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ABSTRACT

A regional, balanced cross section is pre-
sented for the thin-skinned Tajik fold-and-
thrust belt, constrained by new structural 
and stratigraphic data, industrial well-log 
data, flexural modeling, and existing geo-
logic and geophysical mapping. A sequen-
tial restoration of the section was calibrated 
with 15 new apatite (U-Th)/He ages and 7 
new apatite fission-track ages from samples 
of the major thrust sheets within the Ta-
jik fold-and-thrust belt. Thermokinematic 
modeling indicates that deformation in the 
Tajik fold-and-thrust belt began during the 
Miocene (prior to or ca. 17 Ma) and contin-
ues to near present, with long-term short-
ening rates of ~4–6 mm/yr and Pliocene 
to present rates of ~6–8 mm/yr. The Tajik 
fold-and-thrust belt can be characterized 
as two distinct, oppositely verging thrust 
belts. Deformation initiated at opposite 
margins of the Tajik foreland basin, adja-
cent the southwest Tian Shan and northwest 
Pamir Mountains, and propagated toward 
the center of the basin, eventually incor-
porating the foreland basin entirely into a 
composite fold-and-thrust belt. The western 
Tajik fold-and-thrust belt records at least 
35–40 km of total shortening and is part of 
the greater Tian Shan orogenic system. The 
eastern Tajik fold-and-thrust belt records 
~30 km of shortening linked to the Pamir 
Mountains. The amount of shortening in the 
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Tajik fold-and-thrust belt is significantly 
less than predicted by models of intracon-
tinental subduction, which call for subduc-
tion of an ~300-km-long slab of continental 
Tajik-Tarim lithosphere beneath the Pamir. 
Field observations and structural relation-
ships suggest that the Mesozoic and younger 
sedimentary rocks of the Tajik Basin were 
deposited on and across the Northern Pamir 
terrane and then subsequently uplifted and 
eroded during orogenic growth, rather than 
undergoing subduction beneath the Pamir. 
The Paleozoic–Proterozoic(?) metasedi-
mentary and igneous rocks exposed in the 
Northern Pamir terrane are equivalent to 
the middle-lower crust of the Tajik Basin, 
which has become incorporated into the 
Pamir orogen. We propose that the south-
dipping zone of deep seismicity beneath the 
Pamir, which is the basis for the intraconti-
nental subduction model, is related to gravi-
tational foundering (by delamination or 
large-scale dripping) of Pamir lower crust 
and mantle lithosphere. This contrasts with 
previous models that related the Pamir seis-
mic zone to subduction with or without roll-
back of Asian lithosphere. Delamination 
may explain the initiation of extension in the 
Pamir gneiss domes and does not require a 
change in plate boundary forces to switch 
between compressional and extensional re-
gimes. Because the Pamir is the archetype 
for active subduction of continental litho-
sphere in the interior of continental plates 
(intracontinental subduction), the viability 
of this particular tectonic process may need 
to be reassessed.

INTRODUCTION

The Pamir region is the most prominent 
and widely cited example of intracontinental 
subduction in the world (Roecker, 1982; Ham-
burger et al., 1992; Burtman and Molnar, 1993; 
Fan et al., 1994; Pavlis et al., 1997; Kumar et al., 
2005; Negredo et al., 2007; Mechie et al., 2012; 
Schneider et al., 2013; Sippl et al., 2013; Sobel 
et al., 2013; Kufner et al., 2016). The intraconti-
nental subduction model suggests that the Pamir 
has advanced ~300 km over its foreland, the 
Tajik-Tarim Basin, and that Asian continental 
lithosphere has subducted beneath the Pamir, 
forming a “Pamir slab” that generates deep 
seismicity (Fig. 1; Burtman and Molnar, 1993; 
Mechie et al., 2012; Schneider et al., 2013; Sippl 
et al., 2013). In some versions of this model, 
Asian lower crust and mantle lithosphere were 
first underthrusted or subducted at a low angle 
beneath the Pamir and then rolled back north-
ward (Sobel et al., 2013). Other hypotheses for 
the origin of the Pamir slab include aspects of 
subduction, underthrusting, roll-back, founder-
ing, and forced delamination (Stearns et al., 
2015; Kufner et al., 2016; Rutte et al., 2017b). A 
straightforward test of the intracontinental sub-
duction model can be accomplished by quanti-
fying the amount and timing of shortening in the 
Northern Pamir and Tajik fold-and-thrust belt. 
The intracontinental subduction model predicts 
~300 km of Cenozoic shortening, which is the 
approximate downdip length of the Pamir “slab” 
as seismically imaged in the mantle (Burtman 
and Molnar, 1993; Bourgeois et al., 1997; Burt-
man, 2000; Schneider et al., 2013; Sippl et al., 
2013). Structural reconstructions of the Pamir 
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slab indicate it may be as long as 380 km (Rutte 
et al., 2017b).

In order to test the intracontinental subduc-
tion model in the Pamir, a structurally balanced 
cross section across the Tajik fold-and-thrust 
belt and Northern Pamir is presented along 
with new apatite (U-Th)/He (AHe) and apatite 
fission-track (AFT) thermochronologic ages 
collected from major structures within the belt. 
Structural and thermochronologic data were 
combined in a thermokinematic model that pro-
duces synthetic thermochronologic ages based 
on a sequence of partially restored cross sec-
tions. This modeling provides constraints on 
the geometry, magnitude of deformation, timing 

of deformation, and structural evolution of the 
Tajik fold-and-thrust belt. The results suggest 
that >50% of the shortening in the belt is related 
to Miocene and younger convergence between 
the Tian Shan and Tajik-Tarim lithosphere. The 
remaining shortening (~30 km) is significantly 
less than the ~300 km of shortening required 
by models of subduction of Tajik continental 
(Asian) lithosphere. We advocate an alternative 
explanation in which the Pamir lower crust and 
mantle lithosphere have delaminated or foun-
dered as a result of internal orogenic thickening 
and potential eclogitization (Fig. 1C). Although 
the kinematics of roll-back of previously sub-
ducted Asian lithosphere and delamination of 

thickened Pamir lithosphere may be similar 
(Sobel et al., 2013; Stearns et al., 2015; Kuf-
ner et al., 2016; Rutte et al., 2017b), the driving 
mechanisms are distinct and have important im-
plications for: (1) the feasibility of continental 
subduction in the Pamir; (2) whether subduction 
can occur outside of plate margins; (3) the long-
term evolution of convergent orogenic plateaus; 
and (4) the relationship of contemporaneous 
deformation in the upper crust, lower crust, and 
mantle lithosphere. It is important to distinguish 
between subduction-related processes like roll-
back, which are driven by the dynamics of the 
slab or lower plate (Schellart, 2008), and de-
lamination of thickened orogenic roots, which is 
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a function of upper-plate processes (Bird, 1979) 
that do not necessarily need to be mechanically 
or kinematically coupled to the subducting 
plate (DeCelles et al., 2009, 2015). Subduc-
tion, including flat-slab subduction, is driven by 
forces acting on the lower plate (e.g., slab pull, 
ridge push, mantle traction; Forsyth and Uyeda, 
1975), whereas underthrusting (low-angle thrust 
faulting) within the interior of a continent is 
driven by forces acting on the upper plate (e.g., 
plate boundary, gravitational).

REGIONAL GEOLOGY

Tian Shan

The Tian Shan consists of a collection of ter-
ranes that were accreted to Eurasia during the 
Paleozoic (Windley et al., 1990). The Tian Shan 
was reactivated during the Cenozoic in response 
to India-Asia collision (Tapponnier and Molnar, 
1979). Uplift and exhumation of the Central 
Tian Shan began during the late Oligocene to 
early Miocene (Hendrix et al., 1994; Sobel and 
Dumitru, 1997; Sobel et al., 2006; Heermance 
et al., 2008), and cooling ages near the Alai 
Valley (Fig. 1) indicate that denudation of the 
southwestern Tian Shan may have also begun 
during the early Miocene (20–22 Ma; DeGrave 
et al., 2012; Sobel et al., 2013). Deformation 
progressed into thin-skinned foreland thrust 
belts south of the Central Tian Shan during the 
middle to late Miocene (Yin et al., 1998; Heer-
mance et al., 2008; Fu et al., 2010) in response 
to underthrusting of Tarim continental litho-
sphere (Roecker et al., 1993; Allen et al., 1999; 
Scharer et al., 2004; Makarov et al., 2010). The 
southern margin of the Tian Shan consists of 
several thin-skinned fold-and-thrust belts, in-
cluding the Kashi, Kepingtage, and Kuqa (a.k.a. 
Kuche) segments (Fig. 1). These thrust belt 
segments experienced 10–40 km of shortening 
during the Miocene, and shortening rates have 
accelerated during the last 2–4 m.y. (Scharer et 
al., 2004; Chen et al., 2007; Heermance et al., 
2008; Yin et al., 1998; Allen et al., 1999; Sun et 
al., 2009). In this contribution, we will make a 
direct comparison between the style, magnitude, 
and timing of deformation in the western Tajik 
fold-and-thrust belt and those of the thrust belts 
bordering the southeast margin of the Central 
Tian Shan orogenic system.

Pamir

The Pamir consists of the Northern, Central, 
and Southern Pamir terranes (Burtman and Mol-
nar, 1993). These three terranes, and the Pamir 
in general, are regarded as the westward pro-
longation of the Tibetan Plateau. The Northern 

Pamir terrane is equivalent with the Kunlun ter-
rane, and the Central and Southern Pamir ter-
ranes are equivalent with the Qiangtang terrane 
(Robinson et al., 2012). The Northern Pamir ter-
rane consists of the Kunlun magmatic arc and 
the Karakul-Mazar arc-accretionary complex, 
which are part of a Cordilleran-style margin 
that formed the southern continental edge of 
Central Asia during Carboniferous to Triassic 
time (Fig. 1; Schwab et al., 2004). The Central 
and Southern Pamir terranes were accreted to 
Asia during the early Mesozoic (Burtman and 
Molnar, 1993; Schwab et al., 2004; Robinson 
et al., 2012; Angiolini et al., 2013). The sutures 
between the Northern, Central, and Southern 
Pamir terranes appear to be deflected northward 
and wrap around the Pamir salient (Fig. 1). The 
geometry of these sutures has been used to sug-
gest that the Pamir terranes were thrust north-
ward across the Tajik-Tarim Basin (Burtman 
and Molnar, 1993). Other geological evidence 
mustered for the northward displacement of the 
Pamir salient are paleomagnetic vertical-axis 
rotations (Bazhenov and Burtman, 1986; Pozzi 
and Feinberg, 1991; Bosboom et al., 2014) and 
Cenozoic shortening within the Pamir and Ta-
jik fold-and-thrust belt (Burtman and Molnar, 
1993). Internal shortening within the Pamir dur-
ing the Cenozoic has been estimated at 80 to 
>95 km (Robinson, 2015; Rutte et al., 2017a), 
which is less than the ~300 km of internal 
shortening suggested by Burtman and Molnar 
(1993). Regardless, if the Tajik-Tarim litho-
sphere is subducting beneath the Pamir, then 
the amount of internal shortening in the upper 
plate (Pamir Mountains) is not indicative of the 
amount of subduction (slab length) in the lower 
plate. The length of subducted Tajik-Tarim 
lower crust and mantle lithosphere should bal-
ance the amount of shortening in upper crust of 
the Tajik-Tarim lithosphere (e.g., Tajik Basin), 
not the Pamir. Detrital thermochronology of 
modern sands from the rivers draining the west-
ern Pamir suggests that exhumation started in 
the late Oligocene to early Miocene (20–25 Ma; 
Lukens et al., 2012; Carrapa et al., 2014). These 
results are consistent with significant topogra-
phy and regional erosion and with the timing for 
tectonic exhumation of the Pamir gneiss domes 
(Stearns et al., 2013, 2015). There are no bed-
rock thermochronologic ages in the western part 
of the north Pamir outside of the gneiss domes, 
although Amidon and Hynek (2010) and Sobel 
et al. (2013) reported low-temperature cooling 
ages as young as early Miocene for the north-
western Pamir margin, ~200 km from the line of 
the cross section presented in this study.

In addition to the geological evidence, sev-
eral geophysical studies have suggested that the 
Pamir salient is thrust over the Tajik-Tarim Ba-

sin. The Pamir sits above two oppositely inclined 
zones of intermediate-depth seismicity. Beneath 
the westernmost Pamir, the Hindu Kush seismic 
zone dips steeply northward, whereas across the 
rest of the Pamir, the Pamir seismic zone dips 
steeply southward. Tomographic and receiver 
function studies have indicated the presence of 
a low-velocity layer within these seismic zones, 
suggesting that they may include a component 
of continental crust (Roecker, 1982; Koulakov 
and Sobolev, 2006; Schneider et al., 2013; Sippl 
et al., 2013). These seismic zones have been 
interpreted as: (1) remnant pieces of oceanic 
lithosphere with a small component of Indian 
crust attached (Pegler and Das, 1998; Pavlis and 
Das, 2000), (2) Indian continental lithosphere 
(Roecker, 1982; Koulakov and Sobolev, 2006), 
(3) subducted Asian continental lithosphere 
(Schneider et al., 2013; Sippl et al., 2013), or  
(4) a combination of subducting Indian litho-
sphere in the Hindu Kush seismic zone and 
subducting Asian lithosphere in the Pamir seis-
mic zone (Hamburger et al., 1992; Burtman 
and Molnar, 1993; Fan et al., 1994; Pavlis et 
al., 1997; Burtman, 2000; Kumar et al., 2005; 
Negredo et al., 2007; Mechie et al., 2012; Kuf-
ner et al., 2016). The south-dipping Pamir seis-
mic zone extends ~250 km into the mantle and 
projects updip toward the Main Pamir thrust 
and Pamir Frontal thrust, an active fault zone at 
the surface located in the Alai Valley between 
the Pamir and Tian Shan (Figs. 1 and 2). Focal 
mechanisms (Fan et al., 1994), structural studies 
(Pavlis et al., 1997; Coutand et al., 2002), neo-
tectonic markers (Strecker et al., 2003; Thomp-
son et al., 2015), and global positioning system 
(GPS) measurements (Mohadjer et al., 2010; 
Ischuk et al., 2013) indicate that the northern 
margin of the Pamir is actively accommodating 
convergence.

Tajik Basin

The Tajik Basin is underlain by continental 
crust that was accreted to the southern Eurasian 
margin during late Carboniferous to Early Perm-
ian time (Burtman and Molnar, 1993; Schwab 
et al., 2004; De Grave et al., 2012; Schneider 
et al., 2013). No rocks older than the Jurassic 
are exposed within the Tajik Basin, but Perm-
ian and Triassic sedimentary rocks are locally 
present along the basin margins and increase in 
thickness eastward and southward (Fig. 2; Niko-
laev, 2002). The Tajik Basin crust is interpreted 
to have experienced limited Triassic extension, 
which may have given rise to east-west– oriented 
basement structures (Leith, 1985; Thomas et al., 
1994; Brookfield and Hashmat, 2001; Niko-
laev, 2002). Regional, basinwide deposition 
began during the Early Jurassic with  nonmarine 



Chapman et al.

4 Geological Society of America Bulletin, v. 1XX, no. XX/XX

10

67
°E

69
°E

39
°N

38
°N

68
°E

70
°E

71
°E

in
te

rn
at

io
na

l
bo

rd
er

P
lio

ce
ne

up
pe

r 
C

re
ta

ce
ou

s

Ju
ra

ss
ic

 u
nd

iff
.

th
er

m
oc

hr
on

ol
og

y 
sa

m
pl

e

w
el

l

Q
ua

te
rn

ar
y

B
uh

ar
a 

F
m

.
A

kd
ja

r 
F

m
.

B
al

ju
vo

n 
F

m
.

S
um

sa
r 

F
m

.
H

an
ab

ad
 F

m
.

Is
fa

ra
 F

m
.

R
is

ht
an

 F
m

.
Tu

rk
es

ta
n 

F
m

.
A

la
y 

F
m

.
S

uz
ak

 F
m

.

P
ol

iz
ak

 F
m

.
K

ar
an

ak
 F

m
.

Ta
vi

ld
ar

a 
F

m
.

K
hi

ng
ou

 F
m

.

P
al

eo
ce

ne
O

lig
oc

en
e-

E
oc

en
e

M
io

ce
ne

N
2

N
1

P
g 2-

3
P

g 1
Q

C
r 2

C
r 1

J T
Tr

ia
ss

ic
 u

nd
iff

.

Neogene

Paleogene

lo
w

er
 C

re
ta

ce
ou

s

V
ak

hs
h 

R
iv

er
ci

ty

Ig
ne

ou
s 

ro
ck

s 
un

di
ff.

P
zP

P
er

m
ia

n 
un

di
ff.

P
al

eo
zo

ic
 u

nd
iff

.

g

be
dd

in
g

ov
er

tu
rn

ed
 b

ed
di

ng

P
ro

te
ro

zo
ic

(?
)-

M
es

o
zo

ic
P

al
eo

zo
ic

M
es

o
zo

ic
C

en
o

zo
ic

A
H

e 
ag

e
A

F
T

 a
ge

th
ru

st
 fa

ul
t

de
ta

ch
m

en
t (

no
rm

al
) 

fa
ul

t

16

74

un
co

nf
or

m
ity

C
en

oz
oi

c 
ig

ne
ou

s
ro

ck
s 

un
di

ff.
C

g

N
1

Q

N
2

Bobotogh

A

A
′

P
F

T

M
PT

D
F

U
zb

ek
is

ta
n

Ta
jik

is
ta

n

A
fg

ha
ni

st
an

Yovon Valley

SW
 G

iss
ar

 R
an

ge

S
W

 T
ia

n 
S

ha
n

N
or

th
er

n
P

am
ir

Pe
te

r 1
st

 R
an

ge

25
 k

m

D
us

ha
nb

e

D
en

ov

K
ul

ob

Karsh
i

R
an

go
n

Ar
un

ta
u

Je

tim
ta

u

Aktau
Aruntau

Karatau

Sarsarak
Sangyaak

Vakhsh

V
ak

hs
h

R
iv

er

N
2

N
1

J

P

P
z

N
2

C
r 2

P
g 1

P
g 1

Pg2-3

Cr1

C
r 2

P

J

N
1

P
z

Q

g

g

g

T

D
as

ht
iju

m
V

al
le

y

Pa
nj

 R
ive

r

B

Unconform
ity

Y
G

D

TMS

DSZ

T

T

P
g? C

r 2

P

P
z

P

J

J

g

C
g

gB
′

P
z

P

NMPT SM
PT

15

30

22

12

70
48

68

40

45

35 35

40

60

60

18

25

30

05
20

42

40

25

35

35

50

12
7565

63

44

20 16

30

12

35

50
25

40

27
70

37

58

30

30

20

77
55

10
08

35
18

46

32
08

19

07

23

2826

08

06

70
15

15

18

15

30

25

24
30

22

20

15

40

36

35

30
40

52
50

75
52

30

55
50

20

45

45

20

60
4005

40

35

50

40

40

40

20

25
70

20

12
25

40
60

50

20 55
50

55
30

10

47

60

16

30

15
25

25

36

20

22
30 50

55

15

30 80

70

50
30

60

50

30

45

65

45

30

3.
0 

±
 1

.0
 M

a3.
2 

±
 1

.4
 M

a
16

.7
 ±

 4
.1

 M
a

A
H

e 
un

re
se

t

12
.4

 ±
 4

.6
 M

a
14

.6
 ±

 2
.9

 M
a

A
H

e 
un

re
se

t

3.
0 

±
 1

.2
 M

a

9.
0 

±
 4

.6
 M

a
12

.2
 ±

 2
.5

 M
a

3.
1 

±
 0

.1
 M

a

1.
5 

±
 0

.9
 M

a

2.
9 

±
 0

.8
 M

a
5.

6 
±

 2
.0

 M
a

1.
2 

±
 0

.4
 M

a
3.

6 
±

 1
.1

 M
a

5.
1 

±
 1

.6
 M

a
<

7 
M

a

6.
7 

±
 3

.0
 M

a
9.

0 
±

 2
.6

 M
a

4.
2 

±
 1

.6
 M

a

5.
9 

±
 4

.1
 M

a

F
ig

ur
e 

2.
 G

eo
lo

gi
c 

m
ap

 o
f 

th
e 

no
rt

he
rn

 T
aj

ik
 B

as
in

 a
nd

 T
aj

ik
 f

ol
d-

an
d-

th
ru

st
 b

el
t.

 C
ro

ss
-s

ec
ti

on
 A

-A
′ i

s 
pr

es
en

te
d 

in
 F

ig
ur

e 
3A

, a
nd

 c
ro

ss
-s

ec
ti

on
 B

-B
′ i

n 
pr

es
en

te
d 

in
 F

ig
-

ur
e 

3D
. G

eo
lo

gy
 is

 m
od

ifi
ed

 f
ro

m
 V

la
so

v 
et

 a
l. 

(1
99

1)
. T

he
rm

oc
hr

on
ol

og
ic

 s
am

pl
e 

in
fo

rm
at

io
n 

is
 p

re
se

nt
ed

 in
 T

ab
le

 1
. A

H
e—

ap
at

it
e 

(U
-T

h)
/H

e,
 A

F
T

—
ap

at
it

e 
fis

si
on

 t
ra

ck
, 

D
F

—
D

ar
va

z 
fa

ul
t,

 M
P

T
—

M
ai

n 
P

am
ir

 th
ru

st
, N

M
P

T
—

no
rt

h 
M

ai
n 

P
am

ir
 th

ru
st

, S
M

P
T

—
so

ut
h 

M
ai

n 
P

am
ir

 th
ru

st
, D

SZ
—

D
as

ht
ak

 s
he

ar
 z

on
e,

 P
F

T
—

P
am

ir
 fr

on
ta

l t
hr

us
t,

 
T

M
S—

Ta
ny

m
as

 s
ut

ur
e,

 Y
G

D
—

Y
az

gu
le

m
 g

ne
is

s 
do

m
e.

 S
tr

at
ig

ra
ph

ic
 n

om
en

cl
at

ur
e 

is
 a

do
pt

ed
 f

ro
m

 B
ur

tm
an

 (
20

00
) 

an
d 

N
ik

ol
ae

v 
(2

00
2)

. A
H

e 
ag

es
 a

re
 w

ei
gh

te
d 

m
ea

ns
.



Tajik thrust belt and Pamir intracontinental subduction

 Geological Society of America Bulletin, v. 1XX, no. XX/XX 5

conglomerates and coal that transition to shal-
low-marine carbonate rocks and eventually 
evaporites in the Late Jurassic (Brookfield and 
Hashmat, 2001). Upper Jurassic evaporite facies 
in the Guardak Formation are an important dé-
collement level within the Tajik fold-and-thrust 
belt (Thomas et al., 1994; Bekker, 1996). Dur-
ing Cretaceous through Paleogene time, the axis 
of the Tajik Basin trended approximately east-
west, and shallow marine to nonmarine clastic 
facies were deposited. Numerous fluctuations in 
relative sea level produced minor disconformi-
ties (Burtman, 2000; Nikolaev, 2002). Foreland 
basin subsidence associated with growth of the 
Pamir started no later than Eocene time (Leith, 
1985; Carrapa et al., 2015). Sediment grain size 
increased through the Oligocene and culmi-
nated with deposition of thick, coarse-grained 
conglomerates during the Miocene (Coutand et 
al., 2002; Nikolaev, 2002; Klocke et al., 2015).

Tajik Fold-and-Thrust Belt

The Tajik fold-and-thrust belt consists of 
a series of thrust faults and folds that roughly 
parallel the margin of the Pamir salient (Fig. 2). 
Structures in the east half of the Tajik fold-and-
thrust belt verge toward the Tian Shan, struc-
tures in the west half of the thrust belt verge 
toward the Pamir, and the intervening middle of 
the thrust belt forms a large synclinorium in the 
Yovon Valley (Fig. 3; Thomas et al., 1994; Bek-
ker, 1996; Bourgeois et al., 1997). This structure 
contrasts sharply with typical thrust belts, in 
which thrusts predominantly verge toward the 
foreland (Bonini, 2007). Some researchers have 
hypothesized that the east-verging structures in 
the western Tajik fold-and-thrust belt are back 
thrusts near the toe of a thrust belt that is kine-
matically linked to growth of the Pamir (Leith 
and Alvarez, 1985; Reiter et al., 2011).

Total shortening in the Tajik fold-and-thrust 
belt across the Tajik Basin has been reported to 
be as much as 300 km, which includes short-
ening across the southwest Gissar Range (Burt-
man and Molnar, 1993; Bourgeois et al., 1997; 
Burtman, 2000). Shortening estimates between 
the Pamir and the Tian Shan in the Peter the 
First Range (~60 km; Hamburger et al., 1992) 
and Alai Valley (~16 km; Coutand et al., 2002) 
are significantly smaller than the reported short-
ening in the Tajik Basin (Fig. 1; Thomas et al., 
1994; Bourgeois et al., 1997). Paleomagnetic 
data indicate counterclockwise vertical-axis ro-
tations of up to 50° in the Tajik fold-and-thrust 
belt (Bazhenov and Burtman, 1986; Thomas et 
al., 1994), and some researchers have also sug-
gested that many of the currently north-south–
trending structures in the thrust belt were ori-
ented northeast-southwest or east-west prior to 

the indentation of the Pamir salient (Burtman 
and Molnar, 1993; Bourgeois et al., 1997; Burt-
man, 2000).

Initiation of deformation in the Tajik fold-
and-thrust belt is poorly constrained, mainly 
owing to a lack of age control on synorogenic 
sedimentary rocks (Klocke et al., 2015). An 
undeformed foreland basin occupied the pres-
ent Tajik Basin in the Paleogene (Carrapa et 
al., 2014), suggesting that incorporation of the 
foreland into the wedge-top and fold-and-thrust 
belt started subsequent to Oligocene time. Niko-
laev (2002) suggested Oligocene-age growth 
strata in the Tajik fold-and-thrust belt, and Burt-
man (2000) proposed that deformation in the 
interior of the belt began during the Pliocene. 
Some studies have hypothesized that the Tajik 
fold-and-thrust belt may have initiated in the 
Miocene as a result of gravitational collapse 
of the Pamir (Stübner et al., 2013; Rutte et al., 
2017b). The Tajik fold-and-thrust belt is still 
active today, and GPS measurements indicate 
~5–10 mm/yr convergence across the belt in a 
northwest-southeast direction (Mohadjer et al., 
2010; Ischuk et al., 2013). Apart from sparse 
biostratigraphic data (Wang et al., 2013), our 
thermochronologic results provide some of the 
first constraints on the timing of exhumation and 
deformation in the Tajik fold-and-thrust belt.

METHODS

Cross-Section Construction  
and Restoration

We built two cross sections: (1) cross-section 
A-A′, a regional, ~350-km-long, balanced cross 
section that crosses the southwest Gissar Range 
in Uzbekistan, the central Tajik Basin, and the 
Tajik fold-and-thrust belt in Tajikistan and ends 
within the Northern Pamir terrane in Afghani-
stan, and (2) cross-section B-B′, an ~100-km-
long, balanced cross section that starts in the 
Southern Tian Shan, crosses the Peter the First 
Range and the Northern Pamir terrane, and ends 
near the suture between the Northern and Cen-
tral Pamir terranes in Tajikistan (Figs. 2 and 3). 
Cross-section A-A′ was constructed by combin-
ing our observations with previous geologic 
mapping (Vlasov et al., 1991), new structural 
and stratigraphic data collected in the 2014 and 
2015 field seasons, well-log data provided by 
a grant from TGS-NOPEC Geophysical Com-
pany, and depth-to-basement maps generated 
from gravity, magnetic, and seismic refrac-
tion data (Nikolaev, 2002). The orientation of 
the cross section is suborthogonal to fold axes 
within the Tajik fold-and-thrust belt and paral-
lel to the inferred tectonic transport direction 
(e.g., Boyer and Elliott, 1982); we assumed 

plane strain and incompressibility (e.g., Judge 
and Allmendinger, 2011). Paleomagnetic data 
indicate that fault slip on individual structures 
may increase to the northwest (Bourgeois et al., 
1997), but we did not observe any out-of-plane 
component of displacement along the length of 
our section. Apparent dips were calculated from 
surface data and projected onto the section line. 
Structural and well data were perpendicularly 
projected onto the plane of section from up to 
5 km and 20 km away, respectively (Fig. 2). No 
attempt was made to incorporate deformation at 
a scale below ~1 km. Where unknown, thrust 
fault names were assigned based on the names 
of the mountain ranges in the hanging wall. 
Hanging-wall cutoff positions that have passed 
through the erosion surface were constructed 
using conservative geometries that minimized 
fault offset and shortening. No penetrative de-
formation was observed in the Mesozoic and 
younger sedimentary cover, and flexural slip 
and line-length balancing methods were used 
to restore the section by hand and with Move 
software (Midland Valley, Glasgow, UK). Field 
observations supported the use of concentric 
fold geometry. Estimates of shortening were 
based on line length restoration of Cretaceous 
and younger stratigraphic contacts (e.g., Bally et 
al., 1966; Dahlstrom, 1969; Price and Mountjoy, 
1970; Hossack, 1979; Woodward et al., 1989; 
Judge and Allmendinger, 2011).

Cross-section B-B′ was located close to the 
plane of the cross section presented in Ham-
burger et al. (1992) that crossed the Pamir Fron-
tal thrust (Fig. 3). The geometry of the Pamir 
Frontal thrust was adopted from Hamburger et 
al. (1992), and the cross section was extended 
into the Pamir to illustrate the geometry of the 
Mesozoic to Cenozoic sedimentary rocks and 
the Main Pamir thrust. It is constrained by sur-
face structural data and previous geologic map-
ping (Vlasov et al., 1991; Hamburger et al., 
1992) and was constructed and restored using 
the same techniques described for section A-A′. 
Igneous intrusions in both cross-sections A-A′ 
and B-B′ are not shown because they obscure 
structural relations.

Flexural and Subsidence Modeling

Cross-section A-A′, combined with previous 
geophysical studies, indicates significant struc-
tural relief on the Upper Jurassic décollement 
(Fig. 3A). At least part of this relief may be 
related to flexure of the Tajik Basin lithosphere 
in response to loading by the Tian Shan and 
Pamir Mountains. To estimate the potential role 
of these loads, flexure of the Tajik Basin litho-
sphere was modeled in two dimensions using a 
centered finite-difference technique that solves 
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the flexural equations of Turcotte and Schubert 
(2014) (Fig. 4). Using a numerical model, rather 
than an analytical solution, allows flexural rigid-
ity to vary spatially across the Tajik Basin. First, 
the thickness of the pre-Miocene section in the 
central Tajik Basin (~3.3 km) was added to the 
depth of the décollement to model the flexural 
deflection from zero elevation. Next, the ge-
ometry of the modern décollement (Fig. 3) was 
approximated with a flexural profile using a 
flexural rigidity of 5 × 1022 Nm for the region 
west of Yovon valley and 1 × 1022 Nm east of 
Yovon valley (Fig. 4). The loads used were 2 km 
(height) × 200 km (width) rectangular blocks 
with a density of 2700 kg/m3, each centered 
on the Pamir and Tian Shan mountain fronts. 
The modern topographic relief between the Ta-
jik Basin and the western Pamir or SW Gissar 
range is also ~2 km.

The heights of the loads were progressively 
reduced for each partially restored cross section 
to simulate flexural subsidence. Load height 
was reduced by 150 m/m.y. from 0 Ma to 8 Ma 
and by ~65 m/m.y. from 8 Ma to 20 Ma. These 
rates were chosen to match the observed thick-
nesses of Miocene and younger sedimentary 
rocks (Nikolaev, 2002). No correction was made 
for sediment compaction, and the load position, 
density, and horizontal extent did not change 
through time. A MATLAB script containing the 
model and a table with detailed information on 
the flexural parameters for each time step is pre-
sented in the supporting information (File DR1 
and Table DR11). Although this approach does 
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not rigorously relate thrust belt kinematics to 
foreland subsidence and deposition (e.g., Rob-
inson and McQuarrie, 2012), it does broadly 
capture changes in subsidence as recorded by 
measured sediment thicknesses and makes pre-
dictions for the ways in which the geometry 
of the Jurassic décollement may have changed 
through time in response to flexure.

Low-Temperature Thermochronology

To constrain the timing of deformation and 
the pattern of thrust propagation within the Ta-
jik fold-and-thrust belt, samples were collected 
for AFT and AHe thermochronology (Table 1) 
along the trace of cross-section A-A′. These 
techniques allow determination of the ~120 °C 
to 40 °C temperature-time history of the sam-
ple, which encompasses the temperature range 
of the AHe partial retention zone (~40 °C to 
80 °C) and AFT partial annealing zone (~80 °C 
to 120 °C; Green and Duddy, 1989; Farley, 
2002; Reiners and Brandon, 2006). Assuming 
that cooling was associated with displacement 
of hanging-wall rocks and erosion, cooling ages 
can be used as a proxy for deformation (Lock 
and Willett, 2008; Carrapa et al., 2011). Eleven 
Lower Cretaceous sedimentary rocks (the old-
est clastic unit exposed in the Tajik Basin) were 
analyzed from the hanging wall of each of the 
major thrust sheets and from the crests of major 
detachment folds. One Lower Cretaceous sand-
stone and one Lower Jurassic sandstone from 
the Dashtijum Valley region were also analyzed 
(Fig. 2). Additionally, two samples of Neogene 
sandstone, one from the footwall of the Bob-
otogh thrust and one from the Aruntau thrust, 
were analyzed (Fig. 3). All samples were col-
lected from near the same elevation in the Tajik 
Basin, ranging from 700 to 1300 m above sea 
level. For AFT analysis, apatites were separated, 
mounted, and etched in 5.5 M nitric acid for 20 s 

at 21 °C according to the protocols of Donelick 
et al. (1999, 2005). Fission-track ages were 
calculated using the external detector method 
(Hurford and Green, 1983). Irradiation was per-
formed at the Oregon State University TRIGA 
reactor. After irradiation, the mica prints were 
etched in 49% hydrofluoric acid for 15 min at 
23 °C following Donelick et al. (1999, 2005), 
and analyses were conducted at the Univer-
sity of Arizona Fission Track Laboratory. AHe 
analyses were performed at the University of 
Arizona (U-Th-[Sm])/He Laboratory following 
the methods described in Reiners et al. (2004).

Thermokinematic Modeling

To constrain the geometry and kinematic 
evolution of the Tajik fold-and-thrust belt, ther-
mochronologic ages were forward modeled us-
ing FETKin (Finite Element ThermoKinema-
tic modeling). FETKin is a computer program 
that solves the advection-diffusion equation for 
heat in two dimensions using the finite element 
method (Almendral et al., 2015). The primary 
inputs into FETKin are a series of displace-
ment vector fields for each partially restored 
cross section, topography, a fixed temperature 
at the base of the model, and heat production. 
The primary outputs of FETKin are calculated 
time- temperature paths, isotherms, and ther-
mochronometer ages. FETKin cooling ages 
are calculated from time-temperature paths, in 
a forward sense, using the same algorithms as 
the thermal history modeling program HeFTy 
(Ketcham, 2005; Ketcham et al., 2007). Mod-
els were evaluated by how well the predicted 
thermochronometer ages matched observed 
thermochronologic data and how well pre-
dicted geothermal gradients matched the mod-
ern geothermal gradient. Details of a typical 
FETKin workflow can be found in Mora et 
al. (2015).

1GSA Data Repository item 2017236, File DR1: 
MATLAB script; Table DR1: Flexural model param-
eters; Table DR2: AHe analyses; Table DR3: AFT 
analyses; Figure DR1: Bottom-hole temperature; Fig-
ure DR2: Age-eU trends, is available at http://www 
.geosociety.org/datarepository/2017 or by request to 
editing@geosociety.org.

TABLE 1. SAMPLE INFORMATION

Sample 
name

Sample age Latitude
(°N)

Longitude
(°E)

Elevation
(m)

AHe age
(Ma)

No. of 
grains

AFT age
(Ma)

IS-13-03 Late Cretaceous 38.477 68.551 957 3.0 ± 1.0 5 16.7 ± 4.1
IS-13-01 Late Cretaceous 38.470 68.565 794 3.2 ± 1.4 5
IS-13-07 Neogene 38.445 68.595 1836 Unreset
IS-13-04 Late Cretaceous 38.415 68.687 827 12.4 ± 4.6 5 14.6 ± 2.9
IS-13-05 Late Cretaceous 38.194 68.600 1192 3.0 ± 1.2 5
14-11 Late Cretaceous 38.336 68.746 1270 9.0 ± 4.6 5 12.2 ± 2.5
14-10 Late Cretaceous 38.108 68.606 780 3.1 ± 0.1 4
IS-13-06 Neogene 38.249 68.779 934 Unreset
14-08 Late Cretaceous 38.391 69.065 1022 1.5 ± 0.9 4
14-07 Late Cretaceous 38.290 69.072 946 2.9 ± 0.8 5 5.6 ± 2.0
14-05 Late Cretaceous 38.263 69.131 786 1.2 ± 0.4 4 3.6 ± 1.1
SHSH-95 Late Cretaceous 38.356 69.253 1309 5.1 ± 1.6 5 <7
14-03 Late Cretaceous 38.328 69.436 1146 6.7 ± 3.0 4 9.0 ± 2.6
DS-13-08 Late Cretaceous 38.044 70.195 1252 4.2 ± 1.6 4
DS-13-01 Early Jurassic 38.253 68.565 2038 5.9 ± 4.1 4

Note: For apatite (U-Th)/He (AHe ) aliquots from the same sample, we report a weighted mean age and 2σ 
weighted uncertainty or a 1σ age standard deviation, whichever uncertainty is larger. No. of grains—number of 
grain analyses included in AHe age. Apatite fi ssion-track (AFT) ages are central ages with 2σ uncertainty.



Chapman et al.

8 Geological Society of America Bulletin, v. 1XX, no. XX/XX

After building and retrodeforming cross-
section A-A′ to ensure it balanced, the fully 
restored geometry of the Tajik fold-and-thrust 
belt was simplified to aid in the modeling pro-
cess. Faults were modeled as planar ramps 
and flats. The restored-state cross section was 
then forward modeled to simulate progres-
sive deformation through a series of 2 m.y. 
time steps, from 20 Ma to 0 Ma, spanning the 
range of ages in the thermochronologic data 

set (Fig. 5). Fault-parallel flow and detach-
ment fold algorithms were used within MOVE 
for the forward modeling. The final geometry 
and magnitude of cumulative slip on individ-
ual faults in the present-day modeled section 
were required to match the present-day cross 
section (Fig. 3). For all other time steps, the 
magnitude of slip on individual faults or folds 
was varied in an iterative process until the 
synthetic cooling ages predicted by FETKin 

converged on the measured (observed) cool-
ing ages (Fig. 6).

The final (0 Ma time step) model geometries 
are shown in Figure 6 and only cover the parts of 
the cross section for which reliable thermochro-
nologic cooling ages are available. The FETKin 
finite element grid in all model runs was 225 km 
wide and 25 km deep with 1 km node spacing 
in both dimensions. Model topography was kept 
flat and constant with an elevation equal to the 
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mean elevation in the Tajik Basin (~800 m). 
The surface temperature was kept constant at 
15 °C. All models used constant thermal con-
ductivity of 0.25 W/(m K), constant rock den-
sity of 2500 kg/m3, and constant specific heat of 
1000 J/kg °C.

All model runs began with an inherited age 
assigned to model nodes. Experimentation with 
different inherited ages showed little effect on 
the final reset or partially reset ages in the model. 
Therefore, 30 Ma was prescribed as a uniform 
inherited age in order to easily show synthetic 
inherited and partially reset ages on the same 
plot (Fig. 6). The thermochronologic samples 
are all sandstones, and the true inherited age for 

each grain is not known, so that it is impossible 
to precisely model partially reset ages without 
additional information. However, the similari-
ties between AFT and AHe ages suggest that the 
samples cooled relatively rapidly through the 
respective closure temperature windows.

The topographic relief between adjacent 
ridgetops and valleys in the Tajik Basin is ev-
erywhere <1 km, and commonly <0.5 km, and 
most of the valleys in the Tajik Basin are ac-
tively accumulating sediment. Undated growth 
strata on structures in the Tajik fold-and-thrust 
belt indicate contemporaneous fault slip, ero-
sion, and deposition. No evidence of significant 
normal faulting exists in the Tajik Basin. The 

range in thermochronologic cooling ages across 
the Tajik Basin (including unreset ages in val-
leys) indicates that the calculated cooling ages 
are not a result of a basinwide erosional event. 
For these reasons, we assert that exhumation 
and cooling were caused by erosion in response 
to deformation-related rock uplift.

The modern geothermal gradient for the Ta-
jik Basin was estimated by plotting bottom-hole 
temperatures recorded in wells in the Tajik Basin 
against the total depth of the wells (see support-
ing information Figure DR1 [see footnote 1]). 
Linear regression of these data was anchored to 
a y intercept of 18 °C, which is the approximate 
modern mean annual surface temperature for 

Figure 6. Predicted (modeled) apatite (U-Th)/He (AHe) and apatite fission-track (AFT) ages compared against 
measured cooling ages from Table 1. Preferred model refers to the baseline model. All modeled ages have a pre-
scribed inherited age of 30 Ma. Deformation appears to propagate toward the center of the Tajik fold-and-thrust 
belt. (A) Preferred model cooling ages compared to predicted ages from models with higher or lower prescribed 
basal temperature. (B) Preferred model cooling ages compared to predicted ages from models with slip on each 
individual structure moved forward (late model) or backward (early model) in time by 2 m.y. (C) Close-up of the 
final (0 Ma) model geometry used in FETKin modeling. Compare to Figure 3C.
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the Tajik Basin area (temperature data from the 
National Oceanic and Atmospheric Administra-
tion, 2016). The regression indicates a modern 
geothermal gradient of ~22 °C/km. Tempera-
tures recorded in boreholes are generally con-
sidered minimum temperatures because drilling 
fluids pumped from the surface tend to cool the 
borehole and may be mixed with formation flu-
ids (Bullard, 1947). Therefore, the modern geo-
thermal gradient is estimated at 22–25 °C/km.

Geothermal gradients in FETKin (calcu-
lated from model isotherms) are controlled by 
the basal temperature, the advection of mate-
rial through the erosion surface (by rock uplift 
or sediment deposition), and radiogenic heat 
production. Heat production can significantly 
change predicted cooling ages if the synthetic 
sample is close to the closure temperature for 
the relevant thermochronometer (Whipp et 
al., 2007; McQuarrie and Ehlers, 2015). Av-
erage heat production for continental crust is  
~0.9 µW m−3 (Rudnick and Gao, 2003; Mare-
schal and Jaupart, 2013), with high heat pro-
duction (>1.0 µW m−3) in the uppermost crust 
(≤10–15 km depth) that rapidly decreases to 
lower values (≤0.5 µW m−3) in the lower crust 
(Ketcham, 1996; Brady et al., 2006). We could 
not find heat production data from the Tajik 
Basin, but data from the Tarim Basin indicate 
that radiogenic heat production in Mesozoic to 
Cenozoic sedimentary rocks (at the surface or 
in boreholes) is ≤1.2 µW m−3 (Qiu et al., 2012). 
Although not ideal, the current version of FET-
Kin employs a constant heat production value 
throughout the model that competes with the 
basal temperature of the model to determine 
geothermal gradient. There is a natural trade-

off between heat production and basal heat flow 
in thermokinematic models such that similar 
isotherms can be generated by increasing heat 
production and reducing basal heat or vice 
versa (Coutand et al., 2014; Erdős et al., 2014; 
McQuarrie and Ehlers, 2015). In the suite of 
models presented herein, the effect of increas-
ing heat in the system was evaluated by varying 
basal temperature in the model and setting heat 
production to zero. Model geothermal gradients 
were calculated at each location in the model 
by regressing a line through the upper 10 km of 
model isotherms at that location (Fig. 7). This 
avoids isotherm perturbations that are caused 
by the fixed (horizontal isotherm) basal tem-
perature. None of the modeled samples was ex-
humed from or buried to a depth >10 km.

RESULTS

Tajik Fold-and-Thrust Belt

Similar to previously published cross sec-
tions across the Tajik Basin (Thomas et al., 
1994; Bourgeois et al., 1997), cross-section 
A-A′ shows bivergence toward the center of 
the basin. Based on this bivergence, the Tajik 
fold-and-thrust belt is separated into the east-
vergent West Tajik fold-and-thrust belt and 
the west- vergent East Tajik fold-and-thrust 
belt. The hinterland regions for these thrust 
belts are the southwest Gissar Range and the 
Pamir, respectively.

Southwest Gissar Range
The southwest Gissar Range in the south-

west Tian Shan includes three large basement-
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Figure 7. (A) Geothermal gradient vs. distance in the upper 10 km of the 
final time step (0 Ma) in FETKin models with varying basal tempera-
tures. The geothermal gradient profile for the 500 °C basal temperature 
corresponds to the preferred baseline model and is located almost entirely 
within the estimated range of modern geothermal gradients. (B) Iso-
therms for the preferred baseline model showing their deflection resulting 
from the advection and deposition of material in the FETKin modeling.

involved reverse faults that verge to the east and 
one reverse fault that verges to the west (Figs. 2 
and 3). We define basement in the southwest 
Tian Shan as Early Permian and older rocks, 
which are primarily Early Permian igneous 
rocks and penetratively deformed Carbonifer-
ous and older metasedimentary rocks that were 
metamorphosed during the collision of the Tian 
Shan and Tajik-Tarim craton (Kässner et al., 
2016). Based on previous geologic mapping and 
the cross-section reconstruction of Mesozoic 
and younger strata (Fig. 3), 20–25 km of short-
ening are estimated across the southwest Gissar 
Range. The structure of the southwest Gissar 
Range at depth is unknown. One of many viable 
geometric possibilities is presented that allows 
the regional cross section to balance (Fig. 3A). 
Other possibilities include a series of duplexes 
or a midcrustal detachment. Equal-area bal-
ancing methods (Mitra and Namson, 1989) on 
Upper Cretaceous strata indicate that the fold-
ing observed at the surface in the southwest 
Gissar Range could be balanced by a horizon-
tal detachment at ~15 km depth. The structural 
interpretation for the Gissar Range suggests 
that uplift of the southwest Gissar Range was 
accomplished in part by underthrusting of the 
middle to lower crust of Tajik Basin, which is 
balanced by shortening in the West Tajik fold-
and-thrust belt (Fig. 3).

West Tajik Fold-and-Thrust Belt
In the West Tajik fold-and-thrust belt, the 

Bobotogh thrust fault is the first major thin-
skinned structure east of the Tian Shan front 
(Fig. 3). Thin layers of evaporite and sandstone, 
interpreted to be Jurassic in age, are locally 
exposed along the fault trace and appear to be 
unconformably (10°–20° angular discordance) 
overlain by the Cretaceous section. A major dé-
collement is inferred in evaporite facies of the 
Upper Jurassic Guardak Formation into which 
the Bobotogh thrust, and all other major thrust 
faults in the Tajik fold-and-thrust belt, soles at 
depth. Lower Cretaceous strata at the base of the 
Bobotogh thrust sheet dip 35°–45°NW, which 
is interpreted to indicate the dip of the underly-
ing frontal thrust ramp. This dip angle is nearly 
constant throughout the Cretaceous and Lower 
Paleogene section. Cenozoic sedimentary rocks 
overlie in angular unconformity Lower Paleo-
gene strata along the west side of Bobotogh 
Ridge (Fig. 3). Bedding in the Cenozoic sec-
tion dips to the northwest at angles decreasing 
up section from 25° to 5°, recording growth of 
the Bobotogh structure (Fig. 3). Based on age 
assignments from Soviet-era geologic mapping 
(Vlasov et al., 1991) and sparse mammalian 
fossils (Wang et al., 2013), these growth strata 
record deformation during Oligocene–Miocene 
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time. The reconstruction suggests a minimum of 
12.5 km of slip on the Bobotogh thrust.

Cenozoic strata in the footwall of the Bo-
botogh thrust fault are significantly steeper, 
with dips up to 75° on the northwest limb of a 
large hanging-wall anticline in the Karshi thrust 
sheet (Fig. 3). We interpret the steep dips to 
result from progressive rotation of the Karshi 
thrust sheet during emplacement of additional 
structurally lower thrust sheets to the southeast. 
The moderate dip of bedding in the Bobotogh 
thrust sheet contrasts with the steeply dipping 
Cenozoic to Mesozoic strata in the Karshi thrust 
sheet. These field relationships suggest that at 
least part of the slip on the Bobotogh thrust post-
dates movement on the Karshi thrust. The hang-
ing-wall anticline in the Karshi thrust plunges 
northeastward, which provides a constraint on 
hanging-wall cutoff positions and slip estimates. 
The reconstruction suggests ~8 km of slip on the 
Karshi thrust.

The next three thrust faults east of the Karshi 
thrust are the Rangon, Aruntau, and Jetimtau 
thrusts. Rocks in the hanging walls of each of 
these thrust sheets are folded into large concen-
tric anticlines, the back limbs of which dip to-
ward the northwest. The northwest-dipping pan-
els are inferred to result from the shapes of the 
underlying thrust ramps (Fig. 3), and the gen-
eral southeastward decrease in back-limb dip 
of each of these three thrust sheets corresponds 
to a forward-breaking, southeastward progres-
sion of thrust sheet emplacement (i.e., footwall 
imbrication). There is no hanging-wall cutoff 
constraint for the Rangon thrust, and slip is con-
servatively estimated at ~6 km. Hanging-wall 
anticlines and cutoff positions are preserved 
along strike for both the Aruntau and Jetimtau 
thrust sheets. Estimates of slip based on the 
structural reconstruction for these two faults are 
~6 km and ~7 km, respectively. The presence 
of hanging-wall cutoffs in Cretaceous to Ceno-
zoic strata indicates that these thrust faults can 
each be considered as a single frontal ramp that 
merges with the bedding-parallel Jurassic dé-
collement. A total of 35–40 km of shortening is 
recorded in the West Tajik fold-and-thrust belt 
(Fig. 3).

East Tajik Fold-and-Thrust Belt
The 20–25-km-wide Yovon Valley separates 

the West and East Tajik fold-and-thrust belts 
(Figs. 2 and 3). The east side of Yovon Valley 
is bounded by the west-vergent Karatau thrust 
fault, with evaporitic rocks locally exposed 
along the fault trace. A large hanging-wall an-
ticline in the Karatau thrust sheet plunges to 
both the north and south, preserving hanging-
wall cutoffs (Fig. 2). The reconstructed section 
suggests ~7 km of fault slip and ~2 km of de-

view to the south

500m

bedding

tachment fold–related shortening in the Karatau 
thrust sheet (~9 km of total shortening). North 
of the Karatau thrust sheet, a west-verging hang-
ing-wall anticline plunges beneath the Yovon 
Valley with no surface expression at the latitude 
of the cross section. This structure is represented 
schematically beneath the Yovon Valley on the 
cross section (Fig. 3).

Sandwiched between the Karatau thrust sheet 
and the Sarsarak thrust sheet to the east is the 
Vakhsh River (Fig. 2), one of the largest rivers 
in Tajikistan. Subvertically dipping slivers of 
Upper Cretaceous to Lower Paleogene strata are 
exposed in the Vakhsh River Valley and likely 
represent minor thrust flats or small duplex sys-
tems. The Sarsarak thrust fault locally cuts down 
section in the transport direction into older rock 
units within the Karatau thrust sheet, which 
strongly suggests that at least some movement 
on the Sarsarak thrust postdate the formation 
of the Karatau anticline (Fig. 3). Furthermore, 
the structural relief of the Sarsarak thrust sheet 
requires structural duplication or thickening at 
depth, which can readily be accomplished with 
a footwall thrust flat (Fig. 3). The correspond-
ing hanging-wall flat would have been eroded 
by the Vakhsh River and can help to explain to 
the absence of middle Paleogene and younger 
rocks in the Vakhsh River Valley. The recon-
struction suggests ~4 km of slip on the Sarsarak 
thrust fault.

Structurally above and east of the Sarsarak 
thrust sheet is the Sangyaak thrust, which is 
exposed north of the plane of section, near 
the town of Nurek, where it is west-verging. 
The Sangyaak thrust tips out to the south 
within the core of the upright Sangyaak an-
ticline, rather than in a synclinal limb or at 
the base of a hanging-wall anticline (Fig. 2). 
This fault-fold relationship is indicative of a 
faulted detachment fold (Mitra, 2002). The 
along-strike exposure suggests that the Sang-
yaak structure initially formed as a detach-
ment fold that was eventually broken by a 
thrust fault with continued shortening. This 
structural style is characteristic of most of the 
East Tajik fold-and-thrust belt and character-
izes the Vakhsh thrust, which also tips out to 
the south in a detachment fold (Fig. 2). We 
estimate 1.5 km of slip on the Sangyaak de-
tachment fold and 4 km of slip on the Vakhsh 
detachment fold/thrust in the plane of the 
cross section.

East of the Vakhsh detachment fold and 
west of the Dashtijum Valley, the landscape 
consists of vegetated grassland and farmland 
characterized by bucolic rolling hills and poor 
exposure. Most of this landscape appears to 
be covered by unconsolidated loess deposits 
of unknown age. This area was not examined 

in detail, and the cross section relies on pre-
vious geologic mapping and sparse well data. 
Previous mapping of Neogene strata in this re-
gion suggests a series of upright, gentle folds 
with wavelengths of 15–25 km (Vlasov et al., 
1991). The axes of these folds trend northeast-
ward, toward the Peter the First Range, where 
deeper structural levels reveal a series of tight 
detachment folds in the Mesozoic section 
(Hamburger et al., 1992). The interpretation 
at depth in this region is based on the more 
tightly folded Mesozoic rocks along strike and 
suggests that much of the Neogene section at 
the surface is composed of growth strata with 
relatively lower dip angles.

Dashtijum Valley: The Pamir Foothills
The Dashtijum Valley region contains a large 

overturned syncline (Fig. 3). The correspond-
ing anticline that shares the overturned fold 
limb has been eroded, but it must have had an 
amplitude of >5 km assuming line-length bal-
ancing and constant bed thickness in the eroded 
section (Fig. 3; cross-section A-A′). Bedding 
in the Mesozoic section is overturned and dips 
55° to 65°E. The Paleogene section is also over-
turned with bedding dipping 65° to 90°E. Bed-
ding becomes upright in the Miocene(?) sec-
tion and progressively flattens up section. The 
Miocene(?) and younger rocks in the east limb 
of the large overturned syncline contain growth 
strata that record progressive westward tilting of 
bedding (Figs. 3 and 8), presumably associated 
with growth of the overturned syncline and/or 
structural thickening at depth.

The topographic expression of the Dashtijum 
Valley follows the surface exposure of Upper 
Jurassic evaporites in the Guardak Formation. 
These evaporites are locally exposed along both 
sides of the valley floor and display bedding that 
dips steeply to vertical and may be overturned 
in many locations (Fig. 2). Our observations are 
consistent with those of Vlasov et al. (1991), 
who mapped the main strand of the Darvaz fault 
along the base of the Dashtijum Valley within Up-
per Jurassic units, suggesting a bedding-parallel 
fault. The structural character and stratigraphic  

Figure 8. Photo of Neogene growth strata lo-
cated just west of the large overturned syn-
clinorium in the Dashtijum Valley region. 
Location: 37.85°N, 69.95°E.
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position of the Darvaz fault suggest that it is an 
exposed part of the Jurassic décollement that 
underlies that rest of the Tajik fold-and-thrust 
belt (Fig. 3). Previous geologic (Trifonov, 1978) 
and geodetic (Mohadjer et al., 2010) studies 
have suggested the Darvaz fault is an active 
sinistral strike-slip fault. However, evidence for 
strike-slip displacement across the Darvaz fault 
zone in the Dashtijum Valley was not observed.

East of the Darvaz fault, Permian carbonate 
rocks rest unconformably on Carboniferous and 
older metamorphic rocks (Figs. 2 and 3). Thus, 
the Dashtijum Valley region represents a rela-
tively complete stratigraphic section, from Pa-
leozoic metamorphic basement in the Pamir to 
synorogenic Neogene sedimentary deposits in 
the Tajik Basin, with a bedding-parallel décolle-
ment (the Darvaz fault) in the Jurassic. There is 
no evidence that the Jurassic and younger strati-
graphic section has been thrust more than a few 
kilometers beneath the Pamir margin along the 
Darvaz fault. Instead, the Mesozoic and younger 
section was uplifted above the Pamir margin, 
perhaps as a passive roof duplex (e.g., Banks 
and Warburton, 1986). This is a critical obser-
vation that suggests the Mesozoic and younger 
sedimentary rocks of the Tajik Basin were not 
subducted beneath the Pamir margin. Transfer 
of slip from deeper stratigraphic or crustal levels 
in the Pamir to the Jurassic décollement in the 
Tajik Basin must occur on structural ramps lo-
cated deeper in the subsurface as shown in Fig-
ure 3, bypassing the Darvaz fault. As a result, 
the amount of slip on the bedding-parallel Dar-
vaz fault in the Dashtijum region is likely small 
(<10 km) and should be only a fraction of the 
total estimated shortening in the Tajik fold-and-
thrust belt. The total estimated shortening in the 
East Tajik fold-and-thrust belt is ~30 km, which 
is unlikely to be a gross underestimate because 
all of the major structures have hanging-wall 
cutoffs preserved along strike. Increasing the 
magnitude of slip on the Darvaz fault requires 
reducing the amount of Tajik Basin lithosphere 
underthrusting beneath the Pamir.

Other faults besides the main Darvaz fault 
are present in Dashtijum Valley, including an 
unnamed reverse fault dipping moderately to 
steeply eastward that places Permian carbon-
ate rocks over overturned Lower Jurassic clastic 
rocks (Figs. 2 and 3). Based on reports of the 
thickness of the Jurassic and Permian sections 
in the Dashtijum Valley region (Leven et al., 
1992), there is minimal stratigraphic separa-
tion across this fault, and it cannot be a major 
thrust ramp. Vlasov et al. (1991) indicated lo-
cal faulting along the Jurassic-Permian contact 
in the Dashtijum Valley region as well, but they 
showed that these faults tip-out within 10 km 
along strike and that the Jurassic-Permian con-

tact is largely an unconformable (depositional) 
contact along the northwest margin of the Pamir 
(Fig. 2). Based on the limited along-strike ex-
tent and minimal stratigraphic separation, these 
faults at the Jurassic-Permian contact are not 
interpreted to have significant displacement or 
to be major, unrecognized strands of the Dar-
vaz fault.

A plausible fault is shown above the mod-
ern erosion level in the Dashtijum region that 
breaches the anticline-syncline pair. This fold 
pair is interpreted to have originated as a de-
tachment fold that formed above the Jurassic 
décollement, similar to the Vakhsh fold and 
other folds in the East Tajik fold-and-thrust belt 
(Fig. 3A). A fault breaching the fold pair is not 
required to exist, but it may have been linked 
with, or have been reactivated by, the fault that 
offsets the Jurassic-Permian contact. The re-
verse fault offsetting the Jurassic-Permian con-
tact may have cut up section and through the 
Jurassic décollement, offsetting the décollement 
and younger stratigraphic section (dashed fault 
in Fig. 3A). The high angle between this fault 
and the projection of the Jurassic décollement 
(Darvaz fault) suggests it may have formed after 
the proposed passive roof duplex (Fig. 3).

Peter the First Range and Northern Pamir
Cross-section B-B′ illustrates that the Peter 

the First Range consists of a single large thrust 
sheet associated with the Pamir Frontal thrust 
(Fig. 3D). The leading edge of the Pamir Fron-
tal thrust sheet contains a tight, upright to over-
turned anticline-syncline pair that can be ob-
served along much of the Vakhsh River. Folds in 
the Pamir Frontal thrust sheet are nearly similar 
(class II; Ramsay and Huber, 1987). Along strike 
to the southwest, the Pamir Frontal thrust splits 
into a series of thrust faults and folds that make 
up the East Tajik fold-and-thrust belt (Fig. 2). 
No Permian to Jurassic sedimentary rocks are 
present in the Tian Shan, but they are inferred 
to appear and thicken to the south and east. Two 
faults mark the position of the Main Pamir thrust 
in cross-section B-B′, which are referred to here 
as the north Main Pamir thrust and south Main 
Pamir thrust (Figs. 2 and 3D). In the plane of 
section, the north Main Pamir thrust places Up-
per Cretaceous rocks on Miocene rocks with 
~2 km of stratigraphic separation. However, 
within ~5 km along strike to the northeast, the 
stratigraphic separation on the north Main Pamir 
thrust decreases to zero or near zero (Fig. 2), in-
dicating that the north Main Pamir thrust is both 
a hanging-wall ramp and footwall ramp in the 
plane of section, with limited (<5 km) displace-
ment (Fig. 3). The north Main Pamir thrust con-
tinues along strike to the northeast (near 71°E 
longitude), where Vlasov et al. (1991) mapped 

the structure as a bedding-parallel fault that sepa-
rates the Lower Cretaceous and Jurassic sections. 
The north Main Pamir thrust here may be a thrust 
flat, the slip of which is constrained by the thrust 
ramp along strike; alternatively, it may not be a 
fault contact. The Lower Cretaceous– Jurassic 
contact was mapped by Vlasov et al. (1991) as 
a depositional contact west of 71°E longitude 
(Fig. 2). The north Main Pamir thrust crosscuts 
the Jurassic décollement and appears to have 
formed after slip on the Pamir Frontal thrust. Slip 
on the north Main Pamir thrust, postdating and 
crosscutting the Jurassic décollement, is similar 
to the fault that offsets the Permian-Jurassic con-
tact in Dashtijum Valley (Fig. 3A, dashed fault), 
which may also have crosscut the Jurassic décol-
lement at a high angle, although direct evidence 
for this structural relationship has been eroded in 
the Dashtijum region.

The south Main Pamir thrust was mapped by 
Vlasov et al. (1991) as a bedding-parallel fault 
separating the Jurassic and Permian sections 
with little to no stratigraphic separation. It is 
overlapped by Neogene synorogenic sedimen-
tary rocks to the southwest along strike. Along 
strike to the northeast, the Jurassic-Permian 
contact is mapped as a depositional contact, 
similar to the Jurassic-Permian contact relation 
in much of the Dashtijum Valley region (Fig. 2). 
Where the south Main Pamir thrust cuts across 
stratigraphic section (east of 71°E longitude), 
it displays little to no stratigraphic offset, indi-
cating minimal (<2 km) displacement (Fig. 2). 
Like the north Main Pamir thrust, the south 
Main Pamir thrust may not be a fault, may only 
have localized slip, or could be a flexural-slip 
fault that accommodates differential movement 
of beds while folding.

The Northern Pamir is a broad anticlinorium 
that is defined by gently folded Permian volca-
niclastic and sedimentary rocks deposited in an-
gular unconformity on penetratively deformed 
Paleozoic metasedimentary rocks and Protero-
zoic(?) rocks (Figs. 2 and 3). In addition to the 
Permian rocks, deformation structures in the 
Paleozoic section within the Northern Pamir are 
crosscut by plutonic rocks, likely of Triassic age 
(Schwab et al., 2004); this suggests little to no 
late Mesozoic to Cenozoic internal deformation 
in the Northern Pamir, consistent with the ob-
servations of Burtman and Molnar (1993). The 
anticlinorium in Northern Pamir is interpreted 
to have been formed above a large basement 
ramp (Fig. 3D; cross-section B-B′). The contact 
relationships along the Pamir margin show that 
the Mesozoic to Cenozoic sedimentary rocks 
in the Tajik Basin were deposited on top of the 
Northern Pamir terrane and were subsequently 
eroded. The thickness and original extent into 
the Pamir of these deposits are unknown. The 
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thin-skinned thrust structures in the Tajik fold-
and-thrust belt and Peter the First Range may 
have also been present above the Northern 
Pamir prior to uplift and erosion, which could 
help balance shortening in the Paleozoic section 
(Fig. 3). Cross-section B-B′ suggests 55–60 km 
of total shortening, which is similar to previous 
estimates for the Peter the First Range (Ham-
burger et al., 1992).

The Permian rocks in the Northern Pamir are 
truncated to the south by a steeply dipping shear 
zone that juxtaposes metasedimentary rocks 
against Permian rocks (Figs. 2 and 3). The shear 
zone is referred to here as the Dashtak shear 
zone, which is the name of a small village near 
its exposure along the Panj River (Fig. 2). The 
metasedimentary rocks were originally mapped 
as Carboniferous (Vlasov et al., 1991), but they 
are here interpreted to be part of the Karakul-
Mazar accretionary complex, which Robinson 
et al. (2012) showed to be Triassic in age in the 
Chinese Pamir. The suture zone between the 
Northern Pamir and Central Pamir terranes is 
the Tanymas fault (Fig. 2). No attempt was made 
to incorporate deformation south of the Dashtak 
shear zone into cross-section B-B′ (Fig. 3D), but 
a cross section for this region was presented in 
Stearns et al. (2015).

Structure below the Jurassic Décollement
In both the East and West Tajik fold-and-

thrust belts, in cross-section A-A′, there is sig-
nificant structural relief on the Upper Jurassic 
décollement (Fig. 3A). The nature and timing of 
development of this relief are of particular in-
terest because Middle Jurassic carbonate rocks, 
located below the décollement, are potential 
hydrocarbon reservoirs (Ulmishek, 2004). One 
possible explanation for the structural relief of 
the Jurassic décollement is lithospheric flexure 
in response to loading (Fig. 4). The Tajik Basin 
is an active flexural basin with thick accumula-
tions of synorogenic deposits adjacent to the 
Tian Shan and Pamir. Iterative modeling sug-
gests a flexural rigidity of 5 × 1022 Nm for the 
Tian Shan side of the basin and a flexural rigid-
ity of 1 × 1022 Nm for the Pamir side of the basin 
(Fig. 4). The shallower décollement dip beneath 
the West Tajik fold-and-thrust belt suggests a 
higher flexural rigidity, which may reflect older 
lithospheric domains located farther away from 
the Pamir. This indicates that a reasonable range 
of flexural rigidities and loads can match the es-
timated geometry of the Jurassic décollement. 
The presence of two loads results in a compos-
ite flexural high separating the Tian Shan and 
Pamir flexural depocenters. A similar composite 
flexural response is found in the Adriatic Sea 
where the Puglia high separates the Apenninic 
and Hellenic foreland basins (Allen and Allen, 

2013). The modeled flexural high is centered 
near the Yovon Valley. Although this composite 
flexural geometry can explain much of the struc-
tural relief on the Jurassic décollement (Fig. 4), 
additional shorter-wavelength structural relief 
on the décollement requires additional mecha-
nisms other than flexure.

Previous interpretations of the Tajik fold-
and-thrust belt have suggested that relief on the 
Jurassic décollement may largely be a result 
of thickening and movement of salt within the 
Guardak Formation (Bekker, 1996). Assuming 
subhorizontal Paleozoic rocks beneath the dé-
collement and no salt beneath the structurally 
lowest parts of the Tajik fold-and-thrust belt, 
area balancing suggests that an initial horizontal 
layer of salt >3 km thick is required to explain 
the structural relief. Exposures of the Guardak 
Formation in the southwest Gissar Mountains 
are 350–400 m thick (Mesezhnikov, 1988), and 
even the thickest parts of the Guardak Forma-
tion in the undeformed Amu Darya Basin to 
the west in Turkmenistan are <1 km thick (Ul-
mishek, 2004). These observations suggest that 
thickening in response to salt movement alone 
could not have produced the relief on the Juras-
sic décollement.

Another possible explanation for the struc-
tural relief on the Jurassic décollement is defor-
mation of Paleozoic and older basement rocks. 
Basement-involved structures are exposed on 
the margins of the Tajik Basin in both the Tian 
Shan and Pamir, and the proposed basement 
geometry at depth in the Tajik Basin helps to 
balance shortening in the upper crust. Alterna-
tively, shortening in the upper crust could be 
balanced by shortening of the basement entirely 
beneath/within the Pamir and Tian Shan. Earth-
quakes in the Tajik Basin indicate deformation 
at depths below the inferred position of the 
Jurassic décollement (Fan et al., 1994). Exist-
ing interpretations for basement deformation 
in the Tajik fold-and-thrust belt suggest that 
basement blocks were uplifted by high-angle 
reverse faults and that these faults may locally 
offset the Jurassic décollement (Thomas et al., 
1994; Bourgeois et al., 1997). Apart from the 
mountain front faults bounding the Tajik Basin, 
there is no clear evidence that basement faults 
offset the Jurassic décollement. Here, we inter-
pret the basement-involved faults to merge with 
the Jurassic décollement, which may act as a 
roof thrust to a large duplex in the Paleozoic 
and older section. The Jurassic décollement is 
folded above these basement structures, and 
shortening occurred after or contemporaneous 
with the shortening recorded in the Cretaceous 
and younger stratigraphic section. It is likely 
that some combination of basement faulting 
and salt movement was superimposed upon a 

flexural signal to produce the modern structural 
relief on the Jurassic décollement. The timing 
and amount of slip on these faults are assessed 
in the following sections.

Low-Temperature  
Thermochronologic Data

AHe and AFT Results
AHe ages are presented in Table 1, and data 

from AHe analyses of individual aliquots are 
presented in supporting information Table DR2 
(see footnote 1). AHe ages reported in Table 1 
are weighted mean averages of individual 
aliquots. All of the AHe ages are significantly 
younger than the respective depositional age of 
the sedimentary rock hosting the apatites (Late 
Cretaceous) except for samples IS-13-06 and 
IS-13-07, which were collected from Neogene 
deposits within the Tajik Basin (Figs. 2 and 3). 
AHe cooling ages in the Tajik Basin range from 
12.4 ± 4.6 Ma to 1.2 Ma ± 0.4 Ma and show a 
general decrease in age toward the geographic 
center of the Tajik Basin, around Yovon Valley 
(Fig. 3). Samples that deviate from this pattern 
are IS-13-01 and IS-13-03 from the Bobotogh 
thrust sheet, sample 14-05 from the Sarsarak 
thrust sheet, and DS-13-08 and DS-13-01 from 
the Dashtijum Valley (Fig. 3). There are no 
discernible age-eU (effective uranium content) 
trends in the data, except for samples DS-13-
01 and DS-13-08, which have a positive age-
eU trend, and sample 14-08, which may have 
a slight negative age-eU trend, although the 
range of eU values is relatively restricted for this 
sample (see supporting information Figure DR2 
[see footnote 1]). Data from DS-13-01 and DS-
13-03 were not used in subsequent thermokine-
matic modeling.

AFT central ages are presented in Table 1, 
and data for each AFT sample analysis are pre-
sented in supporting information Table DR3 
(see footnote 1). AFT cooling ages range from 
16.7 ± 4.1 Ma to 3.6 ± 1.1 Ma and are all sig-
nificantly younger than the Late Cretaceous age 
of the sandstone hosting the apatite grains. The 
AFT ages are all within 4 m.y. of the AHe cool-
ing age for the same sample, except for sample 
IS-13-03, for which the AFT age is significantly 
older (16.7 ± 4.1 Ma) than the AHe age (3.0 ±  
1.0 Ma). Single-grain analyses of sample IS-
13-03 show relatively little age dispersion 
(Table DR3 [see footnote 1]), which indicates 
that IS-13-03 may have been fully reset after de-
position. Apatite grains from sample SHSH-95 
had very low uranium concentrations, and many 
grains displayed no spontaneous tracks. The av-
erage AFT age for sample SHSH-95 from grains 
with spontaneous tracks is 5.8 Ma ± 1.5 Ma, and 
the oldest single-grain age is 6.8 ± 6.9 Ma. The 
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AFT age for sample SHSH-95 is estimated to 
be younger than ca. 7 Ma, with no lower age 
constraint, except for the AHe age estimate of 
5.1 ± 1.6 Ma for the same sample, if we assume 
that there is no age inversion (AHe cooling ages 
> AFT cooling ages). Like the AHe data, AFT 
cooling ages decrease toward the center of the 
Tajik Basin and Yovon Valley (Fig. 3). Also like 
the AHe data, sample 14-05 from the Sarsarak 
thrust sheet deviates from this trend and yields 
younger AFT ages. All of the AFT data were 
used to constrain thermokinematic modeling.

Interpretation of AFT and AHe Results
Except for samples IS-13-06 and IS-13-07, 

which were collected from Neogene sandstone, 
all of the AHe and AFT ages are interpreted to 
be fully reset and thus record cooling and exhu-
mation associated with thrust activity. The range 
of AHe ages in samples IS-13-06 and IS-13-07 
can be considered detrital ages, which suggests 
a Pliocene maximum depositional age. Individ-
ual aliquots from AHe samples show a range of 
ages, but there is no clear clustering of data or 
correlations between aliquot ages and eU, ex-
cluding samples DS-13-01 and DS-13-08 as dis-
cussed above. AHe sample ages in Table 1 are 
interpreted to represent a single age population 
and are weighted means of all aliquots reported 
in Table DR2 (see footnote 1).

Thermokinematic Modeling

Thermokinematic modeling was only per-
formed on cross-section A-A′, for which ther-
mochronologic data were obtained. Modeling 
consisted of a baseline model (preferred model) 
in which the timing and magnitude of slip on 
the major faults/folds and the basal temperature 
were adjusted iteratively until an acceptable fit 
was achieved between the predicted thermo-
chronologic cooling ages and the measured (ob-
served) cooling ages and between the predicted 

TABLE 2. MODEL RESULTS FOR SHORTENING IN THE TAJIK FOLD-AND-THRUST BELT

Structure Amount of slip (km) for each time step (2 m.y.) Total slip on 
structure

(km)
20–18 18–16 16–14 14–12 12–10 10–8 8–6 6–4 4–2 2–0

Bobotogh thrust 2 2 1 1 4 3 13
Karshi thrust 1.5 5 1.5 8
Rangon thrust 3 2.5 5.5
Samol thrust 2 4 6
Jetimtau thrust 4 3 7
Karatau thrust 1 4 4 9
Sarsarak thrust 1 2 1 4
Sangyaak fold 1.5 1.5
Vakhsh fold 4 4
Total slip for time step (km) 0 2 2 2.5 9 8 1 8.5 18 7 58

Note: Each column is a time step (2 m.y.) in the preferred (baseline) thermokinematic model. The value in each 
cell is the amount of displacement (km) for a particular structure at that time step. For example, we modeled 3 
km of slip on the Rangon thrust at the 12 Ma to 10 Ma time step. The total amount of slip on each structure is 
shown in the right-hand column. The total amount of slip for each time step is shown in the bottom row. These 
slip values produced the model geometries presented in Figure 5.

There is a spatial correlation between the loca-
tion of the highest structural relief on the Juras-
sic décollement and the youngest AHe and AFT 
cooling ages (Figs. 3 and 6). Slip on the base-
ment structures and folding of the Jurassic dé-
collement are interpreted to be Pliocene in age, 
contemporaneous with or postdating deforma-
tion on the major thrust faults and folds. Cooling 
through the retention/annealing zones was pri-
marily related to faulting and folding above the 
Jurassic décollement and was locally influenced 
by uplift on basement structures (Fig. 6).

Models that reproduce the small differences 
between the measured AHe and AFT cool-
ing ages require relatively short periods of 
rapid exhumation so that the modeled samples 
pass quickly through the partial retention zone 
(AHe) and partial annealing zone (AFT) toward 
the erosion surface. In turn, this suggests rapid 
slip on the thrust faults. More protracted periods 
of slip produce a greater difference between the 
two thermochronometers (e.g., Lock and Wil-
lett, 2008). The large difference between the 
AHe and AFT ages for sample IS-13-03 from 
the hanging wall of the Bobotogh thrust fault in-
dicates a long period of minor displacement, or 
no slip, after initial movement during the early 
to middle Miocene and then a reactivation of the 
Bobotogh thrust fault during the Pliocene. All 
other fault displacements and folds in the Tajik 
fold-and-thrust belt can be adequately modeled 
as single pulses of deformation.

0
Time (Ma)

4 8 12 14 16 18 20

C
um

ul
at

iv
e 

S
ho

rt
en

in
g 

(k
m

)

0

10

20

50

60

40

30

2 6 10

4 mm/yr

6 mm/yr

baseline
model

Early/Late
models

8 mm/yr

4 mm/yr

6 mm/yr

baseline
model

Early/Late
models

8 mm/yr

model geothermal gradient and the modern 
geothermal gradient (Figs. 6 and 7). Next, suites 
of models were run to assess how changing the 
basal temperature or the timing of slip affected 
the results of the baseline model.

Baseline (Preferred) Model
Figure 6 presents a preferred “baseline” 

model that returns predicted AHe and AFT 
ages from FETKin forward modeling that are 
in close agreement with the measured AHe 
and AFT ages. It should be emphasized that 
the results are nonunique and are not inverted 
to determine a “best-fit” model. The results are 
presented as a plausible scenario constrained 
by the available structural and thermochrono-
logic data (e.g., Ballato et al., 2013). The basal 
temperature (at 25 km depth) that most closely 
reproduced the modern geothermal gradient 
was 500 °C (Fig. 6). The magnitude and tim-
ing of slip on the major structures in the Tajik 
fold-and-thrust belt for the baseline model are 
presented in Table 2 and shown graphically in 
the incrementally restored cross sections of Fig-
ure 5. The results suggest that deformation in the 
Tajik fold-and-thrust belt started at the margins 
of the Tajik Basin, adjacent to the southwest 
Gissar Range during the middle Miocene and 
adjacent to the Pamir Mountains during the late 
Miocene. Throughout the Miocene and into the 
Pliocene, deformation propagated toward the 
center of the Tajik Basin and Yovon Valley. Cu-
mulative shortening within the confines of the 
model is ~60 km and indicates a middle Mio-
cene to present shortening rate of ~4–6 mm/yr  
(Fig. 9). The Pliocene to present shortening rate 
is similar or slightly faster, ~6–8 mm/yr, which 
is consistent with estimates of modern shorten-
ing rates (5–10 mm/yr) calculated from GPS 
studies (Ischuk et al., 2013). Subsequent suites 
of models, presented next, were run to test the 
robustness of the shortening rate and its accel-
eration during the Pliocene.

Figure 9. Plot of cumulative short-
ening in the Tajik fold-and-thrust 
belt based on FETKin model results 
for the preferred baseline model and 
models in which slip on individual 
structures was moved forward (late 
model) or backward (early model) 
in time. Results from early and late 
models are only plotted when the pre-
dicted apatite (U-Th)/He (AHe) and 
apatite fission-track (AFT) cooling 
ages fall within error of the measured 
cooling ages (Fig. 6B). The results in-
dicate Miocene to present shortening 
rates of 4–6 mm/yr.
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Effects of Varying Basal Temperature
To explore the effects of varying the amount 

of heat in the system, suites of models were run 
in which the basal temperature (a fixed param-
eter) was changed from the baseline model. The 
results of these models were compared against 
the observed thermochronologic ages and the 
modern geothermal gradient (Figs. 6 and 7). 
Increasing or decreasing the basal temperature 
by 25 °C had relatively little effect on the mod-
eled AFT and AHe ages, which fit the observed 
cooling ages within error. Increasing or decreas-
ing the basal temperature by 25 °C also yielded 
final model geothermal gradients that were 
largely within the estimated range of the mod-
ern geothermal gradient (Fig. 7). Decreasing the 
basal temperature by 50 °C (to 450 °C) resulted 
in partially reset (too old) AFT model cooling 
ages for the Bobotogh thrust sheet, Karshi thrust 
sheet, Rangon thrust sheet, and Sangyaak anti-
cline (Fig. 6). The decreased basal temperature 
also produced model geothermal gradients al-
most entirely below the estimated range of the 
modern geothermal gradient (Fig. 7). Raising 
the basal temperature by 50 °C (to 550 °C) had 
relatively little effect on the model AFT and 
AHe ages, except for perhaps the synthetic AFT 
ages in the Bobotogh thrust sheet. The subdued 
effect of higher basal temperatures on modeled 
cooling ages is because most synthetic thermo-
chronologic samples were well below their re-
spective annealing/retention zone depths prior 
to exhumation. Only the Bobotogh thrust sheet, 
which is interpreted to have been reactivated in 
the last 2 m.y., spent time within the AFT par-
tial annealing zone as a result of previous (early 
Miocene) slip. The period of previous slip on 
the Bobotogh thrust could be pushed forward 
in time to match the model AFT ages without 
affecting the model AHe ages for the 550 °C 
model, although the final geothermal gradi-
ents from this model are almost all above the 
estimated modern geothermal gradient (Fig. 7). 
The results from the suite of models that varied 
basal temperature indicate that the amount of 
heat in the system has relatively little effect on 
the predicted model thermochronologic cooling 
ages for synthetic samples that exhume quickly. 
There is a minimum amount of heat in the sys-
tem, corresponding to a basal temperature of 
~450 °C (or 50 °C below the baseline model), 
below which synthetic samples do not become 
fully reset. Conversely, the maximum amount 
of heat in the system is only constrained by the 
estimated modern geothermal gradient.

Effects of Varying Timing of Slip
Unlike the amount of heat within the model, 

varying the timing of slip on the structures 
in the model has significant effects on the 

synthetic cooling ages (Fig. 6). Cooling age 
changes were investigated by shifting the ini-
tiation of slip on the major structures in the 
baseline (preferred) model either 2 m.y. earlier 
(toward the past) or 2 m.y. later (toward the 
present). Here, 2 m.y. is the time step between 
the partially restored sections input into FET-
Kin. Earlier slip resulted in partially reset syn-
thetic AFT ages for the Bobotogh thrust sheet, 
the Karshi thrust sheet, and the Sangyaak anti-
cline and poor fits (outside of measured cooling 
age errors) for synthetic AFT and AHe ages for 
the Bobotogh, Aruntau, Jetimtau, and Karatau 
thrust sheets (Fig. 6). Delaying the initiation of 
slip on these faults/folds allows time for thicker 
accumulations of sediment as a result of flex-
ural subsidence and can fully reset the synthetic 
AFT samples. However, because the observed 
AHe and AFT ages are relatively close together, 
exhumation must have occurred as a short-lived 
pulse of deformation. Synthetic AFT and AHe 
cooling ages for the model with later slip was 
within, or close to within, error for most of the 
measured thermochronologic samples except 
for the samples from the Bobotogh thrust sheet, 
Aruntau thrust sheet, and Sangyaak anticline 
(Fig. 6). The similarities between the late and 
early synthetic cooling ages for the Sarsarak 
thrust sheet and Vakhsh anticline suggest that 
their exhumation may have been largely con-
trolled by uplift associated with slip on the 
faults in the Permian–Paleozoic section beneath 
the Jurassic décollement.

For all thrust sheets or folds for which the 
early model or late model synthetic cooling ages 
fell within error of the measured ages, the cumu-
lative displacement was plotted and compared 
to the baseline model as a qualitative measure of 
uncertainty (Fig. 9). The results suggest that the 
mid-Miocene to present shortening rate is on the 
order of 4–6 mm/yr, while the Pliocene to pres-
ent shortening rate is on the order of 6–8 mm/yr.  
The results cannot distinguish between a con-
stant shortening rate (of ~6 mm/yr) from the 
Miocene to present and an acceleration of short-
ening in the Pliocene.

DISCUSSION

Structural Evolution of the Tajik Fold-and-
Thrust Belt

Previous studies have suggested that uplift of 
the Pamir and central Tian Shan started in late 
Eocene to early Miocene (Sobel and Dumitru, 
1997; Sobel et al., 2006, 2013; Heermance et al., 
2008; DeGrave et al., 2012; Smit et al., 2014; 
Carrapa et al., 2015). Kässner et al. (2016) sug-
gest that uplift may have started in the southwest 
Gissar Range during the Miocene. The results 

show that deformation migrated out of the Tian 
Shan and Pamir and into the Tajik Basin during 
the middle Miocene to form the Tajik fold-and-
thrust belt. In general, shortening in the Tajik 
fold-and-thrust belt is clustered near the center 
of the Tajik Basin (Fig. 3). Rapid synorogenic 
sedimentation in the Tian Shan and Pamir flex-
ural basins may have suppressed deformation in 
these depocenters and shifted the locus of short-
ening toward the foreland (e.g., Stockmal et al., 
2007; Fillon et al., 2013).

Deformation within the Tajik Basin began at 
the outer margins of the Tajik fold-and-thrust 
belt and propagated toward the center of the 
thrust belt (Figs 3, 5, and 6). Initial, contem-
poraneous shortening on faults and folds both 
proximal and distal to the hinterland (Pamir 
Mountains or southwest Gissar Range) prior 
to the establishment of a regional orogenic ta-
per is inconsistent with most models for thrust 
belt mechanics on a single thrust wedge. Thrust 
wedges can exist in three states: subcritical, 
critical, and supercritical (Davis et al., 1983; 
Dahlen, 1984). Feedback loops in thrust belt 
systems tend to push thrust wedges toward a 
critical state, with temporally restricted excur-
sions into subcritical and supercritical fields 
(e.g., DeCelles and Mitra, 1995). In subcritical 
wedges, shortening is concentrated in the inte-
rior, proximal (toward the hinterland) parts of 
the thrust belt with no deformation at the fore-
land (distal) side. In critical wedges, deforma-
tion propagates uniformly into the foreland on 
more or less evenly spaced (self-similar) thrust 
sheets. In supercritical wedges, deformation is 
concentrated at the most distal structure and the 
entire thrust wedge in transported as a coherent 
wedge. The unique geometry and deformation 
history of the Tajik fold-and-thrust belt do not 
fit any of these descriptions and are better un-
derstood as two separate (critical) thrust belt 
wedges that have encroached upon one another. 
In this context, the peculiar inward vergence of 
the Tajik fold-and-thrust belt can be explained 
as a Tian Shan thrust belt verging toward the 
east and a Pamir thrust belt verging toward the 
west. None of the major thrust faults in the Tajik 
Basin is interpreted as a back thrust; instead, all 
of the major thrusts in the Tajik fold-and-thrust 
belt are foreland-verging thrust faults. The Yo-
von Valley, at the center of the Tajik fold-and-
thrust belt, is the remnant of a shared foreland 
basin. The overall pattern of decreasing AHe 
and AFT cooling ages toward the center of the 
Tajik fold-and-thrust belt (Figs. 3, 5, and 6) is 
a result of in-sequence propagation of deforma-
tion in both thrust belts, which is corroborated 
by structural observations such as progressive 
hindward steepening of thrust faults. In the two 
instances where cooling ages do not appear to 
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decrease toward the center of the Tajik fold-and-
thrust belt (the Bobotogh and Sarsarak thrusts), 
field relationships and thermokinematic model-
ing demonstrate that these represent reactivated 
or out-of-sequence faults.

Our interpretation suggests that the West Ta-
jik fold-and-thrust belt is a thin-skinned thrust 
belt in the larger Tian Shan orogenic belt. The 
West Tajik fold-and-thrust belt records 35–
40 km of shortening, which is similar to the 
amount of shortening (10–40 km) reported for 
thin-skinned fold-and-thrust belts all along the 
southern margin of the Tian Shan, including the 
Kashi, Kepingtage, and Kuqa segments (Fig. 1; 
Yin et al., 1998; Heermance et al., 2008; Fu et 
al., 2010). In addition to similar magnitudes of 
shortening, the timing for deformation is com-
parable between the West Tajik fold-and-thrust 
belt and the central Tian Shan thrust belts. Up-
lift and exhumation of the central Tian Shan 
hinterland began during the late Oligocene to 
early Miocene, and thin-skinned deformation 
migrated into the foreland in middle to late 
Miocene time (Sobel and Dumitru, 1997; Chen 
et al., 2007). Finally, shortening rates may have 
accelerated in both the West Tajik fold-and-
thrust belt and the central Tian Shan thrust belts 
during the Pliocene (Yin et al., 1998; Allen et 
al., 1999; Heermance et al., 2008), although the 
magnitude and effect of climate on this signal 
remain uncertain (Molnar, 2004). For example, 
an increase in erosion within the Pamir as sug-
gested by a global acceleration in mountain ero-
sion during the Pliocene (Herman et al., 2013) 
would predict the wedge to deform internally to 
adjust for taper, rather than having deformation 
migrate outward into the foreland as observed 
in the Tajik fold-and-thrust belt. The similarity 
in structural character, magnitude of shortening, 
and timing of deformation for >1000 km along 
strike of the southern margin of the Tian Shan 
are representative of a kinematically linked 
orogenic system (Fig. 1). Stress from the India-
Asia collision is transferred through the old and 
strong Tarim-Tajik lithosphere to the relatively 
young and weak lithosphere that forms the Tian 
Shan (Molnar and Tapponnier, 1975, 1981; Tap-
ponnier and Molnar, 1979; Avouac et al., 1993), 
which explains the broad synchroneity of defor-
mation throughout the Tian Shan.

The structural configuration at different lo-
cations along the Tian Shan orogenic system 
may provide a template for understanding how 
systems like the Tajik fold-and-thrust belt have 
evolved. Figure 10 shows schematic cross sec-
tions across the Tarim Basin, Tajik Basin, and 
Alai Valley that all show oppositely verging 
thrust belts. The differences between cross sec-
tions are primarily related to the distance be-
tween the Tian Shan and Pamir/Tibetan orogens. 
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Figure 10. A series of cartoon cross sections 
across the (A) Tajik Basin, (B) Alai Valley, 
and (C) Tarim Basin that show how short-
ening and deformation may have evolved 
to produce the bivergent structural geom-
etries (structures on opposite margins of 
the basins verging inward toward the cen-
ter of the basin) observed in the Tajik fold-
and-thrust belt (TFTB). The total amount 
of shortening in each section is comparable. 
TS—Tian Shan.

With continued shortening, the structural style 
of the Tajik fold-and-thrust belt may resemble 
the Alai Valley, with overlapping thrust systems, 
as suggested by Pavlis et al. (1997) for the Peter 
the First Range and Alai Valley regions.

Origin of the Northern Pamir

Along the boundary between the Pamir and 
the Tajik Basin, the Upper Jurassic to Cenozoic 
sedimentary rocks of the Tajik Basin are either 
in depositional contact with Lower Jurassic to 
Paleozoic rocks or are separated from these 
rocks by a bedding-parallel fault. Only locally 
do strands of the Main Pamir thrust or Dar-
vaz fault have contact relationships indicative 
of thrust ramps, and when they do, the strati-
graphic separation across these ramps suggests 
limited displacement (<5 km). We propose 
that in many locations, the Darvaz fault–Main 
Pamir thrust system is a bedding-parallel dé-
collement that was folded and uplifted along 
with the stratigraphic section. For example, the 
bedding-parallel Darvaz fault in the Dashtijum 
Valley region is interpreted to be an exposure of 
the Jurassic décollement present throughout the 
Tajik fold-and-thrust belt (Fig. 3A). Structural 
reconstructions suggest that the sedimentary 
rocks of the Tajik Basin were deposited on the 
Northern Pamir terrane and were subsequently 
uplifted and eroded. The structural geometry of 
the northwest Pamir margin can be character-
ized as a frontal monocline (Couzens-Schultz 

et al., 2003), similar to the Sulaiman Range in 
Pakistan (Banks and Warburton, 1986) and the 
frontal Alberta thrust belt of western Canada 
(Price, 1986; Vann et al., 1986). These types of 
structures have also been described as mountain 
front flexures or basement steps, where a large 
thrust ramp exhumes deeper structural levels 
and uplifts the overlying sedimentary cover 
(McQuarrie, 2004). Deformation style com-
monly transitions from thick-skinned to thin-
skinned deformation across these boundaries 
(e.g., Bolivian Andes; Kley, 1996). Unlike the 
Central and Southern Pamir terranes, the North-
ern Pamir terrane has been part of Asia since at 
least the late Carboniferous, and perhaps longer 
(Burtman and Molnar, 1993). We propose that 
the Northern Pamir terrane is simply the uplifted 
and deformed edge of the Tajik lithosphere. This 
interpretation requires that the Tajik Basin crust 
was incorporated into the Pamir during orogenic 
growth, rather than being subducted beneath 
the Pamir.

Implications of Shortening Estimates

Geological and geophysical evidence indi-
cates that shortening in the central Tian Shan 
thrust belts (10–40 km) is a result of underthrust-
ing of the Tarim lithosphere (Abdrakhmatov et 
al., 1996; Allen et al., 1999; Sobel et al., 2006; 
Li et al., 2009; Lei, 2011; Gao et al., 2013; Gil-
ligan et al., 2014). Thrust faults in the West Tajik 
fold-and-thrust belt are kinematically linked to 
the expansion of the Tian Shan, and shortening 
in the West Tajik fold-and-thrust belt is similarly 
related to underthrusting of the Tajik Basin lith-
osphere beneath the southwest Gissar Range. 
This distinction is important because shortening 
in the West Tajik fold-and-thrust belt should not 
be used to balance potential subduction of Tajik-
Tarim lithosphere beneath the Pamir (Burtman 
and Molnar, 1993).

In addition to shortening in the West Tajik 
fold-and-thrust belt, our results indicate 20–
25 km of basement-involved shortening within 
the southwest Gissar Range that is related to the 
growth of the Tian Shan. Previous estimates of 
shortening across the Tajik fold-and-thrust belt 
have included deformation within the southwest 
Gissar Range (Thomas et al., 1994; Bourgeois et 
al., 1997), but like the West Tajik fold-and-thrust 
belt, this shortening should not be included in 
estimates for the length of lithosphere under-
thrusting beneath the Pamir. Discarding short-
ening in the West Tajik fold-and-thrust belt and 
southwest Gissar Range leaves only ~30 km 
of shortening in the East Tajik fold-and-thrust 
belt that could be attributed to intracontinental 
subduction beneath the Pamir (Burtman and 
Molnar, 1993). This amount of shortening is 
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comparable to estimates of shortening in the 
Peter the First Range (<60 km; Leith and Al-
varez, 1985; Hamburger et al., 1992; Bekker, 
1996), the Alai valley (<20 km; Coutand et al., 
2002), and on the northeast margin of the Pamir 
(30–35 km; Li et al., 2012). These results are 
an order of magnitude less than the 250–300 km 
length of Tajik-Tarim lithosphere proposed to 
have subducted beneath the Pamir Mountains 
(Burtman and Molnar, 1993). Although the ex-
posure of hanging-wall cutoffs in the East Tajik 
fold-and-thrust belt suggests that the estimate of 
shortening is not grossly underestimated, the re-
stored cross-section A-A′ (Fig. 3B) does repre-
sent conservative (minimum) values. However, 
even if the estimated amount of shortening in 
the East Tajik fold-and-thrust belt were doubled 
or tripled (for which there is no evidence) or if 
the amount of shortening in the West Tajik fold-
and-thrust belt were included, there is still not 
enough shortening to balance the 250–300 km 
length of the “Pamir slab.”

In order to reconcile models of intraconti-
nental subduction with the lack of evidence 
for shortening in the upper crust, some authors 
have proposed that upper- to middle-crustal 
rocks were subducted beneath the Pamir and 
then underplated, interleaved into the Pamir 
crust, or subducted along with the lower crust 
and mantle lithosphere (Burtman and Molnar, 
1993; Mechie et al., 2012; Schneider et al., 
2013; Sippl et al., 2013; Sobel et al., 2013). By 
subducting or underplating the upper crust, the 
record of shortening may be destroyed, and any 
correlation between the magnitudes of short-
ening and subduction may not be necessary. 
However, the results of this study suggest that 

the rocks in the eastern part of the Tajik Basin 
were neither underthrusted nor subducted, but 
were uplifted and eroded above the Pamir or in-
corporated into the upper structural levels of the 
Pamir. A relatively complete stratigraphic sec-
tion of metamorphic Paleozoic basement rocks 
through Neogene synorogenic rocks is exposed 
all along the northwest margin of the Pamir. 
This observation links together the Tajik Basin 
and Northern Pamir terrane and eliminates the 
possibility of significant subduction of the Tajik 
Basin lithosphere beneath the Pamir.

If intracontinental subduction of Asian litho-
sphere is not occurring beneath the Pamir, what 
is generating earthquakes in a contorted Benioff 
zone, and what could be producing the low- 
velocity zone at such great depths in the mantle 
(Roecker, 1982; Koulakov and Sobolev, 2006; 
Schneider et al., 2013; Sippl et al., 2013)? We 
suggest that the lowermost crust and mantle 
lithosphere of the Pamir have delaminated or 
foundered into the mantle (Fig. 11). The delam-
inated lithosphere in the upper mantle beneath 
the Pamir is part of the Northern, Central, and 
Southern Pamir terranes, rather than cratonic 
Asian lithosphere (e.g., Kufner et al., 2016; 
Rutte et al., 2017b). In this model, there is no 
requirement for shortening of the Asian litho-
sphere in the Pamir foreland, and the kinematics 
of the Tajik fold-and-thrust belt, including the 
Main Pamir thrust, may be partially or wholly 
unrelated to the delaminated material. Likewise, 
the timing and rate of delamination are not nec-
essarily related to the rate or amount of shorten-
ing at the Pamir margin.

Fast seismic velocities beneath the Pamir 
crust suggest that Indian mantle lithosphere 

 extends as far north as the Central Pamir terrane 
(Mechie et al., 2012; Sippl et al., 2013). Thus, 
a first-order observation is that the original 
mantle lithosphere beneath the Pamir is missing 
and has been replaced by Indian mantle litho-
sphere. India has been subducting continuously 
beneath the Pamir since at least ca. 25–20 Ma, 
when many researchers have proposed a slab 
break-off event or roll-back of the Indian con-
tinental lithosphere (Mahéo et al., 2002; Re-
plumaz et al., 2010; Amidon and Hynek, 2010; 
DeCelles et al., 2011; Carrapa et al., 2014). 
Since that time, India and Asia have been con-
verging at a roughly steady rate of ~4–5 cm/yr  
(DeMets et al., 1990; Bilham et al., 1997; Mol-
nar and Stock, 2009). Assuming that all of this 
convergence was accommodated in the Indian 
mantle lithosphere by underthrusting beneath 
the Pamir, as suggested by Negredo et al. 
(2007), it is possible to restore the leading edge 
of Indian mantle lithosphere 100–125 km to the 
south, near the Karakoram batholith (Fig. 11). 
The resulting gap in mantle lithosphere beneath 
the Pamir is roughly equivalent to the along-arc 
length of the Pamir seismic zone, which can be 
“restored” to fit beneath the Pamir (Fig. 11). In-
dentation of India may be actively facilitating 
northward delamination of mantle lithosphere 
(Stearns et al., 2015; Kufner et al., 2016; Rutte 
et al., 2017b), analogous to the model for the 
removal of Qiangtang mantle lithosphere in Ti-
bet during the Eocene (DeCelles et al., 2011). 
The Qiantang terrane and the Southern/Central 
Pamir terranes are equivalent along strike of the 
orogen (Robinson et al., 2012). The exact mech-
anisms for this lithospheric interaction at depth 
are unclear, but Stearns et al. (2015) suggested 
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that increased gravitational potential energy 
± mantle downwelling could have triggered 
delamination/roll-back. If the start of delami-
nation was related to the resumption of Indian 
underthrusting following the late Oligocene to 
early Miocene slab-breakoff event, it would in-
dicate delamination also started at that time. A 
possible argument against the initiation of de-
lamination during the early Miocene is that the 
delaminated material may have sunk deeper into 
the upper mantle than is currently imaged today. 
The depth of the Pamir slab indicates a sinking 
velocity on the order of 10 mm/yr, assuming 
early Miocene delamination. Sinking veloci-
ties can be approximated using a Stokes sink-
ing sphere (Morgan, 1965). A sinking velocity 
of ~10 mm/yr is consistent with a sphere with 
radius of 55 km and 50 kg/m3 excess density in 
the upper mantle with constant viscosity of 1021 
Pa∙s. This back-of-the-envelope sinking velocity 
estimate is poorly constrained, but it does sug-
gest that a 10 mm/yr velocity is within the realm 
of feasibility. Alternate hypotheses suggest that 
roll-back or delamination of the Pamir slab 
started in the late Miocene (Kufner et al., 2016; 
Rutte et al., 2017b).

Roll-back of subducted Asian lithosphere 
has been suggested to have caused a change in 
boundary forces in the upper plate (Pamir oro-
gen) that could drive extension within the Pamir 
and may explain the initiation of extension in 
the Pamir gneiss domes at ca. 20 Ma (Sobel et 
al., 2013; Stearns et al., 2015). An alternative 
explanation for initiation of gneiss dome exten-
sion is the delamination of (potentially eclogi-
tized) Pamir lower crust and mantle lithosphere, 
which would regionally raise gravitational po-
tential energy and would not require a change in 
boundary forces (e.g., Molnar and Lyon-Caen, 
1988). Delamination was originally envisioned 
as a peeling away of the mantle lithosphere 
along the Moho (Bird, 1979); however, recent 
studies have shown that delamination may occur 
within the lower crust in response to eclogitiza-
tion (Sobolev et al., 2006; Krystopowicz and 
Currie, 2013; Currie et al., 2015). The timing of 
crustal thickening in the Pamir is unclear (Rob-
inson, 2015), but most researchers suggest that 
it occurred from the late Eocene to early Mio-
cene based on prograde metamorphic ages mea-
sured in the Pamir gneiss domes (Schmidt et al., 
2011; Stearns et al., 2013). On the other hand, 
Smit et al. (2014) suggested that prograde meta-
morphism may be related to high mantle heat 
flow following detachment of the Tethyan oce-
anic lithosphere during the Eocene. The Smit 
et al. (2014) model favors earlier (Cretaceous) 
Cordilleran-style crustal thickening in the Pamir 
as proposed by Robinson et al. (2012). In either 
model, crustal thickening in the Pamir may have 

been sufficient to eclogitize the lower crust. Ev-
idence for eclogitization comes from eclogitic 
xenoliths in the Southern Pamir terrane, which 
were derived from Pamir crust and were buried 
to depths >90 km prior to magmatic entrain-
ment and surface eruption during the middle 
to late Miocene (Ducea et al., 2003; Hacker et 
al., 2005; Gordon et al., 2012). Foundering or 
delamination of lower Pamir crust along with 
mantle lithosphere is one possible mechanism to 
generate these xenoliths (Gordon et al., 2012). 
Thus, the low-velocity zone beneath the Pamir 
(e.g., Sippl et al., 2013) may represent delami-
nated lower crust, rather than subducted lower 
crust of the Tajik-Tarim (Asian) lithosphere 
(Fig. 11). Foundering of the lithosphere beneath 
the Pamir may also explain the seismic gap 
(Pegler and Das, 1998) located between a cloud 
of deep mantle seismicity and shallow crustal 
seismicity associated with ongoing shortening 
at the northern margin of the Pamir (Fig. 11l 
Schurr et al., 2014). The deficit of shortening in 
the Pamir and Tajik fold-and-thrust belt leaves 
open an important question: How did the Pamir 
crust thicken? If internal shortening and intrac-
ontinental subduction were not responsible for 
the thick crust in the Pamir, then upper-crustal 
shortening in the Himalaya and northward un-
derthrusting of Indian lithosphere remain a vi-
able mechanism (Kapp and Guynn, 2004).

CONCLUSIONS

New AHe and AFT thermochronologic data 
indicate that deformation in the thin-skinned 
Tajik fold-and-thrust belt initiated during the 
middle Miocene. Sequential reconstructions 
of a balanced cross section (Fig. 3) and ther-
mokinematic modeling (Fig. 6; Table 2) sug-
gest ~70 km of total shortening in the Tajik 
fold-and-thrust belt with a Miocene to present 
shortening rate of 4–6 mm/yr and a Pliocene to 
recent shortening rate of 6–8 mm/yr. Deforma-
tion in the Tajik fold-and-thrust belt propagated 
toward the center of the Tajik Basin, migrating 
away from both the southwest Gissar Range 
and the Pamir almost simultaneously. The West 
Tajik fold-and-thrust belt and East Tajik fold-
and-thrust belt are two distinct thrust belts that 
have propagated toward each other (Figs. 3, 5, 
and 6). Field observations and modeling results 
indicate that these two thrust belts generally 
display in-sequence patterns for fold and thrust 
propagation. The East Tajik fold-and-thrust belt 
has propagated from the Pamir, and the West 
Tajik fold-and-thrust belt has propagated from 
the southwest Gissar Range of the Tian Shan. 
The structural style, timing of deformation, and 
magnitude of shortening in the West Tajik fold-
and-thrust belt are consistent with thin-skinned 

thrust belts located along the northwest margin 
of the Tarim Basin. The West Tajik fold-and-
thrust belt is part of the greater Tian Shan oro-
genic system and is related to northwestward 
underthrusting of the Tajik-Tarim lithosphere. 
As a result, as little as 30 km of shortening 
recorded in the Tajik fold-and-thrust belt is re-
lated to underthrusting of the Tajik lithosphere 
beneath the Pamir. This amount of shorten-
ing is not consistent with models that propose 
~300 km of subducted continental lithosphere 
to explain deep seismicity and fast seismic ve-
locities beneath the Pamir (e.g., Burtman and 
Molnar, 1993).

In addition to this shortening deficit, the 
structural architecture of the northern Pamir 
margin is consistent with a convergent oro-
genic margin rather than a subduction zone. A 
10–15 km crustal section, spanning Paleozoic 
metamorphic basement to Neogene synoro-
genic sedimentary rocks, is exposed in a large 
frontal monocline along the northern margin of 
the Pamir. The Northern Pamir terrane and Tajik 
Basin are part of the same lithospheric assem-
blage that was incorporated into the Pamir dur-
ing orogenesis. Mesozoic sedimentary rocks, 
and perhaps thin-skinned structures, like those 
observed in the Tajik fold-and-thrust belt, were 
once present above the Northern Pamir before 
being uplifted and eroded. There is no evidence 
for underplating or interleaving of upper to mid-
dle crust.

The ~300-km-long, south-dipping zone of 
deep seismicity beneath the Pamir (e.g., Schnei-
der et al., 2013) is not related to subduction 
of Asian lithosphere, but it may be associated 
with the delamination of Pamir lower crust and 
mantle lithosphere (Fig. 11). This delamination 
may be facilitated by subducted Indian mantle 
lithosphere (Kufner et al., 2016; Rutte et al., 
2017b). Although the geometry of the proposed 
delaminated lithosphere is similar to that shown 
in models that propose roll-back of subducted 
Asian lithosphere (Sobel et al., 2013; Stearns 
et al., 2015), these two models have distinct 
mechanical and geodynamic implications. Sub-
duction roll-back is fundamentally driven by 
lower-plate processes, primarily slab buoyancy 
and rate of subduction (Schellart, 2008). In the 
case of the Pamir, removal of the middle to up-
per crust, by underthrusting, is required to raise 
the integrated density of the lithosphere and al-
low continental subduction to be self-sustaining 
(Molnar and Gray 1979; Burtman and Molnar, 
1993). This model predicts that slab forces 
would be driving upper-plate shortening, re-
corded by deformation along the Main Pamir 
thrust, analogous to a subduction accretionary 
complex (e.g., Sobel et al., 2013). Conversely, 
delamination of continental mantle lithosphere 
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is fundamentally controlled by upper-plate pro-
cesses, primarily crustal thickening or magmatic 
emplacement (Bird, 1979; Ducea and Saleeby, 
1998). In the case of the Pamir, orogenic thick-
ening, perhaps starting as early as the Creta-
ceous (Robinson, 2015), may have primed the 
lithosphere for delamination by moderately 
thickening the crust prior to India-Asia colli-
sion. Shortening recorded on the Main Pamir 
thrust and in the Tajik fold-and-thrust belt may 
be largely decoupled from the foundering litho-
sphere. Increased gravitational potential energy 
following lithospheric delamination is a plau-
sible alternative to changes in boundary forces 
driven by slab migration to explain the initiation 
of Miocene extension as recorded in the Pamir 
gneiss domes.

Whereas delamination of continental mantle 
lithosphere is commonly observed in orogenic 
systems that have experienced protracted crustal 
thickening and/or concentrated arc magmatism 
(DeCelles et al., 2009, 2015; Wells et al., 2012; 
Beck et al., 2015), intracontinental subduction 
is a relatively rare phenomenon, for which the 
Pamir is the archetype (Burtman and Molnar, 
1993). If intracontinental subduction is not 
occurring in the Pamir, as we propose, then it 
may be time to reevaluate whether it is a viable 
tectonic process at all and whether continental 
lithosphere can initiate and sustain subduction 
without the assistance of negatively buoyant 
oceanic lithosphere (e.g., Capitanio et al., 2010). 
Discriminating between crustal shortening and 
subduction in the interior of continental plates 
is critical for understanding the geodynamics of 
convergent orogenesis.
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