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The Pamir-Hindu Kush region is an orogenic belt which formed as a result of recent continental collision between
the Indian and Eurasian Plates. A comprehensive understanding of the tectonic history of this region has been
hampered due to limited seismological investigations. In this study, we use the Moho underside reflection
pmP phase to constrain crustal thickness variations in the intermediate-depth seismic zone (36-37°N,
69-72°E). The seismic events characterized by focal depth deeper than 100 km and magnitude > 5.8 (Mw)
were used. The crustal thickness was determined by identifying the depth phase pP and the Moho underside re-
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Moho flection pmP. The measured thickness varies spatially from 58.1 to 76.2 km, with uncertainties most likely
pmP phase resulting from deviation of the average P-wave velocities (~6.21 km/s with a deviation of 0.22 km/s) in the

crust. The strong Moho depth variations imply a large structural deformation of the crust, which reflects a com-
plex collision-related mountain building history. We also detected two strong reflections from deep interfaces
down to ~97 km underneath the southernmost Pamir. Based on our direct observations and waveform modeling,
we interpret that the two reflections are possibly the manifestations of the underplating subducted Eurasian
lower crust in this region. Our observations complement those of other seismic results, including receiver func-
tions from previous studies.
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1. Introduction

The Pamir-Hindu Kush region (Fig. 1) is one of the most tectonically
active areas of continental collision in the world. It is located in the
north of the western syntaxis of the India-Asia collision system, and is
characterized by intermediate-depth seismicity (Bai and Zhang, 2015).
This collision occurred ca. 50 Ma ago (Schwab et al., 2004; Negredo
et al., 2007) when the Indian Plate subducted beneath the Eurasian
Plate resulting in the closure of the Neo-Tethys Ocean (Patriat and
Achache, 1984). The characteristics of the orogenic belt suggest two
continental subduction zones, with the Indian Plate dipping steeply
northwards underneath the Hindu Kush and southward subduction of
the Eurasian Plate beneath the Pamir (Burtman and Molnar, 1993;
Pegler and Das, 2002; Sippl et al., 2013a; Sobel et al., 2013; Schneider
etal., 2013). This collision system is characterized by lithospheric inden-
tation, delamination and break-off (Kufner et al., 2016). The subduction
system with slab break-off below the Hindu Kush hence provides a rare
glimpse on the terminal stage of subduction (Kufner et al., 2017).
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High-precision earthquake locations and tomographic images show
that continental crustal is subducted down to 240 km and 250 km
beneath the Pamir the Hindu Kush, respectively (Sippl et al., 2013a).

Tomographic inversions and receiver function analyses reveal that a
substantial amount of lower crustal material was pulled down beneath
the Pamir into the mantle to depths of at least 80-100 km, whereas the
buoyant Eurasian upper and middle crusts avoid deep penetration into
the mantle and are instead shortened and incorporated into the Pamir
(Sippl et al., 2013b; Schneider et al., 2013). Regional Pn tomographic in-
versions reveal that the Pamir-Hindu Kush is also characterized by
strong anisotropy and low velocities in the uppermost mantle (Feng
and Pei, 2012). A Moho depth distribution map obtained from receiver
function studies shows that crust is ~65-70 km thick at most stations
in the Pamir and thickens to 70 to 75 km in the southeast, and that in
the basin areas such as the Tajik basin adjacent to the Pamir a shallower
Moho depth of ~40-50 km is observed (Schneider, 2014).

However, the previous seismological experiments are still limited in
some aspects, especially the intermediate-depth seismic zone of the
Pamir-Hindu Kush, which remains poorly investigated, with only a
handful of measurements of crustal thickness conducted so far. Under-
standing this issue would add an essential element to the geodynamic
models that decipher the Pamir-Hindu Kush subduction processes. In
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Fig. 1. A map shows the study region of the Pamir-Hindu Kush intermediate seismic zone and its surroundings. Colored circles denote historic seismicity spanning the period 1964 to 2011
with M > 4.5 (Event catalogue was taken from relocated results given by Bai and Zhang (2015)). Three beach balls depict the focal mechanism of 3 events used in this study, and events
information is also detailed in the lower right corner. Faults taken from Robinson et al. (2004) and Mechie et al. (2012). DF = Darvaz Fault, MPT = Main Pamir Thrust, NPS = Northern
Pamir Suture, RPS = Rushan Psart Suture, MKT = Main Karakoram Thrust. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

this study, we used the source-sided Moho underside reflection pmP
phase to constrain the crustal thickness variations in the intermediate-
depth seismic zone (36-37°N, 69-72°E).

2. Method

The method that was adopted in our study was pioneered by sev-
eral studies (e.g., Zhang and Lay, 1993; Zandt et al., 1994) and has
been successfully applied to constrain the crustal thickness beneath
the Andes (e.g., McGlashan et al., 2008). The difference between the

above-mentioned studies is that the former are based on S wave reflec-
tions while the latter uses P wave reflections. Compared to S waves,
the frequency of P waves is higher and its arrival time can be more accu-
rately measured; therefore, we used P waves in this study. As shown in
Fig. 2a, P waves reflect from the under-side of the Moho interface and
transform into pmP phase, which is sourced from intermediate to deep
(sub-Moho) earthquakes. In the simulated seismic record (Fig. 2b),
calculated according to a propagation matrix algorithm (Wang, 1999),
the P and pP phases can be easily identified and the pmP phase arrives
between them. In addition, the core-reflected PcP phase may exist;
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Fig. 2. (a) llustration of P wave reflection from the underside of the Moho (pmP) and surface (pP). The inset has benefitted from McGlashan et al. (2008)'s schematic work. (b) A synthetic
vertical record-section comprising P, pmP, and pP, which was calculated based on a slightly modified IASP91 model (Kennett and Engdahl, 1991).
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however, the slowness of pmP is nearly identical to that of P and pP,
which not only is of assistance in identifying the pmP signal but also
facilitates enhancing the pmP signal via simple linear stacking along P
or pP arrivals. The measured delay time between pmP and pP is directly
related to the crustal thickness and crustal velocity by the following
formula:

top—tpmp = 2h\/V, 2 =P,

where t,p is the travel time of the pP wave, t,mp is the travel time of the
pmP wave, h is the crustal thickness near the source-side bounce points,
Vpe is the velocity of the P wave in the crust, and P is the ray parameter
(i.e., the horizontal slowness) for the phase. Like Zandt et al. (1994)
and McGlashan et al. (2008), we assumed that the ray parameter for
the pmP phase is identical to that of the pP phase, which can be calculated
using the Taup toolkit (Crotwell et al., 1999) based on the IASP91 model
(Kennett and Engdahl, 1991). In addition, we also assumed that the
crustal thickness remains nearly constant over an area which contains
all bounce points determined by the event-network distribution for
each record-section. Therefore, the main task in this study was to measure
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the average velocity of the P wave in the crust and to calculate the time
difference between pmP and pP.

The focal-depths and magnitudes of the selected events have certain
requirements in this study. To ensure that Moho underside reflections
occur, the focal-depths of the events selected need to be deeper than
100 km, which allows the P, pmP, and pP phases to be distinguished
from each other due to sufficient time separation. A minimum magni-
tude of 5.8 (preferably not < 6) is necessary for the P and pP phases to
have sufficient energy (McGlashan et al., 2008) so that the reflections
can be readily identified on individual traces.

3. Data and analysis
3.1. Data selection and preprocessing

For this study, we downloaded seismic data from F-net and three
regional networks including XS, MN, and YP from IRIS (Fig. 3). A total
of three intermediate-depth events occurred in the subducted Indian
Plate and were primarily distributed in the northwest part of the
intermediate-depth seismic zone. A 2-pass, 2-pole Butterworth
band-pass filter with corner frequencies at 0.05 Hz and 0.5 Hz were

Epicentral distance (deg)

r 2009.10.22,YP &

0

20 30
Time after P (s)
T T

10 40 50

T

pmP

pP
PP

Epicentral distance (deg)

2005.12.12,F-net }
40 50 60

20 30
Time after P (s)

Epicentral distance (deg)

2009.10.22,F-net

L
30
Time after P (s)

40 50 60

Fig. 3. The top left figure illustrates the distribution of four networks and one representative event in study area, in which a star denotes an event and open circles depict stations. The
remaining plots demonstrate all the selected record-sections (vertical component) comprising clear Moho reflections (pmP) as well as surface reflections (pP). All traces filtered with
a Butterworth band-pass filter were aligned along each P arrival in five profiles, and the top trace in each section corresponds to the linearly stacked waveform for the purpose of
enhancing pmP. Note that there has two pmP arrivals characterized by opposite polarity shown in the section for the 2005.12.12 event recorded by F-net, which is confirmed by its

vespagram (see Fig. S1 of the Supplementary material).
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applied to the raw data. A total of five record sections were produced.
We failed to obtain additional data due to the pmP phases being
blurred by noise in other record-sections. The collected pmP phases
are visible and can be seen even on the single traces. Note that
there is one exceptional section showing two pmP arrivals character-
ized by opposite polarity in the 2005.12.12 event recorded by F-net;
we will diagnose this observation further in the Discussion Section.
To confirm the pmP observations, 4th-root slant stacking
(e.g., Yang and He, 2015) was employed to calculate the vespagrams
for the five record sections that clearly show signals associated with
pmP waves (see Fig. S1 in the Supplementary material). Record-
sections of the radial components are also presented in Fig. S2 for
comparison. The radial pmP waves are less prominent compared to
the vertical waves, likely due to the predominant decomposition of
energy into vertical components.

Before picking the pmP phases, we stacked the waveforms from
different traces generated by the same event to enhance the signal as
well as to reduce the noise and the interference of other phases (such
as the PcP phase). The specific process was to arrange all waveforms ac-
cording to the epicentral distance, to align them by P wave, and finally
to stack the waveforms. From the stacked waveform, the differential
travel time between the pmP and pP waves can easily be obtained by
manually picking their onsets.

Compared to the dominant signal periods of up to 2 s, the travel time
differential between the closest and farthest station records was insig-
nificant and could be reasonably ignored (McGlashan et al., 2008).
Therefore, it is important to preferably select the seismic data records
from networks with relatively small apertures. The coherent pmP
arrivals shown in each section and the vespagrams ensure that the
crustal thickness remains nearly constant over an area defined by
the event-network distributions; this makes linearly stacking the wave-
forms feasible.

3.2. Estimation of Vp in the crust

In reality, the crustal material is not homogeneous but laminated,
and is conventionally divided into two layers consisting of the more
felsic upper crust and the more mafic lower crust. P waves propagate
in different layers with different velocities. Therefore, we used the
averaged crustal velocity of P waves in the study region to derive the
crustal thickness.

Pn and its depth phases (i.e., pPn and sPn) have been used to constrain
the average crustal velocity and focal depth; however, this approach
requires accurate depth-phase identification (e.g., Stroujkova, 2009). Pg
arrival times collected from the ISC bulletin have been used to yield a
crustal velocity of 6.20 km/s in the Central Andes (McGlashan et al.,
2008). Here, we manually picked the arrival-times of Pg to constrain the
average crustal velocity.

To ensure that the constrained velocity represents the entire crust
rather than the upper layer or the lower crust/uppermost mantle,
the selected epicentral distance was strictly constrained between 0.5
and 2.5°. In addition, the selected earthquakes occurred at depths of
19.5-56.2 km to ensure that the entire crust could be adequately sam-
pled by variously sourced Pg waves. Finally, a total of 25 Pg arrivals
were manually picked to estimate the average crustal velocity (Fig. 4).
We plotted the 25 arrival-times versus the hypocenter-station distance
(i.e., considering the focal depth effect) rather than the epicentral
distance, so that the fitting velocity would be very close to the average
velocity. Our careful analyses yielded an approximate estimate of
the velocity of ~6.21 km/s with a deviation of 0.22 km/s in the crust.
This value is similar to the velocity derived in the Central Andes of
6.20 km/s (McGlashan et al., 2008) and the velocity used in receiver
function studies in Pamir (Schneider, 2014); in addition, it falls into
the range of the average crustal velocity for global orogens of
6.39 km/s with a standard deviation of 0.25 km/s (Christensen and
Mooney, 1995). If we assume that the uncertainty of the event depths

can be up to 10 km, the resulting deviation in the fitted velocity would
be <0.10 km/s based on a standard IASP91 model, which is acceptable
when estimating the crustal thickness.

4. Results and discussion
4.1. Crustal thickness variations of this region

Using the average velocity of the P wave (~6.21 km/s) in the crust,
we obtained a total of four estimates varying from 58.1 km to
76.2 km. Note that the derived P wave velocity was only applied to
the four estimates, whereas the deep double reflection interfaces were
inferred by waveform modeling via trial and error because a more com-
plicated structure was required. Fig. 5 displays the measured crustal
thickness with spatially varying deviations in the intermediate-depth
seismic zone (36-37°N, 69-72°E). This result may indicate that the
Moho structure beneath the Pamir-Hindu Kush is very complicated
and exhibits strong lateral variations. From the distribution of the four
estimates (Fig. 5), we can see that northwest of the three events, the
crust gradually thickens eastward, which is associated with the subduc-
tion of the Indian Plate. Northeast of the events, the crustal thickness
abruptly increases southward, which may be associated with the
subduction of the Eurasian Plate.

The thinnest crust of 58.1 km occurs in the eastern margin of the
Tadjik Basin, reflecting that this stable block has suffered less collisional
deformation, while the double reflections down to ~97 km take place in
the junction of the Indian and Eurasian Plates, where the Eurasian Plate
subducted beneath the Pamir, mirroring the remarkable thickening
history of collisional plates. We propose a scenario to explain the deepest
observed signature in the later sub-section.

4.2. Depth section in the north-south direction

To better understand the geometry of Moho structures, event distri-
butions, and interactions between the Indian and Asia Plates in the
study area, a schematic north-south cross section was constructed
(Fig. 6). The event catalogue was taken from the relocation results
given by Sippl etal. (2013a). Our three selected events occurred at inter-
mediate depths. The sub-Moho events appear to cluster in the upper
layer of the subducted plate, which was interpreted as being the lower
crust of the Indian Plate (e.g., Kufner et al., 2016). Slab break-off
resulting from possible tearing has been used to explain the cause of
the terminal stage of subduction beneath the Hindu Kush (e.g., Kufner
et al., 2017). To the west of this profile, the crust thickens southward
from 59 km to 66 km, perhaps as a result of the Eurasian Plate subduc-
tion beneath the Pamir, as seen from receive function (Schneider et al.,
2013).

4.3. Depth section in the west-east direction

The results from receiver function studies (e.g., Schneider et al.,
2013) were selectively incorporated into the W-E oriented cross section
BB’ (Fig. 7). We can clearly see that the depth of the reflection interface
increases from west to east with depths varying from 44 km beneath
the Tadjik basin to ~97 km beneath the southernmost Pamir. In the
central Tadjik Basin, previous studies have derived a crustal thickness
of approximately 45 km based on receiver functions calculated at
three stations (Schneider et al., 2013). The crust thickens to 58 km east-
ward and reaches 76 km at the easternmost margin, which is believed to
result from the Indian Plate's northward indention. The estimate of
76 km is located close to the Darvaz transform fault (Sippl et al.,
2013a), where the Tajik Basin terminates to the east. Note that the
source-sided approach to determining the crustal thickness avoids the
contamination of multiples in the sediments of basins, whereas
approaches using receiver functions are often complicated due to
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Fig. 4. (a) Distribution of 10 events and 7 stations selected for Pg measurements. (b) 25 traces from various events are arranged to produce a section, and the Pg onset is manually marked
by arrows. (c) Plot of Pg traveltime versus hypocenter-station propagation distance. The slope of this plot yields a crude estimate of average crustal velocity (6.21 km/s) with a deviation of

0.22 km/s via linear regression analysis.

interference from strong reverberations in the sediments for stations lo-
cated in basins (Zheng et al., 2005).

The deepest interface is detected at the junction where the Indian
and Eurasian Plates meet at depth beneath the northernmost Hindu
Kush. We can clearly see that the crustal thickening to 76 km results
from the subduction of the Indian Plate beneath the Hindu Kush. Our
observations complement the receiver function results and offer a bet-
ter understanding of the evolution of the Tajik Basin and it surroundings
in response to its contact with the northward moving Indian Plate.
Conversely, the double reflection is suspected of being a consequence
of the subduction of the Eurasian Plate beneath the southernmost
Pamir, which can be seen more readily in the CC’ profile (Fig. 8b) in
the next sub-section.

4.4, Seismic signature of the deeply subducted Eurasian lower crust

In addition to having obtained several estimates of the crustal thick-
ness over various locations, the most interesting and striking signature
in this study was the detection of double reflection arrivals beneath
the southernmost Pamir, which is as deep as ~97 km; these detections
may help describe the deep structure in this region, even though it is a

challenge to explain it based on one event record-section alone (Fig. 8a).

Fig. 8(a) displays a record-section from F-net recording an event that
occurred on December 12, 2015, comprised of two pronounced arrivals
with opposite polarities (highlighted by the red and blue shadows) be-
tween P and pP. We can readily understand that the polarity change is
due to a variation in the seismic impedance contrast across the deep in-
terfaces. Previous seismic investigations have suggested that the
continental Eurasian lower crust has been subducting beneath the
Pamir based on receiver function analyses (Schneider et al.,, 2013) and
local earthquake tomography (Sippl et al., 2013b). Even though their
data are primarily located north of Pamir, we constructed a similar
model to conduct waveform simulations in the southernmost Pamir
(Fig. 8c).

From the geometric configuration of the subducted lower crust, we
expect to see a change of polarity occur when incoming waves meet dif-
ferent interfaces that separate the lower crust from the ambient mantle.
The resulting polarities are marked by plus and minus signs. In addition,
we also interpret the lack of strong second reflection arrivals in the top
two traces and the first arrivals in the lowest three traces in the record
section to be due to (1) the small impedance contrast that occurs in
the interface of the lower Eurasian lower crust overlying the Indian
lower crust, whereas a large contrast is generated at the contact with
the ambient mantle, and (2) defocusing that occurs when an incoming
wave meets a curved interface. The upper interface of the Eurasian
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lower crust is less curved where reflections occur likely due to tight
contact with the overlying Indian crust.

To take the lateral structural variations into account in a complex
geologic environment, two 1D models were constructed by trial and
error. The velocity models used to do the simulations are presented in
Fig. 8b2 and b3. Below 120 km, the IASP91 model is incorporated. Our
modeling explains both the negative and positive arrivals surprisingly
well in terms of the arrival time, relative amplitude, and polarity
(Fig. 8b1). From the two velocity depth profiles, we can see that the
first double reflection occurs at ~72 km and ~95 km, vertically spaced
by 23 km, whereas the second deeper double reflection occurs at
~86 km and ~97 km, vertically spaced by 11 km. Our analysis implies
that the subducted lower part of crust has gradually thinned with

Hindu Kush A’

40° 39° 38° 36° 35°

Fig. 6. Cross-section along 71°E (AA’) schematically illustrating the hypocenters of 3
selected events (red dots) located in the subducted Indian plate along with locations of
major earthquakes (black dots) which occurred in this slice provided by Sippl et al.
(2013a). Black lines (dashed when not in the same section plane, but projected) denote
the possible Moho interfaces of the Indian and Asian Plates. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this

article.)

increasing depth. Receiver functions have revealed that a low-velocity
layer related to the subducted lower continental crust has a 10-15 km
thickness at large depths (Schneider et al., 2013), which is consistent
with our findings. The deep interface detected here coincides with the
deepest focal depth of ~90 km for events occurring in this area (Sippl
et al., 2013a). This coincidence likely reflects that the intermediate-
depth events preferably take place in the subducted lower crust due
to metamorphic dehydration reactions (Sippl et al., 2013b).

To better understand the lateral variations in the polarities and deep
structures, a map is presented in Fig. 8 in order to illustrate the esti-
mates from our double reflections along with two previous thickness
estimates of 65 km and 66 km thickness, which are spatially close to
the two double reflection locations. The underside-reflection sites
from the two vertically spaced interfaces are denoted in two colored
solid circles, the upper interface in blue and the lower interface in red
(dashed when weak or invisible in the data section). We can clearly

B RPS Pamir B’

pF NPS "
Tadjik Basin

S

(km)
0

100

double reflection

70° 728

68° 74°
Fig. 7. Cross-section along 37°N (BB’) schematically illustrates Moho undulation inferred
from measured crustal thicknesses in this study (circles) with selected receiver function
results (squares). Note that the measurements (such as the estimates on the dashed
line), which are not exactly located along this profile, are also plotted to roughly
demonstrate Moho undulation.
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Positive impedance contrasts relative to pP are marked with a plus sign; negative values are marked with a minus sign. The red lines denote ray-paths of underside reflected P waves,
and incoming wave becomes defocused when reflected from a strongly curved interface. (d) The spatial distribution of under-side reflected points from two deep interfaces spaced vertically
by 15 km depicted in solid blue and red circles (dashed when weak or invisible in record section) along with each arrival's polarity sign. Two other estimates along with their polarities are also
presented for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

see a southeastward thickening trend from 65 to 66 km to the two
upper interfaces of ~72-86 km.

Note that small variations may exist in the derived interface depths
among the different reflections based on each trace; however, we only
considered two simplified uniform models. Our forward modeling not
only successfully reproduces the dominant phases of P, pP, and pmP,
but also excellently simulates two prominent secondary phases
(Fig. 8b1). The first is ~10 s after the P wave, and the second is ~5 s
before the pP wave. According to our constructed models, both are
likely relevant to a crustal interface. The first is a multiple wave that
occurs between the free surface and the interface below the stations,
while the second is an under-side reflection from the interface above
the sources.

An estimate of the crustal shortening budget during the Indian-
Eurasian convergence indicates that a significant amount of continental
crust must have been lost, most likely having been recycled into the
mantle (Schmidt et al., 2011); this is consistent with our observations.
In addition, eclogite, an indicator of the occurrence of high-pressure
metamorphism (Bascou et al., 2001), has been identified in this region
(e.g., O'Brien et al., 2001; Hacker et al., 2005), implying that crustal
rocks have resided at depths > ~90 km beneath the Pamir, which
supports our observations.

4.5, Limitations and measurement uncertainties

Even though we obtained four reliable estimates of the crustal thick-
ness, their spatial distribution was still limited, mostly due to the small
number of moderate to large events from intermediate depths; such
large events primarily occurred in the subducted Indian Plate, whereas

those occurring in the subducted Eurasian Plate were relatively small
(Pegler and Das, 2002; Sippl et al,, 2013a; Bai and Zhang, 2015).

The uncertainty in the estimates of the crustal thickness mostly
arises from the Vj,, measurement, whereas the uncertainty in V. is
primarily caused by the deviation in the focal-depths and insufficient Pg
arrivals to adequately sample the crust. As we estimated in the previous
section, a 10 km uncertainty in the event depths only produces a de-
viation in V. of <0.10 km/s, which is acceptable to constrain the
crustal thickness. Even though the deviation in V). can be up to
0.22 km/s, as our regression demonstrated, the resulting uncertainty
in the crustal thickness is <3 km. Moreover, our efforts in careful
selecting data resulted in a large number of Pg arrivals, which
ensured that the crust was adequately sampled through the upper
and lower layers. However, it is noteworthy that the event-station
pairs for the Pg collection are distributed centrally in Pamir (Fig. 4),
and rarely in Hindu Kush, which may introduce a bias for some mea-
surements of the Hindu Kush considering the strong lateral velocity
variations in such a complex tectonic unit.

5. Conclusion

The Pamir-Hindu Kush to the northwest of Tibet plateau is part of an
active continental collision, which has produced a sizeable region of
thickened continental crust. There is, however, no general agreement
on the mechanisms of the crustal thickening, partly because the crustal
thickness of the Pamir-Hindu Kush still remains poorly determined. In
this study, we analysed phases from three intermediate-depth earth-
quakes comprising P, pmP, and pP waves which were collected from
F-net and IRIS, to constrain the crustal thickness in the seismic zone of
the Pamir-Hindu Kush region. We obtained four estimates at different
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locations, which vary between 58 km to 76 km. These results represent
important constraints for any future geodynamic modeling of this colli-
sion zone. We explain that the deepest interface at a depth of ~97 km
beneath the southernmost Pamir likely reflects the presence of the
subducted Eurasian lower crust in the study area. Our observations
complement those provided by previous studies (e.g., receiver function
analysis) undertaken in this region.
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