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The development of opposing continental subduction zones remains scantly explored in three dimensions.
The Hindu Kush-Pamir orogenic system at the western end of the Himalayan orogen provides a
rare example of continental collision linked to two opposing intra-continental subduction zones. The
subducted plates feature a peculiar 3D geometry consisting of two distinct lithospheric fragments
with different polarities, subduction angles and slab-curvatures beneath the Hindu Kush and Pamir,
respectively. Using 3D geodynamic modeling, we simulate possible development of two opposing
continental subduction zones to understand the dynamic evolution of the Hindu Kush-Pamir orogenic
system. Our geodynamic model reproduces the major tectonic elements observed: (1) the deeper
subduction depth, the steeper dip angle and the southward offset of the Hindu Kush subduction zone
relative to the Pamir naturally occur if convergence direction of the subducting Indian plate and dip-
direction of the Hindu Kush subduction zone match. (2) The formation of the highly asymmetrically
curved Pamir region and the south-dipping subduction is promoted by the initial geometry of the
indenting Indian lithosphere together with the existence of a major strike-slip fault on the eastern margin
of the Pamir region. (3) Subduction of only the lower continental crust during continental collision can
occur if the coupling between upper and lower crusts is weak enough to allow a separation of these
two components, and that (4) the subduction of mainly lower crust then facilitates that conditions for
intermediate-depth seismicity can be reached. (5) The secondary tectonic features modeled here such
as strike-slip-fault growth, north-northwest striking extension zone, and lateral flow of the thickened
ductile upper crust are comparable to the current tectonics of the region. (6) Model results are further
compared to the potentially similar orogenic system, i.e., the Alpine orogen, in terms of the curved
Western Alpine arc and the two opposing subducted slabs beneath the Alps and the Dinarides.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

(Kufner et al., 2017). Among a range of observational and model-
ing approaches, quantitative understanding of continental collision
dynamics may be gained via two-dimensional numerical modeling

Recent three-dimensional numerical modeling studies indi-
cate that the interaction of subducting slabs across two opposing
subduction zones can promote the formation of curved moun-
tain belts, and severely influence the subsequent dynamics of
these orogenic systems (Kiraly et al, 2016). At the same time,
true observations of intervening continental slabs are sparse as
the time between slab interaction and break-off is ephemeral
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(e.g., Beaumont et al.,, 2001; Faccenda et al., 2008; Yamato et al.,
2008; Li et al., 2011; Vogt and Gerya, 2014; Liao and Gerya, 2017).
In such models, quasi-infinite homogeneity is assumed in the third
dimension. Three dimensional numerical studies of continental col-
lision are limited, but are essential in investigating key aspects
of realistic, three-dimensional orogenic systems, in particular the
controls of lateral heterogeneities on collisional dynamics (e.g., van
Hunen and Allen, 2011; Li et al., 2013; Capitanio, 2014; Moresi et
al., 2014; Pusok and Kaus, 2015; Chen and Gerya, 2016; Menant
et al., 2016). Thus far, such 3D models have mainly focused on the
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Fig. 1. Tectonic setting of the Hindu Kush-Pamir orogenic system. (a) Simplified major sutures and strike-slip faults shown on a topography basemap. Black dashed lines
with teeth mark the Hindu Kush and Pamir subduction zones. Black dashed lines with abbreviations represent strike-slip faults: CF: Chaman fault, DF: Darvaz fault, BF:
Badakhshan fault, KN: Kapisa-Nuristan fault, KYTS: Kashgar Yecheng transfer system, KF: Karakorum fault. Suture zones are marked by red dotted lines: PS: Paleozoic suture,
IYS: Indus-Yarlung suture, MFT: Main Frontal Thrust, RPS: Rushan-Pshart suture, TS: Tanymas suture. The east-west extensional Kongur Shan normal fault (KSNF) is marked.
Seismic events deeper than 50 km (Kufner et al., 2016) are projected on the surface. (b) Seismic profiles across the Hindu Kush-Pamir region (Kufner et al., 2016). Sutures
and faults are drawn based on Kufner (2016), Sobel et al. (2013), and Burtman and Molnar (1993). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

influence/control of oceanic subduction on the juxtaposed conti-
nental collision in settings where the imposed oceanic subduction
and continental collision share the same polarity. In contrast, the
dynamic evolution of continental subductions with opposite polar-
ities is rarely addressed, and has been scantly investigated through
3D geodynamic models.

The Hindu Kush-Pamir orogenic system at the northwestern
end of the Himalayan orogen offers a rare opportunity to ex-
plore the development of two opposing continental subduction
zones. This orogenic system hosts several striking tectonic fea-
tures (Fig. 1). (1) Two opposite dipping slabs exist beneath the
Hindu Kush and Pamir, exhibiting contrasting 3D geometry al-
though being located directly next to each other: north-dipping
slab of Indian origin beneath the Hindu Kush; south-dipping slab
of Asian origin beneath the Pamir (Figs. 1a and b, Burtman and
Molnar, 1993; Negredo et al., 2007; Sippl et al., 2013; Kufner et
al.,, 2016). The two subduction zones are dramatically different in
terms of slab steepness and subduction depth: the Hindu Kush
subducted slab in the south is much steeper (~80°) and deeper
(>500 km) than the Pamir slab (~45° and >300 km) in the north
(Fig. 1b, Negredo et al., 2007; Kufner et al., 2016). (2) Further, the
Pamir orogen is offset several hundred kilometers north relative
to its surroundings (e.g., 300 km, Burtman and Molnar, 1993). It
therefore presents a highly arcuate but asymmetric geometry in
map view (Fig. 1a). The eastern Pamir margin is marked by large

relatively straight strike-slip systems (e.g., the Kashgar-Yecheng
transfer system and Karakourum Fault; Cowgill, 2010; Sobel et al.,
2013), whereas the east-west striking Hindu Kush seismic zone is
far less curved (Fig. 1a). (3) Lastly, numerous intermediate-depth
earthquakes (at depths between 50 and 300 km) occur during
the continental subduction (e.g., Sippl et al., 2013; Kufner et al,,
2016). The reasons causing this seismicity remain enigmatic, since
brittle failure is unlikely to occur due to high confining pres-
sures. Several possible mechanisms have been proposed to result
in intermediate-depth earthquakes, with the two mainly favored
mechanisms being dehydration embrittlement (e.g., Kirby et al.,
1996; Hacker et al., 2003) and thermal runaway (e.g., Kelemen and
Hirth, 2007; John et al., 2009; Thielmann et al., 2015).

To what extent is this unique orogenic system idiosyncratic,
and to what extent does it provide a snapshot of processes that
may be more broadly experienced by orogenic systems? Complex
slab interactions such as those observed across the Hindu Kush-
Pamir orogenic system may be relatively ephemeral, and yet mark
key turning points in orogenic evolution (e.g., Kufner et al.,, 2016;
Webb et al., 2017). As such, inferring the dynamic evolution of
the two opposing continental subduction zones may be funda-
mental to deciphering the development and interaction of many
orogenic systems. Therefore in this study, we offer the first 3D
geodynamic model of the Hindu Kush-Pamir orogenic system in
order to simulate the processes responsible for generating the first-
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order regional tectonic framework. We keep our model geometry
close enough to the Hindu Kush-Pamir setting in order to ‘ground
truth’ our model against nature but as simple as possible at the
same time in order to most effectively discriminate between the
competing effects of different model parameters on the develop-
ment of the region and continental subduction zones in general.
Our findings reveal how key crustal and mantle controls led to the
formation of the Hindu Kush-Pamir curved orogenic system with
opposing continental subduction and corresponding seismic zona-
tion. We then compare these findings to another potentially similar
orogenic systems, i.e., the Alpine orogen.

2. Geologic setting

This continental subduction beneath Hindu Kush and Pamir
cannot be driven primarily by a precursor long-lasting oceanic sub-
duction, since the Indian oceanic subduction terminated no later
than 40 Ma along the Indus-Yarlung suture (Yin and Harrison,
2000; Tapponnier et al., 2001), and so far no remnants of a land-
locked oceanic basin have been identified (Burtman and Molnar,
1993). Therefore, the deep subduction of continental lithosphere
beneath Hindu Kush and Pamir is a rare case in nature since
thick and buoyant continental lithosphere (e.g., crustal thickness
of 35 km or more) was proposed to resist subduction (e.g., Molnar
and Gray, 1979).

The Hindu Kush-Pamir orogenic system occupies the narrowest
part of the Himalaya-Tibetan orogen (Yin and Harrison, 2000). Tec-
tonic evolution of the Hindu Kush-Pamir region since the Paleozoic
is characterized by intense north-south shortening (>600 km) and
the successive accretion of different terranes (Burtman and Molnar,
1993; Negredo et al., 2007; Sobel et al., 2013). Multiple Paleozoic
to Cenozoic thrusts/suture zones developed, including the Meso-
zoic Tanymas and Rushan-Pshart sutures that divide the Pamir
region into the North, Central and South Pamir. Contemporary and
after the aggregation of these terranes, different major strike-slip
faults formed and offset the Pamir north relative to the Hindu Kush
(e.g., Burtman and Molnar, 1993; Schurr et al., 2014).

The Pamir region is surrounded by the Tarim basin in the east,
the Tian Shan orogen and the Alai valley in the north and the
Tajik basin in the west. The Alai valley is a relic of the previ-
ously connected Tajik and Tarim basins which were separated due
to the northward indentation (>300 km) of the Main Pamir Thrust
along the northern edge of the Pamir region (Burtman and Mol-
nar, 1993). The Main Pamir Thrust represents the active northward
retreating continental subduction zone (Sobel et al., 2013). More
than 600 km convergence occurred between the southern Tian
Shan and the southern Pamir in the Pamir region (Burtman and
Molnar, 1993); ~300 km of this convergence was accommodated
by the southward subduction along the Main Pamir Thrust. The
rest was intra-continental shortening mainly occurred in the Cen-
tral and South Pamir (Burtman and Molnar, 1993).

Although some debate exists on the exact timing, the north-
ward indentation of the Pamir presumably started at ~25-16 Ma
(Sobel and Dumitru, 1997). Two end-member kinematic models
were proposed to explain the present day highly arcuate shape
of the Pamir region: (1) vertical-axis rotational radial thrusting
and (2) non-rotational indentation bounded by conjugate strike-
slip faults. Currently, the most likely model is a combination of
those (Cowgill, 2010, and reference therein): i.e., rotational ra-
dial thrusting along the western margin and strike-slip movement
(~280 km) along the pre-existing Kashgar-Yecheng transfer sys-
tem (KYTS) to the east. By contrast, non-rotational indentation
presumably occurred during the northward migration of the south
Pamir, which is bounded by the Chaman fault to the west and
the Karakorum fault to the east (Cowgill, 2010). Active east-west
extension initiating at ~9 Ma was observed along the north-

northwest striking Kongur Shan extensional system at the north-
eastern margin of the Pamir region (Robinson et al., 2004, 2007).
The largest magnitude of extension occurs along the Kongur Shan
massif in the middle portion of the Kongur Shan normal fault
(Robinson et al., 2007). Several kinematic models have been pro-
posed to explain the formation of the Kongur Shan extension sys-
tem, with the currently preferred model of radial thrusting and
oroclinal bending (Robinson et al., 2004, 2007). However, in order
to explain the largest extension along the Kongur Shan massif, the
synorogenic extension model (synchronous development of frontal
thrusting and rear normal faulting along the Main Pamir Thrust)
seems to be more likely.

The Hindu Kush forms to the southwest of the Pamir and re-
sults from the northward subduction of the Indian lithosphere
although no surface outcrop of the major thrust along which sub-
duction occurred could be identified (Burtman and Molnar, 1993).
In contrast to the Pamir, which is restricted to the north by the
Paleozoic suture, the Hindu Kush mountains contain this suture in
their center. The other suture zones which were documented in
the Pamir further south can also be traced into the Hindu Kush
(e.g., Burtman and Molnar, 1993) but are less well described due
to the currently difficult accessibility of the region. To the west, the
Hindu Kush is restricted by the Chaman fault, which represents the
western termination of the Indian Indenter.

3. Method
3.1. Numerical method

The 3D thermomechanical coupled numerical code I3ELVIS
(Gerya, 2013) based on finite-differences and marker-in-cell tech-
niques is used to solve the mass, momentum and energy conserva-
tion equations in a fully staggered grid assuming an incompressible
medium:

3V1‘
— =0 1
ox; (1)
oo/, oP;
ij i
Ll 2
ox; o P8&i (2)
DT d aT
Cp—=—(k— Hs + H H+H 3
P PDr  ox (<3X1’>+ s+ Ho+Hr+Hp (3)

where v is velocity, o’ the deviatoric stress tensor, P the total
pressure (mean normal stress), o density, g gravitational acceler-
ation, C, heat capacity, T temperature, k thermal conductivity, H
internal heating, Hs; shear heating (Hs = a{jé,-j, € strain rate ten-

sor), H, adiabatic heating (H, = Toc%, o thermal expansivity),
H, radioactive heating with a constant value for each rock, and Hy
latent heating included implicitly by increasing the effective heat
capacity and thermal expansion of the partially crystallized/molten
rocks (Burg and Gerya, 2005). The Einstein notation is used for the
indexes i and j, which denote spatial directions i = (x, y,z) and
j=(x,y,2) in 3D. The multigrid method is used to speed up the
convergence of the Gauss-Seidel iterations for the coupled solve of
Eq. (1) and Eq. (2).

In our models, we employ a visco-plastic rheology. The non-
Newtonian viscous rheology is strain rate-, pressure- and tempera-
ture-dependent. Plastic rheology is described by a Drucker-Prager
yield criterion, where the yield stress (oy) is pressure dependent
(C is rock cohesion and u is the effective friction coefficient). Vis-
cosity due to plastic deformation (7p1as) is computed based on the
square root of the second invariant of strain rate (¢j;). Eventually,
the effective viscosity of rocks (7eff) is constrained by both viscous
and plastic deformation. See further explanation of variables/sym-
bols in Tables S1 and S2 in the supplement.
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Kush-Pamir region. (d) 1D initial temperature and viscosity profiles at t = 5.1 x 10~> Ma. The entire model box is homogeneous except the weak zone and the vertical fault.

Rock rheology is listed in Table S1.

1 1,1n PVq.+ Eq
Nvis = EAH €; €Xp (W) (4)
Oy
=7 6
Tplas 2é[[ ( )
Neff = MIN(Nyis, Nplas) (7)

Sedimentation and erosion processes are implemented in a sim-
plified way. During model development and the related crustal
surface deformation, transmutation of sticky air markers into sticky
water occurs when these markers move below the prescribed wa-
ter level (i.e. 5 km below the initial crustal surface). Further trans-
mutation of water markers into sediments occurs below the pre-
scribed sedimentation level (i.e. 10 km below the initial crustal
surface). Instantaneous erosion is prescribed at 10 km above the
initial crustal level by converting rock markers into sticky air.

3.2. Model setup

The initial configuration of the reference 3D numerical model
is shown in Fig. 2. The numerical model box contains 501 (X-axis:
north-south) by 197 (Y-axis: depth) by 245 (Z-axis: west-east)
uniformly distributed nodes, which corresponds to a physical di-
mension of 2000 km by 392 km by 976 km. Two continental
plates are imposed in the model, i.e., the Eurasian plate on the left
(north) and the Indian plates on the right (south). Northward in-
dentation of the Indian plate drives collisional tectonics of this re-
gion (e.g., Replumaz et al., 2016). A marginal vertical fault (10 km
wide and 105 km high) is prescribed to the right (east) of the
Indian plate to facilitate future strike slipping. To facilitate subduc-
tion initiation, a weak zone is prescribed at the interface between
both plates. In the reference model, the weak zone (in the follow-
ing referred to as ‘stepwise weak zone’) has an oblique segment in
the western Pamir region, connecting Pamir and Hindu Kush. Dif-
ferent geometries of the weak zone (e.g., a straight line) are tested

in other models. The weak zone has opposite dip polarities in the
Hindu Kush and in the Pamir region, respectively. The absolute dip
angle is however the same (Figs. 2b-2c). We assume that these
weak zones with opposite polarities are inherited structures from
previous shortening/thrusting events. The lithosphere is uniform
in the entire model domain composed of upper crustal (25 km),
lower crust (10 km) and mantle lithosphere (85 km). A thin sticky
air layer (20 km) and a thick asthenospheric mantle layer (256 km)
are imposed on top of and beneath the continental lithosphere, re-
spectively.

A constant temperature boundary condition is employed at the
upper and lower boundaries, and a zero heat flux boundary con-
dition is used for the side boundaries. The temperature field is
prescribed using a piecewise linear temperature profile with sur-
face, Moho and lithosphere-asthenosphere boundary (LAB) tem-
peratures of 0°C, 500°C and 1300 °C (Fig. 2d). The Moho temper-
ature is commonly used as a simplified indicator of the thermal
and rheological lithosphere layering, which affects the crustal and
lithospheric mantle strength and therefore the lithospheric dynam-
ics (e.g., Gueydan et al., 2008; Liao and Gerya, 2017). The moderate
Moho temperature of 500°C is used in this study based on our
previous test (Liao and Gerya, 2017). Below the LAB, an adiabatic
temperature profile with a gradient of 0.5°C/km is prescribed. All
boundaries are free slip. An additional internal boundary condition
is prescribed to achieve compression of the Indian plate with a
constant velocity, e.g., 3 cm/yr in the reference model (e.g., Avouac,
2015).

4. Model results
4.1. Reference model evolution

The evolution of the reference model is shown in temporal
snapshots in Fig. 3. The onset time of the model evolution (0 Ma)
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would correspond to ~10 Ma in geological time, since the two op-
posing continental collision/subduction mainly occurred in the last
10 Ma (e.g., Kufner et al., 2016). As the Indian plate moves towards
the Eurasian plate, continental collision occurs and shortening ac-
cumulates along the pre-defined weak zone, separating the two
lithospheric plates (Fig. 3a). High elevation is formed along the
collisional belt. With ongoing convergence, continental subduction
initiates (Figs. 3b-3d). The different polarities of the subducting
slabs are a result of the predefined opposite dipping polarities of
the weak zone. The upper crust is largely shortened and thickened
at shallow depths, while the lower crust and mantle lithosphere
subduct. A significant orogenic curvature is formed in the Pamir re-
gion (Figs. 3d-3e). Although the initial weak zone is stepwise, the
curvature of the Pamir region is increasingly smoothed with time
(Fig. 3d). Collisional deformation migrates northward as a conse-
quence of the indentation of the Indian plate (Fig. 3d). In the Pamir
region, subduction retreats to the north with an increasing offset
between the trench and the initial weak zone (Fig. 3e). Meanwhile,
the strike-slip fault on the east of the Indian plate propagates to
the north (Fig. 3e). Detailed discussion based on the results of the
reference model is given in section 5.

4.2. Varied model setups

It is difficult to speculate on the initial geometry of the Indian
and Asian margins, prior to the collisional deformation, related to
the northward offset of the Pamir. We therefore tested the effect
of different initial model configurations (Fig. 4 and Table S3). We
focused on the geometry of the marginal vertical fault and the
preexisting weak zone as these represent the combined effect of
Indian’s and Asian’s margin in these models (Fig. 4). The influence
of the following factors on model evolution is tested (Figs. 4-5),
with respect to the effects of (1) the existence of the marginal ver-
tical fault to the east, (2) the lateral (north-south) extend of the
marginal vertical fault, (3) the geometry of the weak zone, and
(4) the changes in convergence rate.

(1) In the first test model (Fig. 4a), the marginal vertical fault
to the east (right) of the Indian plate is removed. The predom-
inant feature is that collision and subduction extend to the rear
part along the strike of the weak zone, since the entire Indian plate
indents northward. Besides, plate underthrusting (resulted in plate
thickening) rather than subduction occurs in the rear part of the
model (Fig. 4a), since the weak zone does not extend to the end of
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the model domain. (2) In the second model (Fig. 4b), the marginal
vertical fault to the east (right) of the Indian plate is longer. The
curvature of the collisional belt in the eastern end of the Pamir re-
gion is reduced and lateral migration of collisional deformation is
largely constrained by the preexisting marginal vertical fault. (3) In
the third and fourth cases (Figs. 4c and d), the influence of the ge-
ometry of the weak zone is tested. The third model has a straight
oblique weak zone prescribed in the Pamir region (Fig. 4c). Al-
though curved collisional belts are formed in the transition zone
between Hindu Kush and Pamir, the arcuate geometry of the Pamir
orogen is less significant. With a straight orthogonal weak zone
prescribed in the fourth model (Fig. 4d), much less curved Pamir
orogen is established.

(4) The influence of the convergence rate is tested based on
the reference model (Fig. 5 and Table S3). Although the Indian
plate moves northward with respect to the stable Eurasian plate
at high velocities ~3-4 cm/yr (Avouac, 2015), the convergence is
distributed in the Pamir region (from the southern edge of the
Himalaya to the Tian Shan), and roughly half of the convergence
might be absorbed along the northern margin of the Pamir re-
gion (Burtman and Molnar, 1993). We therefore test models using
convergence velocities from extremely slow (2 cm/yr) to extremely

fast (5 cm/yr). Model results suggest an increase in convergence
rate leads to a slight increase in the curvature of the collisional
belts (Figs. 5a and b). Besides, high convergence velocities largely
promote collisional deformation and surface expression (Fig. 5a).
The computed mean surface uplift (averaging the positive sur-
face elevation) increases with the increase of convergence velocity
(Fig. 5c). This is consistent with natural observations that show
relatively low surface elevation in the Alps and high elevation in
the Himalaya-Tibet and Andes, controlled by slow and high con-
vergence rates, respectively (e.g., Pusok and Kaus, 2015). Higher
boundary velocities correlate with higher boundary force (e.g., Liao
and Gerya, 2014, 2017), which can thus support higher surface el-
evation.

5. Discussion
5.1. Geometry of and deformation within the orogens

The Cenozoic Hindu Kush-Pamir orogenic system has an arcu-
ate shape in map view, especially the highly curved Pamir oro-

gen (Burtman and Molnar, 1993; Negredo et al., 2007; Sobel et
al.,, 2013). All models conducted in this study produce curved
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orogens and subduction zones in the Pamir region (Figs. 3-5).
However, models with either an oblique straight weak zone or a
compression-orthogonal straight weak zone produce clearly less
curvature in the Pamir collision/subduction zone than observed in
nature. Models with a stepwise weak zone generate pronounced
curvatures in the Pamir region, especially at its western margin as
this margin is most severely influenced by the oblique segment
of the weak zone (Fig. 6a). The presence of this oblique segment
in the plate boundary promotes oblique collision and strike-slip,
which is consistent with the left-slip transpressional strike-slip
faults (e.g., Darvaz and Kapisa-Nuristan faults) observed at the
Pamir's western margin (Fig. 6b). At the Pamir’s eastern margin,
our model also creates a slightly curved collision/subduction zone,
due to the prescribed marginal vertical fault. Further, the existence
of the marginal vertical fault (which evolves to a strike-slip fault)
at the Pamir’s eastern margin allows subduction to retreat to the
north (Fig. 6a), causing an increasing offset between the trench
and the initial weak zone (Fig. 3e) in consistent with observa-
tions (Sobel et al., 2013). The strike-slip fault is also considered

as a Subduction-Transform Edge Propagator, or STEP fault, along
which slab tearing occurs (Sobel et al., 2013). Vertical slab tearing
at the eastern edge of the Pamir orogen is also observed in our
model, associating with the northward growth of the strike-slip
fault (Fig. 3e). Thus, the deformation pattern of the Pamir region
modeled here with an oblique weak zone to the west and a verti-
cal fault to the east yields a situation, consistent with the proposed
kinematic models for this region: northwest-directed radial thrust-
ing on the western margin and transpressional right-slip faulting
on the eastern margin (Cowgill, 2010). In our model, the west-
ern margin of the Hindu Kush is freely sliding due to the free
slip boundary condition, representing the presence of the marginal
strike-slip fault, i.e., the Chaman fault to the west of the Hindu
Kush (Fig. 6a). The free slip boundary prevents the westward prop-
agation of the Hindu Kush orogen. In the eastern part of the Hindu
Kush (the transition from Hindu Kush to Pamir), the collision/sub-
duction zone in our model bends slightly northward, which may
be connected with the Pamir orogen through transpressional left-
slip faulting (e.g., the KN fault). Thus, the overall geometry of
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the curved Hindu Kush-Pamir orogenic system reproduced in our
models is highly similar to observations.

Besides the similar overall geometry reproduced in the Hindu
Kush-Pamir orogenic system, our model also resolves the sec-
ondary tectonic feature of the region: i.e., an extensional basin at
the location of the active north-northwest striking Kongur Shan
extension system in the northeastern Pamir (Fig. 6b, Robinson et
al.,, 2004, 2007). The depression area in our model, which can be
interpreted as an extension zone, is developed duo to the lateral
extend of the Pamir subduction (Fig. 6a; see also different per-
spectives of the depression in Fig. S1), and can be compared with
the Kongur Shan extension system. However, due to our simpli-
fied model geometry we can hardly discriminate which of the two
major strike-slip systems (the Karakorum fault and the Kashgar-
Yecheng transfer system) to the Pamir’s east represents the strike-
slip fault in our model. The Kashgar-Yecheng transfer system
(KYTS) connects to the northern Pamir, while the Karakorum fault
(KF) transfers dextral slip into the South and Central Pamir, where
it is distributed in different splay systems (e.g., Cowgill, 2010;
Schurr et al., 2014). The KF terminates to the south of the active
Kongur Shan extension system. Thus, not necessarily the KF but the
KYTS must have accommodated a large amount of the northward
offset of the Pamir. If the prescribed vertical fault in our model
would correspond to the KYTS (Fig. 6a), the extension zone repro-
duced in the model is located to the east of the strike-slip fault,
which is inconsistent with observations (Fig. 6b). Alternatively, we
can interpret the prescribed vertical fault in the model as the KF.
In this case, the locations of the extension zone and the strike-slip
fault are more consistent with observations. However, the Pamir
slab was postulated to have retreated along the KYTS in the north-
ern Pamir (Cowgill, 2010; Sobel et al., 2013). We test two parallel
vertical faults (one represents the KYTS and the other represents
the KF) which does not show significant changes from the refer-
ence model (Fig. S2). Given the simple model in this study, it is
difficult to resolve what the sequence of events on these faults
was.

5.2. Varying subduction depth and slab steepness

One of the striking features of the Hindu Kush-Pamir orogenic
system is their differences in subduction depth and slab steepness
(Figs. 1 and 7). The continental slab underneath the Hindu Kush
is steeper (~80°) and deeper (>500 km) than the one beneath
the Pamir region (~45° and >300 km, Negredo et al., 2007; Sippl
et al., 2013; Kufner et al., 2016). Our models reproduce these var-
ied slab depth and steepness (Figs. 7a and b). Although the initial
dip angles of the weak zone in the Hindu Kush and Pamir are
identical (with opposite polarities, Fig. 2c), a steeper and deeper
subduction zone is formed in the Hindu Kush. The formation of
different dip angles and subduction depths in the opposing sub-
duction zones can be explained by the one-sided indentation of
the Indian plate (Figs. 7c¢ and d). In the Pamir region, the upper
plate drives subduction and the lower plate is bending and retreat-
ing in response to the advancing upper plate. In the Hindu Kush
region, the lower plate drives subduction and advances towards
the upper plate (Fig. 7d). As a response to the fast indentation
rate, the shallow part of the down-going slab advances faster than
the deeper part, and the subducted slab becomes steeper. A faster
convergence rate promotes the formation of a deeper and steeper
subducted slab underneath the Hindu Kush (Fig. S3). Thus, with
sufficient convergence, the subducted slab underneath the Hindu
Kush may even bend over (Figs. 1b and 4).

5.3. Continental subducted versus escape flow

We further compare the structure of the subducted lithosphere
in our model (Figs. 8a and b) with geophysical observations along
a north-south cross section through the Pamir orogen (Fig. 8c):
the receiver function profile shows thickened crust and subducted
lower crust (Schneider et al., 2013). Our model presents compara-
ble results: the upper crust is largely shortened/thickened at shal-
low depths, while the lower crust is subducted with the mantle
lithosphere (Figs. 8a and b). Subduction of only the lower crust is
promoted by the weakly coupled upper and lower crust (Fig. 8b).
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Liao and Gerya (e.g., 2017), for instance, showed that the subduc-
tion of the entire crust is only possible if upper and lower crust
were fully coupled. As this is clearly not the case in the Pamir, our
models help to constrain the amount of coupling between the dif-
ferent crustal units in this region. Additionally to the decoupling
between the two crustal layers, our model shows subduction ero-
sion (Figs. 4, 5 and 8; the downgoing plate scrapes material from
the overriding plate). Subduction erosion was proposed to occur
along the Main Pamir Thrust as it accommodates large amounts of
shortening without significant upper-plate exhumation in the mid-
dle Miocene (Sobel et al., 2013). Subduction erosion in our models
is created as the continental plates have a relatively strong subduc-
tion interface without the lubrication from slab dehydration, which
occurs in oceanic subduction zones.

In our numerical experiments, we observe strong crustal flow
along the main collisional belts (Fig. 9). Unlike the large scale
lower crustal flow proposed in the eastern Tibetan Plateau (e.g.,
Clark and Royden, 2000), the small scale crustal flow only occurs
along and flows parallel to the main collisional belts. The later-
ally flowing crustal material consists mainly of the thickened up-
per crust, which does not subduct but largely deforms/shortens at
shallow depths. The deeper part (~30 km deeper from the crustal
surface) of the thickened upper crust weakens and becomes duc-
tile (e.g., Fig. 8b), and thus flows laterally along the main collisional
belts in response to the continuous convergence (Fig. 9a). As a
consequence to the lateral extrusion of the ductile crust, the adja-
cent crustal layer becomes thicker forming crustal domes and the
proximal upper plate bends slightly upwards (Fig. 9b). This type
of bending is observed for example in the Western Alps and has
been discussed in previous studies (e.g., Faccenda et al., 2008).
Although upward plate bending is not addressed in the Hindu
Kush-Pamir orogenic system, lateral flow of the weakened duc-
tile crust is possible and may facilitate dome formation. Robinson
et al. (2007) proposed that the formation of the Central Pamir
gneiss domes is due to the upward extrusion of the thickened mid-
dle and lower crust during north-south convergence. East-west
orogen-parallel crustal flow in the Pamir was discussed in previous
studies (Stiibner et al., 2013; Rutte et al., 2017). Based on geo-
logical observations (e.g., along-strike flow lineation in recumbent

folds, orogen-parallel extension and dextral wrenching in fold-and-
thrust belts), they emphasized the large scale lateral extrusion of
ductile crust occurred in the Pamir during north-south shortening
(e.g., Rutte et al., 2017). Although the lateral crustal flow occurs lo-
cally in our models (along the main collisional belts), it may give a
broad implication for the dome formation in the Pamir region and
the proposed westward extrusion of the western Pamir (Schurr et
al., 2014): weakened ductile crust flows laterally from more inten-
sively compressed areas to relatively less compressed regions.

5.4. Intermediate-depth earthquakes

The Hindu Kush-Pamir orogenic system is characterized by
clusters of intermediate (50-300 km) depth earthquakes, with
their majority occurring at 100 and 200 km depth (Fig. 10a,
e.g., Sippl et al., 2013; Kufner et al., 2016). Their origin is enig-
matic. Dehydration embrittlement is frequently invoked to ex-
plain intermediate-depth earthquakes in oceanic subduction zones
(Kirby et al.,, 1996; Hacker et al.,, 2003), where water is released
from hydrated oceanic slabs. Unlike oceanic subducted slabs, conti-
nental subducted slabs do not experience significant slab hydration
in the early subduction stage. Therefore, slab dehydration and de-
hydration embrittlement is not likely occurring in the Hindu Kush
and Pamir continental subduction zones. Thus, thermal runaway
is a more likely mechanism than dehydration embrittlement to
generate intermediate-depth earthquakes in this region. Thermal
runaway describes the feedback between shear heating induced
weakening and temperature-dependent rock rheology. Once heat
production in a shear zone exceeds heat diffusion, the rock is
continuously weakened. This results in an increase in strain rate,
which in turn increases the amount of heat production. This pos-
itive feedback loop eventually results in a catastrophic process
where temperatures might even reach the liquidus (Hobbs et al.,
1986). High stresses are needed for this mechanism to be effective,
but it has been shown that grain size reduction significantly re-
duces the critical stress required for thermal runaway (Thielmann
et al.,, 2015). Along the subduction interface, shear heating can be
very intense (e.g., Thielmann and Kaus, 2012).
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In order to investigate if thermal runaway could potentially oc-
cur and lead to intermediate-depth seismicity in our model, we
chose one representative cross section along the Hindu Kush oro-
gen (Fig. 10). Choosing an example cross section along the Pamir
would yield similar results (significant shear heating along sub-
duction interface perturbed by the lower crust; see discussion
below). The along-strike variation in shear heating is not investi-
gated in this study. The model results presented here yield strong
shear heating along the subduction interface, which is a result of
large stresses (due to low temperatures at the subduction inter-
face) and strain rates (Fig. 10c). The presence of the lower crust

(and thus a different material, Fig. 10d) represents a strong rhe-
ological perturbation (in this case lower crustal material is less
viscous than mantle material), which additionally favors thermal
runaway (e.g., John et al.,, 2009). The combination of low temper-
atures and large stresses thus favors the occurrence of grain size
assisted thermal runaway. Intermediate-depth earthquakes occur
mainly between 600 and 850°C (Kelemen and Hirth, 2007, and
references therein). Our models show consistent results with the
temperature along the subduction interfaces falling in the range of
600-850°C (Fig. 10e).
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5.5. Comparison with the Alpine orogen

Our above presented models are not only aimed to understand
the evolution of the 3D geometry within the Hindu Kush-Pamir
subduction system, but are also designed to understand more gen-
eral characteristics of complex opposing continental subduction
systems in general. We compare some of the predominant fea-
tures reproduced in our models to the Alpine orogen in the Europe
(Fig. S4). First, the formation of the remarkable arcuate geome-
try of the Pamir orogen can be compared to that of the Western
Alpine arc. In our models, the formation of the curved Pamir oro-
gen is promoted largely by the presence of the oblique segment
of the stepwise weak zone, since collisional deformation accumu-
lated in front of the oblique weak zone. This could also be the
case for the development of the Western Alpine arc. The strike of
the Western and Central Alpine orogen is not straight during the
collision between the European and Adriatic plate since ~35 Ma;
the Western Alps trends NE-SW and the Central Alps trends W-E
(Fig. S4a), which shares similarity with the weak zone in the Pamir
orogen. The northward indentation with counterclockwise rotation
of the Adriatic plate has been regarded as the main driving mecha-
nism for the establishment of the Western Alpine arc (e.g., Schmid
and Kissling, 2000), which is analogous to the dynamic evolution
of the Pamir orogen shown in our models. Second, a recent high-
resolution P-wave tomography data reveals the varied depth and
steepness of the two opposing subducted slabs in the Alps and Di-
narides (Fig. S4b, Zhao et al.,, 2016). Similar to the Indian plate
acting as the downgoing plate in the Hindu Kush and the over-
riding plate in the Pamir, the northward indenting Adriatic plate
behaves as the downgoing plate in the Dinarides and the overrid-
ing plate in the Alps. The subducted Adriatic plate underneath the
Dinarides is slightly deeper and steeper than the subducted Eu-
ropean plate beneath the Alps (Fig. S4b). This feature could also
be explained by the one-sided indentation of the Adriatic plate
(Figs. 7d and S4).

5.6. Model restrictions

Our model geometry is deliberately kept simple. We wanted to
understand the complex 3D geometry of the Hindu Kush-Pamir
orogenic system as a case example (Sections 5.1 and 5.2), but also
aimed to address more general questions related to continental
subduction (Sections 5.3 and 5.4). Therefore we did not want to
mask the effects of changing model parameters by a too complex
initial model setting or too many free parameters.

Different tectonic features, specific for the Pamir-Hindu Kush
region, might need further investigation which are not explored in
this study (which is tailored to investigate the time span between
subduction initiation and termination). Apart from the initiation
scenario chosen here (two opposite dipping weak zones, inherited
from former tectonic events), other scenarios might be possible
(e.g., short remnant subducted slab beneath the Hindu Kush, over
thickening of Asian lithosphere beneath the Pamir prior to subduc-
tion initiation; Tympel, 2015). Another striking feature, characteris-
tic for the Hindu Kush, is the on-going break-off of the subducting
Indian slab (Kufner et al., 2017). This break-off might be initi-
ated as the lithosphere subducted beneath the Hindu Kush is not
purely continental, but rather Indian’s stretched margin (Kufner et
al., 2016). We experimented with thinner lithosphere beneath the
Hindu Kush (Fig. S5), which yielded a steeper slab than the ref-
erence model. However, modeling the final pinching of the Hindu
Kush slab is not the scope of this paper, as a larger vertical model
domain would be required. Finally, the topography formed in our
models is partly dissimilar to the smooth topography observed in
nature. This is due to the simplified surface process that we use.
The prescribed high sedimentation/erosion levels in our models

(i.e., 10 km below/above the initial crustal surface, respectively)
do not produce significant sedimentation/erosion on the surface,
resulting in high uplifts and deep depressions. The model with
lower sedimentation/erosion levels (i.e., 5 km below/above the ini-
tial crustal surface, respectively) produces much more significant
surface erosion/sedimentation, forming relatively smooth surface
expression (Fig. S6). Besides, different model parameters, such as
the thickness of the lower crust (Fig. S5), may also influence the
surface expression.

6. Conclusion

In this study, we use a 3D geodynamic model to investigate
the dynamic evolution of the complex Hindu Kush-Pamir colli-
sion/subduction system and to understand the dynamics of con-
tinental subduction in general. A set of 3D numerical models are
conducted with varied model setups. Our model results shed lights
on the dynamic evolution of the two opposing continental subduc-
tion zones. The following conclusions can be drawn based on our
model results.

(1) Two opposite dipping collision/subduction zones are devel-
oped in the Hindu Kush-Pamir region as a consequence to the
prescribed opposite dipping weak zones existed in the lithosphere
prior to the onset of subduction. After subduction initiation, the
Hindu Kush subducted slab naturally develops a much deeper pen-
etrating and steeper dipping geometry than the Pamir subducted
slab. This geometric difference is created as the dip-direction of
the Pamir slab and Indian plate convergence oppose each other,
whereas they match in the Hindu Kush.

(2) The arcuate but asymmetric geometry of the Pamir orogen
is promoted by an initially oblique segment in the weak zone in
the western Pamir, i.e., the asymmetric geometry of the Indian in-
denter, and a major strike-slip fault at the eastern Pamir margin.

(3) Continental subduction occurs promoted by weakly coupled
upper and lower crust: the upper crust is largely deformed/short-
ened at shallow depths, whereas the lower crust subducts attached
to the mantle lithosphere. The lateral extrusion of weakened duc-
tile crust may facilitate dome formation locally.

(4) Significant shear heating is generated along the subduc-
tion interface that consists of the lower crust. This may pro-
vide a potential condition for thermal runaway that could cause
intermediate-depth earthquakes.

(5) Additionally, several secondary tectonic features observed in
nature are reproduced in our models. A marginal strike-slip fault
migrates northward during the Pamir indentation and a north-
northwest striking extension zone is formed in the northeast of
the Pamir region due to the radial thrusting.

(6) Finally, model results are compared to the Alpine orogen.
The formation of the Western Alpine arc and the variation (depth
and steepness) of the two opposing subducted slabs underneath
the Alps and the Dinarides are similar and comparable to the
Hindu Kush-Pamir orogenic system.
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