d-h) P-RF data showing the shallow Moho anomaly in the eastern Central Pamir. (d-g) H-x analysis for
stations P16 and RANS, showing a Moho depth of ~56 and 52 km, respectively. (h) P-RF north-south cross section passing through station P16. Line A-A’ is shown
in Figure 5. The moveout corrected summation trace of each station is converted to depth, normalized to the Moho amplitude, and plotted vertically as black
wiggles on top of the migrated data. Surface topography and tectonic units are shown at the top. Station RANS8 (not shown), which has the thinnest crust in the
Pamir, is situated in this projection at the same location as P16. In the cross sections, a constant Vp/ V ratio of 1.73 was assumed, and depths are shown relative to
the surface (not sea level). The summation trace of the Moho phase at station P16 shows its maximum at ~57-km depth. The increased V,/V; ratios at stations P16
and RANS reduce the Moho depth to ~50 km.

the V,,/V; ratios are slightly to significantly elevated (1.76 to 1.84), which can be explained by the presence of
layers within the crust with a very high V,/V; ratio modifying the crustal average. A candidate layer with
high V},/V; ratio is the low-velocity layer observed at depths of 15-40 km beneath the South Pamir (Li
et al., 2018; Sippl, Schurr, Tympel, et al., 2013). Assuming a 20-km-thick midcrustal layer with a V,/V;
ratio of 2.00 in a 70-km-thick crust with a V,/V; ratio of 1.69, an average crustal V},/V; ratio of 1.78 is
inferred. Such a high V},/V; ratio (2.00) within the crust could indicate a zone containing partially molten
rocks (e.g., H5 and H6; Figure 4). Comparable V,,/V; ratios have also been observed in Tibet (e.g., review
in Mechie & Kind, 2013).

In the South and Central Pamir, areas of elevated V,/V; ratios coincide with the Shakhdara (H6) and the
Muskol-Shatput (H5) gneiss domes (ornamented areas in Figure 4). The slightly elevated V,,/V; values at sta-
tions VAN9 and POI8 overlap with the Yazgulom gneiss dome. These high-grade gneiss domes formed by
large-scale crustal extension with exhumation from 30-50-km depth (Hacker et al.,, 2017; Rutte,
Ratschbacher, Schneider, et al., 2017; Rutte, Ratschbacher, Khan, et al., 2017; Stiibner, Ratschbacher,
Rutte, et al., 2013; Stiibner, Ratschbacher, Weise, et al., 2013), exposing felsic crustal rocks (see section 2).
Migmatites, formed by partial melting of metapelites, are widespread in the Shakhdara dome, but are rare
in the other domes. Felsic granitoids are common in all domes. From thermochronologic studies, Stiibner,
Ratschbacher, Weise, et al. (2013) inferred syn-exhumation geothermal gradients of ~60 °C/km for the
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Figure 10. Present-day configuration of the Pamir crust along cross sections (a) A-A’ and (b) B-B’. The average crustal
Vp/V; ratio is low (<1.7) in the South Pamir, since the mafic lower crust is missing. Interpretations for increased V,/V ratios
are marked: a partial melt layer in the Central and South Pamir that coincides with the location of the domes, fracturlng
and fluids around the Main Pamir Thrust, and thick sediments in the Ferghana Basin increase the average crustal V},/ Vs ratio.
Small black dots represent earthquakes. Background colors show the P wave velocity model of Sippl, Schurr, Tympel, et al.
(2013) where badly resolved areas (outside the white dashed lines) have been faded.

Shakhdara dome, which relaxed toward the end of exhumation at 4-2 Ma. At present, a still high geothermal
gradient of ~40 °C/km was estimated, confirmed by the occurrence of numerous hot springs in the region. A
geothermal gradient of 40 °C/km would imply temperatures >700 °C below ~18 km, exceeding the melting
temperature of the metapelites. Nearly all the samples analyzed by Hacker et al. (2017) from the Shakhdara
dome show temperatures exceeding the metapelite solidus at ~20-15 Ma. Duchkov et al. (2001) reported
high heat-flow values of 120 mW/m? in the South Pamir, consistent with the high temperatures in the
crust. Furthermore, local earthquake tomography revealed low V), values (5.6-5.7 km/s) in the depth
range from 15 to 30 km (Sippl, Schurr, Tympel, et al., 2013), indicating that V must be decreased even
more strongly to match the observed high V,/V; ratio. Surface wave tomography (Li et al., 2018) also
imaged a low Vj anomaly in the middle crust at depths of 20-40 km below the Shakhdara dome. Thus,
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the observation of low V,, and a high V,,/V; ratio might be best explained by the presence of partially molten
rocks. This interpretation is in agreement with results of the magnetotelluric survey by Sass et al. (2014), who
observed high electrical conductivity below the South Pamir at a depth of 10-15 km.

We propose that the low bulk crustal V,,/V; ratio beneath the Central and South Pamir outside the domes (L1
in Figure 4) resulted from the loss of the mafic Pamir lower crust by lithospheric delamination/foundering.
Low V,,/V ratios were also observed in the crust beneath other orogenic belts, such as beneath Tibet
(e.g., Tian & Zhang, 2013) and the central Andes (Beck et al., 1996). Delamination of mafic lower crust
due to gravitational instability may occur in collisional orogens when the crust is overthickened. This
delamination process changes the bulk composition of the continental crust. With the increase of crustal
thickness, the mafic lower crust is subject to eclogitization and becomes denser. At a certain point, the
eclogitized rocks detach from the felsic crust and founder into the mantle. The remaining felsic upper
and middle crust continues to thicken during the convergence and finally constitutes the present-day
crust, characterized by a low V,/V; ratio. An additional contribution to the thick Pamir crust may come
from relamination of the felsic component of the delaminated lithosphere in the uppermost mantle after
its chemical differentiation (Hacker et al., 2015).

By analyzing xenoliths erupted in the southeastern Pamir, Kooijman et al. (2017) and Shaffer et al. (2017)
reconstructed an evolution of crustal foundering from ~20 to 11 Ma (see section 2). The xenoliths, with a
continental-crust composition, indicate the recycling of the Gondwana-derived continental crust of the
South Pamir into the mantle (Gordon et al., 2012; Hacker et al., 2005). The crustal foundering occurred when
the advancing cratonic Indian lithosphere approached the cratonic Asian (Tajik-Tarim Basin) lithosphere at
~14 Ma and terminated at ~11 Ma when the two plates finally made contact and the xenoliths were ejected to
the surface (Shaffer et al., 2017). The progressive indentation of the Indian lithosphere below the Pamir has
been proposed to have caused the rollback of the Asian lithosphere and progressed until the picture
seen today (Kufner et al., 2016; Schneider et al., 2013; Sippl, Schurr, Tympel, et al., 2013; this study). In
Figure 10, we summarize our interpretation and compare our results to the local earthquake tomography
of Sippl, Schurr, Tympel, et al. (2013). During plate convergence, the South and Central Pamir crust lost
the overthickened mafic lower crustal root by crustal delamination and regained a felsic root by continuous
thickening and—possibly—by relamination. Overall, the tomography fits well to the results inferred from
the receiver functions. In Figure 10b, the locations of partial melt in the upper crust interpreted from
V,,/V observations coincide with regions of low P wave speed (<5.8 km/s). In Figure 10a, however, a lat-
eral offset of the low P wave -speed anomaly and the dome position is present, which can be explained
by a smearing effect of the tomographic inversion, since the low-velocity anomaly of the Shakhdara
dome is located west of the profile, which might be projected onto the profile beneath South Pamir.

Besides the presence of partial melt, the V,/V; ratio is also modified by fracturing and the presence of fluids
in the vicinity of fault zones. The observed increased V),/V in the North Pamir (H4; Figure 4) south of the
Main Pamir Thrust and southeast of the Garm region (H2; Figure 4), where the shallow seismic activity is
focused (Kufner, Schurr, et al., 2018; Schurr et al., 2014) and released in periodically occurring large earth-
quakes (e.g., the 2008 M,, 6.6 Nura event; Sippl et al., 2014), is attributed to strong fracturing. North of the
Main Pamir Thrust and west of the Darvaz Fault, V,,/V; is generally high in the Ferghana Basin (H3) and
the Tajik Basin (H1), presumably due to very high V},/V; ratios of the sedimentary layers and possibly also
due to the mafic lithology in the crystalline basement of the Basins (Sippl, Schurr, Tympel, et al., 2013).

6. Conclusions

We constructed maps of the crustal thickness and the V,/V; ratio of the Pamir and surrounding regions by a
combination of P and S receiver functions using teleseismic waveform data recorded by temporary and
permanent seismic stations. The crustal thickness varies from 35 to 50 km beneath the Tajik, Tarim, and
Ferghana Basins to over 70 km in the Pamir and Hindu Kush and it reaches up to 65 km in parts of the
Tian Shan. Beneath the Central Pamir, a double Moho structure is the result of the westward and northward
delamination and rollback of the cratonic Asian lower crust of the Tajik-Tarim Basins beneath the Pamir.
Much of the South and Central Pamir crust is characterized by low V,/V; ratios, suggesting a felsic bulk
composition. This is explained by the loss of mafic rocks due to crustal delamination/foundering during
the continuous plate convergence. The moderate to high V,/V; ratios beneath the Central and South
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