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Key Points:
●  Slab geometry with upper slab termination at shallow depths beneath the Pamirs is incorporated into kinematic modeling.
●  The occurrence of intermediate-depth earthquakes aligns with cold slab regions near the slab tear-off below the southwestern Pamirs.
●  The lateral asymmetry in slab temperature possibly explains the mechanism of lateral tearing and differential slab–mantle coupling.
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Abstract: The intracontinental subduction of a >200-km-long section of the Tajik–Tarim lithosphere beneath the Pamir Mountains is
proposed to explain nearly 30 km of shortening in the Tajik fold–thrust belt and the Pamir uplift. Seismic imaging revealed that the upper
slab was scraped and that the lower slab had subducted to a depth of >150 km. These features constitute the tectonic complexity of the
Pamirs, as well as the thermal subduction mechanism involved, which remains poorly understood. Hence, in this study, high-resolution
three-dimensional (3D) kinematic modeling is applied to investigate the thermal structure and geometry of the subducting slab beneath
the Pamirs. The modeled slab configuration reveals distinct along-strike variations, with a steeply dipping slab beneath the southern
Pamirs, a more gently inclined slab beneath the northern Pamirs, and apparent upper slab termination at shallow depths beneath the
Pamirs. The thermal field reveals a cold slab core after delamination, with temperatures ranging from 400 °C to 800 °C, enveloped by a
hotter mantle reaching ~1400 °C. The occurrence of intermediate-depth earthquakes aligns primarily with colder slab regions,
particularly near the slab tear-off below the southwestern Pamirs, indicating a strong correlation between slab temperature and
seismicity. In contrast, the northern Pamirs exhibit reduced seismicity at depth, which is likely associated with thermal weakening and
delamination. The central Pamirs show a significant thermal anomaly caused by a concave slab, where the coldest crust does not descend
deeply, further suggesting crustal detachment or mechanical failure. The lateral asymmetry in slab temperature possibly explains the
mechanism of lateral tearing and differential slab–mantle coupling.
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distribution

 
 1.  Introduction
The Pamir  Mountains are located in the intracontinental  subduc-

tion zone of  the Tajik–Tarim lithosphere (TTL)  in central  Asia and

are considered among the most seismically active regions at inter-

mediate (70–300 km) depths (Figure 1; e.g., Pavlis and Das, 2000).

The  Pamir–Hindu  Kush  Mountains  extend  northwest  from  Tibet

and represent one of the most integral components of the Earth’s

extensive  active  continental  collision  (Kufner  et  al.,  2016).  Since

the  Paleozoic  era,  the  western  Himalayan  syntaxis  orogen  has

included  Gondwana-derived  microcontinents  and  subduction–

accretion–arc  complexes  (Schwab  et  al.,  2004),  which  have  been

affected  by  the  collision  between  the  Indian  and  Eurasian  Plates

since the early Cenozoic (Yin A and Harrison, 2000; Morley, 2002).

The  complex  tectonic  history  of  this  area  has  resulted  in  excep-

tionally  high  stress  levels,  rapid  rates  of  uplift  and  erosion,  and

increased  occurrence  of  metamorphic  and  magmatic  events

within the orogenic belt (Zhang ZM et al., 2007; Xu ZQ et al., 2011;

Kufner et al., 2016; Mir et al., 2017). Therefore, the Pamir region is

among the most seismically active zones globally, with seismicity

concentrated at intermediate to deep depths (Figure 1). However,
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the  deep  structure  and  tectonic  evolution  in  neighboring  areas

are  still  poorly  understood  (Negredo  et  al.,  2007; Cowgill,  2010;

Sippl et al., 2013a).

The  Pamir–Hindu  Kush  region,  Kohistan  arc,  and  Karakorum

terrane  are  the  main  components  of  the  western  Himalayan

syntaxis.  This  tectonic  framework  is  shaped  by  the  India–Eurasia

collision  orogen  (Yin  A  and  Harrison,  2000; Jadoon  et  al.,  2021).

Accretion began in the early Cenozoic and is ongoing at present,

with  a  convergence  rate  of  approximately  34  mm/yr  adjacent  to

the western Himalayan syntaxis (Molnar and Stock, 2009; DeMets

et al., 2010). The Pamir crust has a maximum thickness of ~90 km

and an elevation of approximately 4 km above sea level (Schmidt

et al., 2011; Schneider et al., 2019; Xu Q et al., 2021). To the east of

the Pamirs is the Tarim Basin, to the north is the Tian Shan, and to

the west is the Tajik Basin. The Pamirs, with their curvature to the

north,  formed  during  the  push  of  the  TTL  from  the  north,  most

likely beginning at approximately 25 Ma (e.g., Schwab et al., 2004;

Chapman et al., 2017). There is also evidence that the Pamirs have

been displaced by at least 300 km relative to Tibet on the basis of

the  observed  offset  and  curvature  of  the  accretionary  boundary

and  terranes  near  the  western  Himalayan  syntaxis  (e.g., Burtman

and Molnar, 1993; Molnar and Stock, 2009; DeMets et al., 2010). To

accommodate  the  large  component  of  northward  convergence,

many  thrusts  and  strike-slip  faults  have  developed  across  the

Pamirs  (Sobel  et  al.,  2011, 2013; Robinson  et  al.,  2015),  including

the  main  Pamir  thrust  and  the  South  Tian  Shan  thrust  in  the

northern part of the study area (Coutand et al., 2002).

This  study  aims  to  utilize  three-dimensional  (3D)  high-resolution
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Figure 1.   Tectonic framework and topography of the Pamirs. Background colors indicate the surface topography (ETOPO; Smith and Sandwell,

1997). The red box indicates the study area. The blue curved lines denote the isodepth contours of the slab upper surface at intervals of 20 km

and are extrapolated using Slab2 data (Hayes et al., 2018). The yellow arrow indicates the motion of the incoming plate toward the overriding

plate (MORVEL; DeMets and Dixon, 1999; DeMets et al., 2010). The solid colored circles represent the observations of magnitude >3 earthquakes

from 2000 to 2024 (IRIS: Trabant et al., 2012). The dashed yellow line indicates the main Pamir thrust. TTL, Tajik–Tarim lithosphere; WHS, western

Himalayan syntaxis.
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kinematic  thermal  models  to  examine  the  thermal  structure  and
dynamics  of  the subducting continental  lithosphere beneath the
Pamir orogen. The model incorporates the slab geometry (includ-
ing slab detachment and break-off), temperature distribution, and
seismicity patterns to explore the spatial variability in slab thermal
regimes.  Specific  emphasis  is  placed  on  evaluating  the  thermal
weakening,  stagnation,  and  detachment  of  the  cold  crust  in  the
northern Pamirs. This study also aims to explore the temperature
contrast  of  the  slab  between  the  eastern  and  western  flanks  to
better understand possible lateral slab tearing or the exchange of
complexities  between  the  slab  and  the  ambient  mantle.  These
tests  are  discussed  within  the  framework  of  continental  collision
zones,  and  the  findings  are  compared  with  those  of  previous
models from studies on mature subduction systems (e.g., Ji  YF et
al., 2016, 2017, 2021; Zhu WL et al., 2022; Qu R et al., 2023; Zhu Y et
al., 2023).

 2.  Methods and Models
To study the complex subduction dynamics and geometry of the
Pamirs,  which  formed  the  collision  zone,  we  constructed  a  3D
thermomechanical  model  by  using  the  Stage3D  code  (Tackley
and Xie  S,  2003).  This  model  incorporates  a  kinematic  slab guide
based  on  geological  and  seismological  evidence,  including  slab
delamination and break-off.  The model  dimensions were 400 km
in length,  400 km in width,  and 400 km in depth (Figure 2),  with
72  ×  72  ×  72  grid  points.  The  initial  shape  of  the  slab  geometry
was set via the Slab2 global subduction zone model, and slab dips
were  adjusted  according  to  seismic  activity  in  different  regions
(Hayes et al.,  2018). A schematic diagram of the model setup and
boundary conditions is shown in Figure S1 in the Supplementary
Materials.  The  subduction  velocities  were  derived  from  the
MORVEL plate motion model (DeMets et al., 2010). The initial ther-

mal states of the slab and mantle were determined using a plate

cooling  model  (Grose  and  Afonso,  2013)  for  both  the  overriding

plate and the incoming plate (>100 Myr). The temperature calcu-

lations in the model simulate the thermal evolution of the overrid-

ing  and  subducting  plates  as  they  age.  The  modeling  was

performed  over  a  50  Myr  timescale,  during  which  the  system

reached a steady-state thermal regime, and the results presented

reflect the thermal equilibrium achieved at the end of the calcula-

tion period.

The  mechanical  boundary  conditions  included  the  top  as  a  rigid

surface with a  fixed temperature (0  °C),  whereas the four  vertical

boundaries  (front,  back,  left,  and  right)  and  the  bottom  were  set

as  permeable  and  adiabatic,  respectively.  The  model  uses

composite rheology for wet olivine in the upper mantle (Hirth and

Kohlstedt,  2004),  which  includes  both  diffusion  and  dislocation

creep. The thickness of the slab is dependent on plate age (Yoshii,

1975).  Model  validation  involved  the  integration  of  various

geophysical  datasets.  The  distributions  of  earthquakes  are  from

the IRIS datasets (Figures 1 and 3a; Trabant et al., 2012). The accu-

racy resolution was revealed by comparing steady-state tempera-

ture values from the 72 × 72 × 72 and 84 × 84 × 84 mesh configu-

rations,  and  the  resulting  difference  was  less  than  2%.  More

details  about  the  parameters  are  included  in  the  Supplemental

Materials.

 3.  Results

 3.1  3D Slab Geometry and Subduction Velocity
The 3D arrangement of the lithospheric slab beneath the Pamirs is

depicted in Figure 2, which provides a comprehensive representa-

tion  of  its  shape  and  depth  distribution  derived  from  Slab2.  This
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Figure 2.   Three-dimensional geometry and subduction kinematics of the Pamir slab. The color of the slab indicates the depth (km). The colored

arrows indicate the slab motion and induced mantle flows. The white lines indicate the isodepth contours of the Pamir slab from 20 to 120 km at

an interval of 20 km.
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figure also outlines the slab motion as it descends into the mantle.
Large  differences  are  apparent  in  the  slab  structure  dip  angles
from  region  to  region.  The  depth  contours  begin  at  20  km  near
the  convergence  strike  and  extend  to  approximately  120  km,
approaching the slab break-off depth (150–180 km). The superim-
posed  red  vectors  represent  the  subduction  velocity  field,  which
ranges between 3.6 and 3.7 mm/yr. This velocity range suggests a
relatively steady and uniform subduction process across the arcu-
ate segment. It is interesting that the slab appears to terminate or
become  discontinuous  beneath  the  central  Pamir  region.  This
limited  variation  may  reflect  thermal  weakening,  mechanical
decoupling,  or  a  transition  from  a  cold,  brittle  slab  to  a  warmer,
more  ductile  regime  that  inhibits  further  penetration.  Such  slab
stagnation is consistent with the observed seismic gaps at greater
depths  and may suggest  that  the slab is  either  thermally  eroded
or  has  encountered  resistance  at  depth,  possibly  because  of
changes  in  mantle  rheology  or  buoyant  crustal  components
within the subducting lithosphere, which facilitates slab break-off.

The  overall  geometry  supports  the  hypothesis  of  a “scraped” or
“detached” slab  system  beneath  the  Pamirs,  where  the  upper
crust of the slab was scraped and incorporated into the overriding
Pamir crust and subducted at a shallow depth according to seismic
imaging (e.g., Schneider et al., 2013). The lower portion of the slab
may  have  undergone  delamination  or  break-off  at  depths  of
150–180  km  (e.g., Kufner  et  al.,  2016).  This  behavior  aligns  with
geophysical  evidence  for  complex  slab  dynamics  in  continental
collision zones,  where the cold lower  crust  often fails  to  subduct
fully because of its buoyancy and thermal structure.

 3.2  Thermal Structure and Earthquake Distribution
Figure 3a shows the modeled thermal structure of the subducting

slab  beneath  the  Pamir  orogen  at  the  plate  interface,  which  is
superimposed on the earthquake hypocenters. The size and color
of  the  spheres  correspond  to  the  earthquake  magnitude.  The
thermal model reveals a distinctly cold slab core, with temperatures
ranging  from  approximately  400  °C  to  800  °C.  This  cold  core  is
surrounded by the asthenospheric  mantle,  which reaches signifi-
cantly  higher  temperatures,  ~1400  °C,  resulting  in  a  pronounced
thermal  contrast.  Such  a  thermal  gradient  is  characteristic  of
active subduction zones and plays a critical role in governing slab
strength, seismicity, and dehydration processes.

In the central  Pamir region, the cold crustal  portion of the slab is
notably absent at greater depths. This spatial discontinuity in the
thermal field suggests that the lower portion of the slab, particu-
larly the ultramafic lower crust or underlying lithospheric mantle,
may  have  undergone  thermal  erosion,  mechanical  delamination,
or detachment.  The absence of a cold,  high-density slab at these
depths implies that the lithosphere has either stagnated or been
assimilated into the surrounding mantle, potentially owing to the
buoyant nature of the continental crust or enhanced incorporation
into the Pamirs in this collisional setting.

Seismicity patterns provide additional support for this interpreta-
tion.  In  the  southern  Pamirs,  where  the  slab  remains  cold  and
mechanically  cohesive,  earthquake  hypocenters  are  very  close
together  along  the  slab  contact  (Figure  3a).  This  configuration
favors  brittle  failure  and  intermediate-depth  seismicity.  These
events  include  earthquakes  with  magnitudes  >4,  which  means
that  the  strength  and  internal  stress  of  the  slab  still  cause  major
seismic rupture. On the other hand, the distribution of earthquakes
in the northern Pamirs has become much less frequent and shal-
lower, with clear decreases in both frequency and magnitude. This
seismic  quiescence  correlates  spatially  with  the  thermally  weak-
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Figure 3.   (a) Horizontal view of the steady-state thermal structure (°C) at the plate interface calculated in this study. The thermal field is overlain

by earthquake hypocenters of varying magnitudes. Compared with the surrounding mantle (~1400 °C), the slab core remains cold (400–800 °C).

Seismicity is concentrated along the slab interface in the southern Pamirs but becomes sparse in the northern Pamirs, supporting possible slab

detachment or thermal erosion. (b–c) Vertical cross sections showing the modeled thermal structure of the subducting slab. Eastward and

westward views of the slab temperature distribution reveal thermal asymmetry. The eastern flank is colder than the western flank, implying

lateral tearing or complex slab–mantle interactions.
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ened  or  absent  slab  segment  and  implies  a  transition  to  a  more
ductile  or  fragmented  regime  incapable  of  generating  high-
magnitude  seismic  events.  The  lack  of  seismicity  deeper  than
180  km  may  be  attributed  to  slab  break-off,  progressive  thermal
weakening,  or  complete  detachment  of  the  subducting  litho-
sphere.

Overall, the observed thermal structure and seismicity distribution
point  toward  a  heterogeneous  slab  architecture  beneath  the
Pamirs, where ongoing subduction is active and seismically ener-
getic  in  the  southern  segment  but  disrupted  or  absent  in  the
central  and  northern  segments.  These  patterns  are  consistent
with  a  tectonic  scenario  involving  slab  fragmentation,  lower
crustal  buoyancy,  and  complex  slab–mantle  interactions,  all  of
which  contributed  to  the  unique  geodynamic  evolution  of  the
Pamir collision zone.

 3.3  Asymmetric Thermal Anomalies from Different

Perspectives
Oblique views of  the thermal  distribution of  the subducting slab
from  the  eastern  and  western  perspectives  are  shown  in Figures
3b and 3c,  respectively.  These  visualizations  provide  crucial
insights  into  the  3D  nature  of  the  thermal  regime  of  the  slab
beneath the Pamir orogen.

From the eastern view (Figure 3b), the slab appears sharply delin-
eated  by  colder  temperatures,  with  a  well-preserved  thermal
contrast between the slab and surrounding mantle. The cold slab
core  is  more  coherent  and  continuous  on  this  flank,  suggesting
that the thermal and mechanical integrity of the slab is maintained
at  greater  depths.  These  observations  may  reflect  stronger
coupling with the overriding lithosphere or less disruption of the
subduction process on the eastern side.

In contrast, the middle portion of the convergence margin reveals
markedly  different  thermal  signatures  (e.g., Figure  3c).  Here,  the
slab  appears  to  have  higher  temperatures,  with  the  cold  core
becoming  diffuse  or  absent.  The  increased  thermal  gradient  and
reduced upper crust imply greater heating from the surrounding
mantle and possibly a more advanced stage of slab weakening or
detachment.  These  higher  temperatures  and  thermal  states  may
result  from  enhanced  mantle  upwelling,  slab  rollback,  or  lateral
asthenospheric  flow,  all  of  which could promote thermal  erosion
of the slab margins.

The observed east–west thermal asymmetry points toward lateral
variations in  slab dynamics,  which could be the result  of  oblique
slab subduction or variable crustal  properties along the orogenic
front.  Such  asymmetry  is  commonly  associated  with  complex
slab–mantle interaction zones, where the geometry and dynamics
of  the  subducting  plate  are  influenced  by  inherited  lithospheric
heterogeneities or changes in slab buoyancy and strength.

The slab asymmetry observed in the vertical slices (Figures 3b–3c)
suggests a laterally variable subduction regime. The distributions
of  earthquakes  in  cooler  thermal  zones  and  margins  of  the  slab
are  particularly  concentrated  in  the  northwest,  suggesting  that
the thermal regime plays an important role in defining the earth-
quake distribution. Conversely, in south-central Pamir, subducted

plate seismicity  is  less  prominent,  which may reflect  slab erosion

associated with deep crustal failure or thermal effects.

 4.  Discussion

 4.1  Slab Geometry and Seismic Implications
A  complex  subduction  geometry  with  different  slab  dip  angles

and  termination  depths  is  evident  in  the  3D  slab  beneath  the

Pamirs.  On  the  basis  of  previous  seismic  and  tomographic  imag-

ing,  the  slab  flattens  after  dipping  steeply  beneath  the  southern

Pamirs  (Sippl  et  al.,  2013b; Kufner  et  al.,  2016).  The  slab  may  not

appreciably  return or  break off,  as  suggested by stable but  weak

rollback.  Nevertheless,  the  observed  flatlike  termination  of  the

slab  at  shallow  upper  mantle  depths  beneath  the  central  Pamirs

implies either piling up or thermal weakening at depth (Stearns et

al., 2015).

Furthermore, the slab geometry fits with the pattern of observed

seismicity.  Intermediate-depth  earthquakes  are  tightly  clustered

near  the  axis  of  the  cold  slab,  particularly  under  the  southern

Pamirs (Pavlis and Das, 2000). In contrast, slab retreat and potential

slab tear or delamination are associated with decreased seismicity

to  the  north.  These  findings  confirm  the  proposal  that  the  slab

morphology  and  thermal  regime  play  fundamental  roles  in  the

combination  of  the  depth  distribution  and  the  number  of  earth-

quakes (Zhao DP, 2001).

The  calculated  saturation  temperatures  are  highly  relevant  for

determining the behavior of the interaction between the slab and

mantle forearc. A hot mantle wedge (with temperatures >1200 °C)

reminiscent  of  an  annulus  around  a  cold  (400  °C–800  °C)  central

portion  of  the  slab  has  been  used  to  describe  the  interiors  of

subducted  slabs  in  mature  subduction  zones  (Syracuse  et  al.,

2010).  Lateral  asymmetries  are  also  ubiquitous.  The  oblique

perspectives (Figures 3b and 3c) indicate that the easterly flank of

the  slab  is  considerably  cooler  than  the  westerly  flank.  The  gap

probability may instead reflect slab fragmentation, the subduction

angle,  or lateral variations in the slab–mantle interaction and the

thermal distribution itself  in the subarc asthenosphere (Zhong SJ

et  al.,  2000; Faccenda  and  Capitanio,  2013).  This  heterogeneity

may be due to different convergence velocities along the strike or

inherited lithospheric weakness.

Thermal  fluctuations  are  associated  with  changes  in  seismicity.

The hotter middle part  of  the margin,  with higher thermal gradi-

ents, is seismically less active than the cooler eastern and northern

parts, which corresponds to more active earthquakes.

 4.2  Thermal State and Lateral Variability
The  thermal  modeling  results  reveal  a  distinct  variation  in  the

thermal  regime  of  the  slab  along  both  the  dip  direction  and  the

strike beneath the Pamirs. Cross-sectional views (Figure 3a) reveal

that the subducting slab contains a cold core,  with temperatures

ranging between approximately 400 °C and 800 °C, surrounded by

ambient mantle temperatures exceeding 1300 °C. This cold thermal

signature  is  consistent  with  subduction-related  cooling  of  the

lithosphere and is in agreement with similar findings from global

subduction zones (Peacock, 2004; Peacock et al., 2005).
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It  is  important  to  note  that  the  cold  crust  of  the  slab  appears
discontinuous in the central Pamirs and fails to extend to greater
depths than adjacent regions do. These observations may indicate
thermal weakening of the lower crust at mid-mantle depths. Such
processes have been proposed in the context of continental colli-
sion  zones,  where  high  heat  flow  and  buoyant  crustal  materials
lead  to  detachment  of  the  dense  lower  crust  from  the  overlying
lithosphere (Li C et al., 2008). The localized weakening of the ther-
mal structure supports a potential scenario of crustal delamination
beneath the central Pamirs, which may play a role in moderating
subduction dynamics and influencing slab continuity.

Plan-view slices (Figures 3b–3c)  highlight an asymmetric  thermal
distribution: the eastern and western segments of the slab remain
relatively  cooler,  whereas  the  middle  portion  of  the  margin  has
higher  temperatures.  This  asymmetry  may  arise  via  lateral  slab
ripening,  differential  mantle  movement,  or  varying  degrees  of
hydration  of  the  subducting  crust,  as  reported  in  other  tectonic
systems  (e.g., Zhu  Y  et  al.,  2023).  This  dynamic  interaction
between the slab and the mantle may involve lateral tearing or off-
balance mantle flow.

The relationship between slab temperature and earthquake distri-
bution  also  highlights  the  importance  of  temperature-controlled
processes,  such  as  dehydration  embrittlement,  in  intermediate-
depth seismicity (Hacker et al., 2003). These findings suggest that
intense seismicity  is  associated with  the cold  slab interface.  Heat
conditions  strongly  influence  the  mechanical  behavior  and  char-
acteristics  of  earthquakes  in  the  context  of  continental  subduc-
tion.

Slab break-off initiates when slab pull forces, driven by the density

contrast  between  the  descending  slab  and  surrounding  mantle,

surpass the viscous resistance of the mantle, resulting in localized

necking and eventual rupture (Duretz et al., 2012). The detachment

process  can  be  initiated  after  a  prolonged  period  (8–30  Myr)  of

slab  weakening  caused  by  thermal  diffusion,  after  which  a  rapid

detachment process occurs over a few million years (Gerya et al.,

2004).  The timing and depth of  break-off  are  strongly  influenced

by  the  slab  rheology.  Stronger  slabs  (e.g.,  yield  strength  of

~500  MPa)  detach  deeply  and  slowly,  whereas  weaker  slabs

(~300  MPa)  break  off  more  rapidly  and  at  shallower  depths

(Andrews and Billen, 2009).

 4.3  Comparison with the Pressure–Temperature

Conditions of Exhumed Rocks in the Pamirs
The pressure–temperature (P–T)  conditions of  rock samples from

the  Pamir  lithosphere  from  previous  studies  and  the  estimated

P–T conditions of the upper surface of the subducted TTL (dashed

blue line)  according to the model  results  are presented in Figure

4. Notably, the results indicate that the slab surface is, on average,

100  °C  cooler  than  the  surrounding  mantle  wedge  at  the  conti-

nental  Moho  depth.  This  difference  decreases  to  approximately

50 °C at the Pamir Moho depth. When the depth exceeds 100 km,

the  difference  in  temperature  between  the  slab  and  overriding

mantle decreases to less than 30 °C. This result captures the along-

strike  variation  in  the  calculated  slab  thermal  regime  and

compares  well  with  the  P‒T  conditions  (hotter)  of  the  samples

from the overriding lithosphere according to previous geological
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Figure 4.   Comparison with the P‒T conditions of exhumed rocks in the Pamirs (modified from Li YP et al., 2023), including xenoliths based on

depth-affinity relations (Li YP et al., 2023), the continental craton (McKenzie et al., 2005), the Muztaghata dome (Robinson et al., 2007; Li YP et al.,

2020a, b), and the central–southern Pamir domes (Schmidt et al., 2011; Hacker et al., 2017). The empty colored boxes indicate other previous

studies, with the first author and publication year annotated (Ducea et al., 2003; Hacker et al., 2005; Gordon et al., 2012). The pink area indicates a

geothermal gradient of 60 °C/km (Stübner et al., 2013). The dashed blue line indicates the P‒T trajectory of the upper surface of the subducted

slab obtained from this study. Tp is temperature at constant pressure.

18 Earth and Planetary Physics       doi: 10.26464/epp2026012

 

 
Faheem H and Ji YF et al.: Delaminated lower slab thermal regime before slab break-off in the Pamirs: Implications from

3D kinematic modeling
 



studies in the Pamirs (granite, eclogite, pyroxene, and gneiss).

The  P‒T  variation  in  the  subducted  lithosphere  indicates  that
below a depth of 150 km, the upper surface temperatures of  the
slab  are  almost  the  same  as  those  of  the  ambient  mantle,  which
implies  that  the  slab  core  temperature  has  greatly  increased  at
this  depth.  This  is  conducive  to  lower  crustal  detachment,  slab
melting  or  break-off,  and  the  occurrence  of  deep  earthquakes
(150–180 km), which feature the Pamir tectonic system.

Although  this  study,  which  is  based  on  a  3D  kinematic  model,
provides  first-order  insights  into  the  thermal  structure  of  the
Pamir slab, the lack of geophysical constraints limits our ability to
fully investigate the uncertainties. Thus, further analyses to evalu-
ate  model  robustness  on  the  basis  of  geophysical  observations
are necessary.

 5.  Conclusions
On  the  basis  of  the  3D  kinematic  modeling,  we  reached  the
following conclusions:

(1)  The  structure  of  the  subducting  plate  beneath  the  Pamirs  is
thermally and mechanically segmented, with significant variations
in dip angle and seismic activity across the region. The upper slab
appears to terminate at shallow depths beneath the Pamirs, indi-
cating  a  dynamic  interaction  between  the  slab  and  the  mantle
that  involves  lateral  tearing  or  off-balance  mantle  flow.  This
provides  a  clear  case study for  how continental  slabs  may disag-
gregate  through  tearing,  a  process  that  is  likely  critical  to  the
evolution  of  other  complex  collisional  orogens,  such  as  the
Himalayas or the Alps.

(2) The nonuniform temperature distribution, with colder temper-
atures in the east and warmer temperatures in the west, highlights
the complexity of slab–mantle interactions. The correlation of the
thermal structure with seismicity supports the idea that tempera-
ture-controlled  processes  play  crucial  roles  in  generating  earth-
quakes and maintaining slab stability. Our 3D model quantitatively
links thermal anomalies to seismic clusters, offering a new frame-
work for interpreting seismicity in subduction zones where direct
thermal constraints are absent.

(3)  This  study  highlights  the  importance  of  integrating  thermal
modeling with seismological data to gain deeper insights into the
lithospheric  dynamics  beneath  continental  collision  zones,  such
as  the  Pamirs.  More  broadly,  this  study  demonstrates  that  the
integration  of  high-resolution  3D  kinematic  modeling  with  seis-
mological  data  is  a  powerful  tool  for  elucidating  lithospheric
dynamics. We underscore that this approach is not limited to the
Pamirs but is essential for gaining deeper insights into continental
collision  zones  globally.  We  recommend  that  future  research
focus  on  applying  similar  multidisciplinary  workflows  to  other
complex subduction systems to better constrain thermomechani-
cal  controls  on  slab  deformation  and  earthquake  genesis.  This
work  contributes  to  our  understanding  of  subduction  processes
and slab behavior at greater depths.
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