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Based on a detailed analysis of satellite imagery combined with field geologic and geomorphic observations,
we have mapped late Cenozoic folds and faults in the northeastern Pamir–Tian Shan convergence zone. It is a
unique example to understand intracontinental ongoing mountain building within India–Eurasia collision
system. In the front of northeastern Pamir, our investigations reveal that the NW-WNW-trending folds
display a right-stepping en echelon pattern and NW-WNW-striking faults are mainly characterized by south-
dipping thrusts with an extensive dextral strike-slip component. Drainage systems across the active faults
show a systematic right-lateral offset. In contrast, structural style of the ENE trending fold-and-thrust belts
are predominated by south–north directed shortening southwest of the Tian Shan. Our results also infer that
oblique thrusting accommodates as long-term dextral slip rate of ca. 4.0 mm/yr during the late Cenozoic time
north of the Pamir topographic front. Tectono-stratigraphic evidence suggests that the tectonic deformation
was initiated at ca. 3–5 Ma in the study area. We suggest that intracontinental mountain building in the
Pamir–Tian Shan convergence zone should be attributed to the crustal shortening caused by folding and
thrusting as well as block rotation related to strike-slip faulting within the India–Eurasia collision system.
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1. Introduction

The northeastern Pamir–Tian Shan convergence zone, consisting of
the northeastern Pamir to the south, southwest Tarim basin in the
middle, and the Tian Shan to the north, is located in the northwest most
part of the India–Eurasia collision zone (see index map in Fig. 1a). The
area is characterized by a large topographic relief, whose highest
elevation reaches 7710 m (the Kongur Peak in Fig. 1a) in the
northeastern Pamir, and elevations abruptly decreasing to 1500–
2300 m in the southwest Tarim basin. To the north, elevations increase
gradually to ∼4000 m in southwest Tian Shan (Fig. 1b). This striking
topographyhas been attributed to the India–Eurasia collision that began
∼55 Ma (e.g., Molnar and Tapponnier, 1975; Burtman and Molnar,
1993). Post-collisional convergence took place by southward continen-
tal subduction of the Tarim lithosphere beneath the Pamir. The northern
Pamir has been thrust north at least 300 km with respect to the rest of
Eurasia (Burtman and Molnar, 1993). Geologic and seismic evidence
indicates that there is a southward dipping seismic zone beneath the
Pamir (Burtman and Molnar, 1993; Fang et al., 1994). Present-day GPS
measurements show that the Tian Shanmoves 7±2 mm/yr southward
with respect to the interior of Tarim in the Kashi region (Shen et al.,
2000). One giant earthquake (1902 Ms=8.3 Atushi earthquake as
shown in Fig. 1a) and 30 moderately strong earthquakes (8NMsN6)
occurred along this convergence zone in recent 100 years (Feng, 1997;
Tian et al., 2006). Therefore, it is a critical region to understand the
ongoing intracontinental mountain building and unique structural
deformation resulting from the India–Eurasia collision. However, the
regional kinematics of the late Cenozoic deformation is poorly
understood in the northeastern Pamir–Tian Shan convergence zone
because of its remoteness and inaccessibility.

In this study, we document the late Cenozoic deformations based
on the interpretation and analysis of satellite remote sensing data
combined with the field geologic and geomorphic observations in the
northeastern Pamir–Tian Shan convergence zone. We also discuss the
timing and kinematics of the late Cenozoic deformations.

2. Geological setting

The northern boundary of the Pamir is marked by the northern
Pamir thrust zone (NPT in Fig. 1a), a south-dipping arcuate thrust
zone, which consists of a series of thrust faults. It represents the
present boundary between the Pamir and southwest Tarim basin
(Fig. 1a). North of the topographic front northeastern Pamir, several
rows of folds and faults trending NW in a right-stepping en echelon
pattern. To the north, three rows of elongate Cenozoic folds and faults
north of Kashi display a left-stepping en echelon pattern (Fig. 1a). ENE
trending fault zones display north-dipping thrusts and south-dipping
back thrusts in the southwestern margin of the Tian Shan (Fig. 1a).
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Fig. 1. (a) A Cenozoic tectonic map of the northeastern Pamir–Tian Shan convergence zone constructed from an analysis of satellite images and field observations. NPT: north Pamir
thrust; AHF: Aheqi fault; TFF: Talas-Fergana fault; ①Yingisar anticline; ② Ubulake anticline; ③ Tumuan anticline; ④ Mushi anticline; ⑤ Mingyaole anticline; ⑥ Kashi anticline;
⑦ Kerato anticline;⑧ Atushi anticline;⑨Bapanshuimo anticline;⑩ Tashipishake anticline. (b) A geologic cross-section showing the structural styles of the fault-and-fold belt in the
northeastern Pamir–Tian Shan convergence zone (subsurface structural style interpreted from the unpublished seismic profile provided by the Xinjiang Bureau of Petroleum, CNPC).
For location see section A–A′ in Fig. 1a.
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The Aheqi fault zone (AHF in Fig. 1a) forms the boundary between the
Tian Shan and Tarim basin (Jia et al., 1998). In the northwestern part
of the study area, the NNW striking Talas-Fergana fault zone forms the
boundary between the western and central Tian Shan (Fig. 1a).
Burtman et al. (1996) estimated a late Cenozoic slip rate of 10 mm/yr
along this right-lateral strike-slip fault zone. Present-day GPS data
indicated a shortening rate of about 18–20 mm/yr across the western
Tian Shan (Abdrakhmatov et al., 1996; Shen et al., 2000).

Up to 10 km Cenozoic strata accumulated in this convergence zone
and form the deepest Cenozoic depression in the Tarim basin (Fig. 1b,
Wang et al., 1992). Lower Tertiary (here designed E) strata up to
800 m consist of greyish green and brownish red sandstone, siltstone
and argillite, interbedded with marine limestone and gypsum. Bran-
chicontes jermenjewi, Cardium sp., Fergania ferganensis, Corbula
asiatica, and Ostrea (Turkostrea) strictiplicata have been found from
the strata (XJUARRSCG, 1981). Continental Miocene (N1) strata are
characterized by brownish red and greyish green sandstone, siltstone,
Fig. 2. Neogene stratigraphy exposed in the study region from Miocene to Q
argillite with gypsum and are up to 6050 m thick (Fig. 2). These
sedimentary rocks contain fossils, such as Cyprideis littoralis, Darwi-
nula stevensoni and Limnocythere iliensis (XJUARRSCG, 1981). Pliocene
(N2) strata are mainly composed of yellowish brown and light yellow
argillite, siltstone, sandstone and conglomerate with a thickness
ranging from 500 to 3400 m (Figs. 2 and 3a; BGMXJ, 1993). Many
fossils, such as Ilyocypris errabundis, Candona (Candona) neglecta,
Candona (Pseudocandona) subequalis and Eucypris notabilis etc., have
been found (XJUARRSCG, 1981).

Quaternary deposits are widely developed in the front of the Pamir
and Tian Shan (Fig. 2). Quaternary sequences can be divided into four
groups or formations. They are lower Pleistocene (Q1, 2.6 Ma to
1.1 Ma), middle Pleistocene (Q2, 1.1 Ma to 0.12 Ma), upper Pleisto-
cene (Q3, 0.12 Ma to 12 ka) and Holocene (Q4, 12 ka to present) based
on detailed lithostratigraphy, existing biostratigraphic (XJUARRSCG,
1981; BGMRXJ, 1993) and magneostratigraphic data (Chen et al.,
1994; Chen et al., 2002; Sun et al., 2004; Scharer et al., 2006), and
uaternary. This was according to Sobel (1999) and XJUARRSCG (1981).



Fig. 3. Photographs showing the late Cenozoic deposits in the northeastern Pamir–Tian Shan convergence: (a) Miocene sequences observed at the core of the Atushi anticline (for
location see Loc.9 in Fig. 12b). (b) Conformable contact between Pliocene (N2) sandstones and lower Pleistocene (Q1) conglomerate observed at the south limb of Tuogerming
anticline (for location see Loc. 11 in Fig. 12b). (c) Steep-dipping lower Pleistocene (Q1) conglomerate observed at the southern limbs of the Tashipishake anticline (For location see
Loc. 10 in Fig. 12b). (d) Middle Pleistocene (Q2) deposits observed at the northern limbs of the Kashi anticline (for location see Loc. 5 in Fig. 11b). (e) Gentle folding of upper
Pleistocene deposits (Q3) occurred in the northern limbs of the Atushi anticline (for location see Loc. 7 in Fig. 12b).
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radiocarbon, cosmic ray exposure and TL dating (Feng, 1997; Brown
et al., 1998; Fu et al., 2003), as well as our field observations (Lin et al.,
2002; Fu et al., 2003). The contacts between Q1 and Q2, Q2 and Q3, Q3

and Q4 are usually marked by unconformities (XJUARRSCG, 1981;
Chen et al., 1994). Lower Pleistocene (Q1) deposits are mainly dark
grey gravel to boulder conglomerates 1000 to 1795 m thick (Fig. 3b
and c). These coarse and thick conglomerates are interpreted as a
molasse deposited in the front of the Pamir and the Tian Shan. There is
a regional unconformity between early Pleistocene (Q1) and middle
Pleistocene (Q2) strata as shown in Fig. 3. Growth strata are also



Fig. 5. A Landsat ETM/TM mosaic image showing the structural features in the northeastern Pamir–Tian Shan convergence zone.

Fig. 4. Seismic reflection profile displays the growth strata in the upper Pliocene (N2) and lower Pleistocene (Q1) sequences (after Dong and Xiao, 1998). For location see B–B′ in Fig. 1a.
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Fig. 6. A Landsat ETM image (a) and a geologic interpretative map (b) showing the deformation features along the Yingisar anticline. Note that the extensional fractures are
perpendicular to the anticlinal axis along this anticline. For location see Fig. 5.
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widely developed in the upper part of Pliocene to the lower part of
Lower Pleistocene conglomerate in the front of the Pamir as shown on
a seismic reflection profile (Fig. 4). Middle Pleistocene (Q2) deposits
consist of the moraine, fluvioglacial, lacustrine and alluvial–fluvial
deposits that are 10 to 30 m thick (Figs. 2 and 3d). They are usually
semi-consolidated or unconsolidated, and occur about 40 to 200 m
above the modern streambeds. Upper Pleistocene (Q3) deposits are
composed of early and late tillte, fluvioglacial deposits and alluvial
deposits, which are usually unconsolidated (Figs. 2 and 3e). They are
30–100 m thick, and occur about 6 to 15 m from the modern
streambeds. Holocene (Q4) strata usually includes unconsolidated
alluvial, Aeolian, and talus deposits 1 to 20 m thick (BGMXJ, 1993).

3. Methods

Landsat Enhanced Thematic Mapper/Thematic Mapper (ETM/TM)
data (15–30 m spatial resolution) (Fig. 5), and Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) Visible and
Near Infrared (VNIR) data (15 m spatial resolution) were processed
using the ER-Mapper image processing software. Stereoscopic pairs
from single scene Landsat ETM/TM also were created using the
method described by Fu et al. (2004).

In this study, Landsat ETM/TM and ASTER images at a variety of
scales ranging from 1:50,000 to 1:250,000 were used to interpret the
Cenozoic folds and faults before conducting field survey (Figs. 5, 6a, 7, 8,
9a, 10a, 11a, and 12a). Interpretations of these imageswere verified and
farther investigated in the field (Figs. 3, 9b, 13, 14 and 15). Furthermore,
some published seismic reflection profiles were re-interpreted to
understand geometry of fold-and-fault belts (Figs. 4 and 16).

4. Late Cenozoic folds and faults

Late Cenozoic deformational features are described from south to
north and east to west in the following sections.

4.1. Folds

Three rows of NW-WNW-trending Cenozoic folds occurred in the
south part of the Pamir–Tian Shan convergence zone (Fig. 1a). They are
Yingisar, Ubulake, Mushi and Tumuan anticlines from southeast to
northwest, which display a right-stepping en echelon pattern (①,②,③
and④ respectively in Fig. 1a). Folded lowerTertiary to lower Pleistocene
strata occur in these anticlines which have gentle south limbs (15 –40°)
and steep north limbs (35–70°). The WNW-trending Yingisar anticline
has deformedQ1 strata (Fig. 1a) andMiocene to Pliocene strata exposed
in the core of this anticline (Fig. 6b). Extensional fractures are
perpendicular to fold axis. The attitude of both folded limbs appears
asymmetric in the central part, which suggests that fold was influenced
by complex transpressional strains (Fig. 6b). The Ubulake, Mushi and
Tumuan anticlines folded lower Tertiary to Q1 strata (Fig. 11b).

In contrast, Cenozoic folds north of Kashi are characterized by
three rows of the elongate folding zones trending E–W to ENE. These
three rows of folding zones display a left-stepping en echelon pattern
(Fig. 1a). They are Mingyaole, Kashi, Krato, Atushi, Bapanshuimo and
Tashipishake anticlines (⑤,⑥,⑦,⑧,⑨ and⑩ respectively in Fig. 1a).
These folds have relatively gentle south limbs and steep north limbs
except for the Tashipishake anticline (Figs. 1b and 16a). It noteworthy
that overlapping part of Atushi anticline and Bapanshuimo anticline
displays an S-shaped bend (⑧ and ⑨ in Figs. 1a and 12b), suggesting
that they were deformed by S–N compression accompanied by lateral
propagation along the southwesternmargin of the Tian Shan.Miocene
to Q1 strata are deformed in these folds (Figs. 2, 11b and 12b). Q2 to Q3
Fig. 7. Landsat ETM imagery (a) and geologic interpretative map (b) showing the offset of
lateral offset of Tertiary sequence is about 12 to 15 km. For location see Fig. 5.
strata also have been partly deformed in some of these folds (Fig. 3d
and e). For example, Q2 strata are deformed in the north limb of Kashi
anticline as observed at Loc.4 (Fig. 3d), and Q3 alluvial deposits are
deformed along the Atushi anticline (Fig. 3e).

4.2. Faults

Many faults occur along the northeastern Pamir–Tian Shan
convergence zone (Fig. 1a).

4.2.1. Northeastern front of the Pamir
Four main faults have been identified from satellite images in the

front of the northeastern Pamir (Fig. 1a). We call them the Northern
Pamir Thrust (NPT), F1, F2 and F3 faults.

NPT shows an arcuate tracewhich strikes NW in the east to near E–
W in the southwest (Fig. 1a). The fault juxtaposes the Paleozoic strata
on the Mesozoic–Cenozoic strata (Fig. 1b).

Of particular note is the F1 fault zone that trends N35°W, and from
the satellite images appears as a sharp lineament traversing the
Quaternary alluvial fans in the northeastern front of the Pamir
(Figs. 1a, 5 and 7a). This fault has displaced lower Tertiary to lower
Pleistocene strata near Taximilike where a dextral offset of lower
Tertiary (E) and N2–Q1 is about 12–15 km (Fig. 6). A field study
indicated that it is a right-lateral strike-slip fault with a steep dipping
(80° NE) as shown on Figs. 13a and 13b. Northwestward, east facing
fault scarps are well developed in the late Quaternary alluvial fan
deposits (Figs. 7 and 8). A graben develops along the fault zone
(Fig. 8a). The stream channels and gullies across the fault scarps are
offset or deflected dextrally along the F1 fault zone (Fig. 8). Northeast-
facing fault scarps measured in the field are from 50 cm to 3.5 m high
(Fig. 9c). The 14C dating age of charcoal collected from alluvial fan
deposits yielded a date of 891±56 yr BP along the F1 fault zone
(Fig. 13f, 14C dating age measured by Tono Geoscience Center, Japan
Nuclear Cycle Development Institute using the AMS method).
Generally, an individual upstream channel has 2 to 3 abandoned
offset downstream channels that mark the progressive displacement
along the fault (Fig. 9b). The offset of small stream channels and
gullies along the southeastern part of the fault vary from 4 to 20.4 m
(Fig. 9b). They can be divided into four groups: small gullies showing
offsets of 4.0 to 4.9 m, moderate stream channels or gullies with
offsets of 5.4 to 6.8 m, large ones with and 8.9 to 12.8 m, and largest
ones with offsets of 14.3 to 20.4 m. The most obvious offsets of
drainages along the F1 fault zone appear in its northwest part where
several large stream channels are displaced dextrally (Fig. 10a). The
dextral offsets of stream channels a–a′, b–b′ and c–c′ are 8000, 3430
and 1700 m respectively (Fig. 10b). The 10–15 m high fault scarps
occur along the fault zone (Fig. 13d). They show the cumulative
displacement along the main fault zone, where the longer the length
and bigger the width of stream channel, the larger the offset. This is
interpreted as being the older the stream channel, the larger the
offset. Similar results were found along the active strike-slip faults in
the intermontane basin in the eastern Tian Shan (Lin et al., 2002).

F2 and F3 faults trendN40–60°W in the northern limbs of theUbulake
and Tumuan–Mushi anticlines, respectively (Figs. 1a and 11). They
appear as clear lineaments on the satellite images (Figs. 10a and 11a).
These south-dipping thrusts cut upright or overturned strata onnorthern
limbs of folds (Fig. 1b). A field study shows that the F2 fault is active and
has displaced late Quaternary alluvial deposits. The fault scarp is about
50–75 cm high, and lateral offset of gullies that cross the faults are about
1.0–1.5 m. These displacements were probably caused by the latest
earthquake event. The1985Ms7.4Wuqia earthquakeoccurred along the
F3 fault zone (epicenter showing in Fig. 1a, Feng, 1997). It developed
lithologic sequences along the southeast part of the F1 fault zones. Note that the right-



Fig. 8. Landsat ETM imagery (a) and geologic interpretative map (b) display the geomorphologic features of the F1 and F2 fault zones. For location see Fig. 5.
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Fig. 9. (a) ASTER imagery shows the geomorphologic features of southeast segment of the F1 fault. The fault scarps indicated by arrows. Note that a graben appears in the upper right
of the image. (b) Fault scarps and the systematic right-lateral offset of gullies along the F1 fault zone measured in the field. This is the location indicated by squares on Fig. 9a.
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Fig. 10. A Landsat ETM image (a) and an interpretative map (b) showing the offset of streams along the northwest segment of the F1 fault zone and geomorphic features of F2 fault.
Note that the main streams a–a′, b–b′, c–c′ have been dextrally offset, and the amounts of displacement are 8000 m, 3430 m and 1700 m along the F1 fault respectively. The F2 fault
displaced the northern limb of the Ubulake anticline. For location see Fig. 8b.
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Fig. 11. A Landsat TM image (a) and a geologic interpretative map (b) showing the folds and faults to north of the Kashi. Location is shown in Fig. 5. See text for details.
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along the north limbs of the Tumuan andMushi anticlines and displaced
Tertiary to Holocene deposits (Fig. 11). For example, three active faults
displaced a lateQuaternary terracealong the F3 fault zone asweobserved
at eastern bank of the Kapaka River (Figs. 14a, b and c). The Fa fault
displaced the youngest sequence of late Quaternary terrace deposits and
formed a 1.5 m high fault scarp (Figs. 14a and c), which represents co-
seismic displacement related to the 1985 Wuqia earthquake (Fig. 1b;
Feng et al., 1987). But the Fb and Fc faults did not displace the youngest
terrace deposits (Fig. 14c), and are likely associated with older seismic
events.

4.2.2. Southwestern margin of the Tian Shan
There are series of ENE-striking faults along the southwest margin

of the Tian Shan (F4, F5, F6 and AHF in Fig. 1a).



Fig. 12. A Landsat TM image (a) and a geologic interpretative map (b) showing the late Cenozoic folds and faults in the southwest margin of the Tian Shan. For location see Fig. 5.

Fig. 13. Photographs showing the occurrence of F1 fault zone. (a) Fault plane of F1 strikes N40°Wand dips 80°NE at Loc.1. For location see Fig. 7b. (b) Close view of fault plane. Slickenside
line is indicatedbyawhite arrow. (c) Fault scarpwith3 mhighand right-lateral offset of gully along theactive fault observed at Loc.2. The arrow indicates theflowingdirection. For location
see Fig. 9a. (d) Fault scarpwith 15 mhigh along the F1 fault zone observed at Loc.3. For location see Fig. 10b. (e) and (f) are trench section and sketch showing liquefaction of sand–soil and
triangular wedge of debris occurring along the F1 fault zone. The location of trench site is near Loc.2 on Fig. 9a. Note that the charcoal yields a 14C age of 891±51 yr BP.
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Fig. 14. (a) F3 fault displaced the late Quaternary terrace deposits. The fault scarp is about 1.5 m high. Observed at the eastern bank of the Kapaka river. For location see Loc.4 on Fig. 11b.
(b) Photograph and sketch (c) showing the geomorphic features and occurrence of the co-seismic fault zone related to the 1985Ms 7.4Wuqia earthquake. Location is shown as Loc.4 on
Fig. 11b. (d) A fault scarp 15–20 m high occurred along the F5 fault. For scale see Toyota jeep. Location is given by Loc.6 on Fig. 11b.
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Fig. 15. (a) A photograph displaying the typical fault scarp with a 4–5 m high along the F4 fault zone to the north of Atushi. (b) Outcrop of active fault revealed by the trench at Loc.8.
(c). Sketch showing the occurrence of the active fault. Note that the active fault displaced the Q3 and Q4 alluvial deposits (TL dating age after Shen et al. 2001 and Yang et al., 2009).
For location of Loc.8 see Fig. 12b.
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Fig. 16. Structural interpretation and seismic profile across the south Tian Shan and Kashi anticline (modified after Miao et al., 2007).
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The F4 fault is an active thrust fault, which occurs on the north limb
of the Atushi–Tanglanghe anticline and displaces the Tertiary to late
Quaternary strata (Figs. 11b and 12b). A northward facing fault scarp
trends N60°E with 4.5–5 m high at Loc.6 (Fig. 15a). The latest seismic
activity here was revealed by trenching (Fig. 15b). As shown on
Fig. 15c, late Quaternary deposits with TL and OSL dating age of 3.90±
0.30 ka and 25±2.6 ka (Shen et al., 2001; Yang et al., 2009) were
displaced by a south-dipping thrust facet that had a vertical
displacement of about 1.5 m. The 4.5–5 m high fault scarps were
probably produced by three or four large earthquake events. The
geologic section shows that this fault is a back thrust on a north-
dipping blind thrust beneath the Atushi anticline (Fig. 1b).

The F5 fault displacesQ2 deposits in thewestern segment (Fig. 11b).
A north-facing fault scarp of 15 to 20 m high was observed in the field
(Fig. 14d). Eastward this fault displaces Tertiary to Lower Pleistocene
strata and klippe structures present about 15 km north of Atushi
(Fig. 12b). The klippe of rootless lower Pleistocene conglomerate
overthrusting on the Miocene strata was observed. Large-scale
collapse and gaping faults occur in the Xiyu conglomerate along the
F5 fault (Fig. 12b). Molnar and Deng (1984) inferred that the 1902
Atushi earthquake occurred along this fault zone and epicenter is likely
located on the bending part of the fault (Fig. 12b). However, no surface
faulting associated with this event has been reported in the past.

The F6 fault is a north-dipping thrust, which juxtaposes Devonian
limestone against Tertiary over lower Pleistocene conglomerates
(Figs. 1a, 11b and 12b). We can also find that middle Pleistocene
deposits (Q2) overlap on the Devonian limestone (Figs. 11b and 12b).

The Aheqi (or southern Tian Shan) fault was considered to be the
boundary fault between the southern Tain Shan and Tarim basin (AHF
in Fig. 1a). Jia et al. (1998) inferred that the Aheqi fault was a left-
lateral strike-slip fault. However, they did not show any evidence for
this inference (Allen and Vincent, 1999). Along the eastern part of the
Aheqi fault, we observed that this fault displaced the late Quaternary
alluvial fan deposits and systematic left-lateral offset of stream
channels (5 to 15 m) are developed along the fault zone. These
observations indicate that the Aheqi fault is an active thrusting fault
with some left-lateral component.

5. Discussion

5.1. Slip partitioning in the front of northeastern Pamir

Our results show that the NW-striking faults have extensive
dextral strike-slip component in the front of northeastern Pamir
(Figs. 1a, 6, 7, 8, 9 and 13). The focal mechanism solution of the 1985
Ms7.4Wuqia earthquake showed that it is an oblique thrust fault with
a large strike-slip component (Fang et al., 1994). However, the
amount of separation of oblique convergence into orthogonal strike-
slip and reverse components on the NW-striking faults is poorly
constrained. The maximum vertical and horizontal displacements
observed along the rupture zone of the 1985 Wuqia earthquake were
approximately 0.5–1.5 m and 1.8 m, respectively (Feng et al., 1987). It
suggests that the amount of strike-slip displacement is larger than the
vertical displacement in the western part of the fault. Our results
indicate that strike-slip offsets of the gullies along the F1 fault zone can
be divided into four groups: 4.0–4.9 m, 5.3–6.8 m, 8.9–12.8 m, and
14.3–20.4 m as described above. The offset of 4.0–4.9 m is likely
produced by the latest seismic event, and the offsets of 14.3–20.4 m



Fig. 17. (a) Major late Cenozoic faults along the Pamir indentor and adjacent area. Northward push of the Pamir and western Kunlun onto the Tarim accompanied crustal thickening
and uplift of the Pamir and renewed shortening along the northern margin of Tibet. Reactivated shortening within the Tian Shan resulted in thrusting southward onto the northern
margin of the Tarim. Modified from Avouac and Tapponnier (1993) and Searle (1996). Note that red and blue numbers represent shortening and slip rates, respectively. (b) A 3D
diagram illustrates the current lithospheric structure, deformation styles and geomorphic features across the northeastern Pamir–Tian Shan convergence zone. Note that southwards
deep underthrusting occurs beneath the northern Pamir (deep lithospheric structure modified from Burtman and Molnar, 1993).
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are the result of cumulative offsets due to at least three or four seismic
events. With an average recurrence interval of 1000 years (Fig. 13f;
Feng, 1997) and a strike-slip offset of 4.0–4.9 m, a slip rate of 4.0±
1.0 mm/yr is inferred. This estimation is about half of the slip rate of
10±2 mm/yr along the Talus-Fergana fault zone (Burtman et al.,
1996, Fig. 17a). But it is similar to the average slip rate of 4±1 mm/yr
in the central segment during 11 to 14 ka (Brown et al., 2002) and
6 mm/yr on the southern segment of the Karakoram fault system in
the past 11 Ma (Murphy et al., 2000). Arrowsmith and Strecker
(1999) reported that the Holocene vertical-slip rate is a minimum
6 mm/yr along the Pamir–Alai region in the apex of northern Pamir
arc, where the faults are predominately thrusting. Fault scarps on
alluvial terraces with a height 3.5 m and formed in the past 1.4 kyr
(Feng et al., 1987), yield an average vertical rate of 2.5 mm/yr in the
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front of the northeastern Pamir. This is similar with the average dip-
slip rate of 3.5 mm/yr to north of the Atushi (Shen et al., 2001). Thus,
the northward oblique thrusting has an important right-lateral
component in the front of northeastern Pamir.

5.2. Timing of tectonic deformation

Previous studies (e.g., Meyer et al., 1998; Tapponnier et al., 2001)
suggested that the rise of the high Tibetan plateau underwent three
main stages since India collided with Eurasia ca 50–55 Ma. The
currently emerging plateau, bounded by the Altyn Tagh and Haiyuan
Faults in the northeast, is a Plio–Quaternary plateau formed in their
third stage (Tapponnier et al., 2001). Some researchers suggested that
rapid uplift and unroofing of southern Tian Shan began at ∼20 Ma
(Sobel and Dumitru, 1997; Yin et al., 1998; Allen et al., 1999). The
initiation of tectonic deformation, however, remains poorly known in
the Pamir–Tian Shan convergence zone.

Our results indicate that widespread folding of thick Xiyu
conglomerates (late Pliocene to early Pleistocene) is present in the
study area (e.g. Figs. 1a, 3b, 11b and 12b). Generally, the dip angle of
Xiyu conglomerates in those folds varies from 28° to 45°, and locally is
near vertical (Fig. 3b and c). Xiyu conglomerate is a conformable with
Pliocene (N2) Atushi Fm. in the study area (Fig. 3b; Zheng et al., 2000).
Middle Pleistocene (Q2) deposits dip from 5° to 15°, and there is a
regional unconformity between the Q1 and Q2 deposits as shown in
Figs. 2 and 4. Faults also juxtapose pre-Cenozoic strata over the Xiyu
conglomerates (Figs. 11b and 12b). Growth strata began from the
upper part of Pliocene strata (Fig. 4), and the age of boundary between
Pliocene and Pleistocene is about 2.6 Ma in the Xinjiang region
(BGMXJ, 1993; Chen et al., 1994; Sun et al., 2004). The dextral offset of
longest stream channel and Tertiary strata ranges from 8000
to15,000 m along the F1 fault zone (Figs. 7b and 10b). It also suggests
that the faulting began at ∼3.5 Ma assuming a long-term slip rate of
4.0±1.0 mm/yr. The tectono-stratigraphic evidences presented
above suggest that an extensive deformation began at ∼3.5 Ma
along the northeastern Pamir–Tian Shan convergence zone.

Several lines of evidence from previous studies also indicate that
abrupt deformation occurred during 4.5 Ma to 1 Ma in the northern
Tibet and Tian Shan. Considering the Dushanzi and Xiyu conglomerate
is the growth strata on the folds, the folding likely began from the
early Pliocene (5.3 Ma) to early Pleistocene time (2.6 Ma) in the north
and south piedmonts of Chinese Tian Shan (Burchfiel et al., 1999; Fu
et al., 2003; Scharer et al., 2004; Sun and Zhang, 2009). In the Kyrgye
Tian Shan region, Bullen et al. (2003) indicate an extensive
deformation between 4.5 Ma and 1.5 Ma. Similarly, previous studies
suggested that extensive deformation began at 4–6 Ma in the Pamir–
Alai region of Kyrgyzstan as well as the northwestern front of the
Kunlun (e.g. Arrowsmith and Strecker, 1999; Zheng et al., 2000;Wang
et al., 2003; Sun and Liu, 2006). All these studies indicate that an
extensive Plio–Quaternary deformation was widespread in northwest
Tibet and Tian Shan.

Therefore, it is reasonable that the fold-and-thrust system and the
related relief in the northeastern Pamir–Tain Shan convergence zone
initiated at ∼3–5 Ma.

5.3. Regional kinematics and geodynamics of tectonic deformation

The Pamir–Tian Shan convergence zone is a unique example to
understand intracontinental ongoing mountain building within the
India–Eurasia collision system (Fig. 17a). Unfortunately, much of the
region is remote, and thus the regional kinematics has been poorly
understood. Althoughmuchof its late Cenozoic deformation is explained
by the collision andsubsequent penetrationof India into Eurasia (Molnar
and Tapponnier, 1975; Avouac and Tapponnier, 1993; Burtman and
Molnar, 1993), and a complete kinematic description of tectonic
deformation over the Pamir and Tian Shan has not been available.
Existing kinematic models rely on sparse global and regional GPS-
derived measurements, which estimate that 40–50 mm/yr of ongoing
northward convergence between India and Eurasia is taken up within a
zone of more than 2000 km, affecting an area from the Himalayan front
to the mountain ranges of Mongolia (Wang et al., 2001; Reigber et al.,
2001; Meade, 2007). Geological, seismic, and geodetic evidence suggest
that 18 mm/yr of convergence is expressed as current shorteningwithin
theHimalayas andNepal, andmuchof the ongoing convergence is taken
up within the seismically active ranges to the north (Molnar and Deng,
1984; Morgan and Lyon-Caen, 1989; Larson et al., 1999). Recent results
from a regional GPS network indicate that up to 40% (13±7 mm/yr) of
the total modern convergence between the India–Eurasia plates is
accommodated by shortening in the Tian Shan (Abdrakhmatov et al.,
1996; Reigber et al., 2001). It is also suggested there that this is a result of
a rigid Tarim block rotating clockwise with respect to stable Eurasia
about a pole located at 96 °E and 43.5 °N with respect to Siberia (‘stable’
Eurasia), andherewith transferringdeformation from theHimalayas and
Tibet to the north. Paleomagnetic data suggest that the ongoing
northward penetration of the Pamirs into the Tarim is merging the
northern Pamirs with the western Tian Shan together (Burtman and
Molnar, 1993; Burtman et al., 1996), and the deformation produced by
block rotation is also ongoing between the south Tian Shan andNorthern
Tarim (Huang et al., 2009). The geologic andgeodetic observations agree
well in the west Tian Shan, which suggests that the remaining,
geodetically calculated shortening of, 5–10 mm/yr should occur in the
south Tian Shan and north Tarim (Fig. 17a).

As shown in Fig. 17a, the indentor kinematic model of tectonic
deformation can also explain the complex structural patterns around
the Pamir, western Tibet during the Plio–Quaternary (Searle, 1996).
The western margin of the Pamir indentor is a large-scale sinistral
shear zone along the trace of the Chaman fault zone with mainly
anticlockwise rotations to the west and northwest (Fig. 17a).
Paleomagnetic evidence indicated the anticlockwise rotation of up
to 60° in the Tadjik basin (Burtman and Molnar, 1993). East of the
Pamir indentor, the Karakoram fault zone has a right-lateral slip rate
of 7–12 mm/yr during the late Cenozoic (e.g. Brunel et al., 1994;
Searle, 1996). In the northeast front of the Pamir, the oblique
convergence caused by the India–Eurasia collision can be accommo-
dated by both S–N directed shortening rate of 6 mm/yr and NW-
WNW dextral slip rate of 4 mm/yr (Fig. 17a).

As a result of crustal shortening caused by folding and thrusting as
well as block rotation related to strike-slip faulting during late
Cenozoic time, the striking present-day relief in the Pamir–Tian Shan
convergence zone formed (Fig. 17b).
6. Conclusions

The results from the satellite remote sensing mapping as well
as the field geologic and geomorphic observations show that two
opposite-vergent fold-and-fault structural belts are present in the
northeastern Pamir–Tian Shan convergence zone. The boundary
of the two opposite-verging fold-and-fault belts likely distributes
between Kashi and Atushi anticlines. In the front of northeastern
Pamir, tectonic deformation is characterized by fault-related
folding with an extensive dextral strike-slip partitioning. In
contrast, the geometry and pattern of the fold-and-thrust belt
in the southwest Tian Shan suggest that the fold-and-fault
system results from convergence between the Tarim Basin and
the Tian Shan. These structural patterns suggest that oblique
convergence caused by the India–Eurasia collision can be
partitioned into S–N shortening and NW-WNW right-lateral
faulting in the study area.

Tectono-stratigraphic evidence suggests that the fold-and-thrust
system and the related relief in the northeastern Pamir–Tain Shan
convergence zone most likely occurred since ca.3–5 Ma.
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Furthermore, our results constrained that the northward oblique
thrusting is accommodated by a dextral slip rate of 4.0±1.0 mm/yr in
the front of the northeastern Pamir during late Cenozoic time.
Extensive current seismic activities occurred within this convergence
zone suggesting the ongoing deformation.

In general, the ongoing intracontinental mountain building in the
Pamir–Tian Shan convergence zone should be attributed to crustal
shortening caused by folding and thrusting as well as block rotation
related to strike-slip faulting.
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