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The active left-slip Altyn Tagh fault de-
fines the northern edge of the Tibetan pla-
teau. To determine its deformation history
we conducted integrated research on Ce-
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nozoic stratigraphic sections in the south-
ern part of the Tarim Basin. Fission-track
ages of detrital apatites, existing biostrati-
graphic data, and magnetostratigraphic
analysis were used to establish chronostra-
tigraphy, whereas composition of sandstone
and coarse clastic sedimentary rocks was
used to determine the unroofing history of
the source region. Much of the detrital
grains in our measured sections can be cor-
related with uplifted sides of major thrusts
or transpressional faults, implying a tem-
poral link between sedimentation and de-
formation. The results of our studies, to-
gether with existing stratigraphic data from
the Qaidam Basin and the Hexi Corridor,
suggest that crustal thickening in northern

Tibet began prior to 46 Ma for the western
Kunlun Shan thrust belt, at ca. 49 Ma for
the Qimen Tagh and North Qaidam thrust
systems bounding the north and south mar-
gins of the Qaidam Basin, and prior to ca.
33 Ma for the Nan Shan thrust belt. These
ages suggest that deformation front reached
northern Tibet only ;10 6 5 m.y. after the
initial collision of India with Asia at 65–55
Ma. Because the aforementioned thrust sys-
tems are either termination structures or
branching faults of the Altyn Tagh left-slip
system, the Altyn Tagh fault must have
been active since ca. 49 Ma. The Altyn
Tagh Range between the Tarim Basin and
the Altyn Tagh fault has been a long-lived
topographic high since at least the early Ol-
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igocene or possibly late Eocene. This range
has shed sediments into both the Tarim and
Qaidam Basins while being offset by the Al-
tyn Tagh fault. Its continuous motion has
made the range act as a sliding door, which
eventually closed the outlets of westward-
flowing drainages in the Qaidam Basin.
This process has caused large amounts of
Oligocene–Miocene sediments to be trapped
in the Qaidam Basin. The estimated total
slip of 470 6 70 km and the initiation age
of 49 Ma yield an average slip rate along
the Altyn Tagh fault of 9 6 2 mm/yr, re-
markably similar to the rates determined
by GPS (Global Positioning System) sur-
veys. This result implies that geologic de-
formation rates are steady state over mil-
lions of years during continental collision.

Keywords: Tibetan plateau, foreland basin,
Tarim basin, thrust faults, strike-slip faults.

INTRODUCTION

When the Tibetan plateau was constructed
remains a subject of debate. Although many
consider it to have formed in the Cenozoic
during Indo-Asian collision (e.g., Dewey and
Burke, 1973; Allègre et al., 1984; England and
Houseman, 1986; Dewey et al., 1988, 1989;
Le Pichon et al., 1992), significant crustal
shortening in the Mesozoic may have also
contributed to the current elevation of the pla-
teau (Murphy et al., 1997; Yin and Harrison,
2000; Hildebrand et al., 2001). The pre-
Cenozoic topography may have in turn con-
trolled subsequent Cenozoic deformation in
Asia (Kong et al., 1997). With regard to the
Cenozoic history, it remains unclear whether
the plateau was uplifted either progressively
northward (e.g., Tapponnier et al., 1990;
Burchfiel and Royden, 1991; Meyer et al.,
1998) or synchronously as a whole (e.g., Har-
rison et al., 1992; Molnar et al., 1993). This
uncertainty has prevented us from understand-
ing its dynamic cause (Zhao and Morgan,
1987; England and Houseman, 1989; Willett
and Beaumont, 1994; F. Shen et al., 2001) and
the possible link with climate change (e.g.,
Harrison et al., 1992, 1998; Molnar et al.,
1993).

The poor constraints on the timing of Ti-
betan uplift may be attributed to our incom-
plete understanding of Cenozoic deformation
history of northern Tibet. For example, Burch-
fiel et al. (1989) and Meyer et al. (1998) con-
cluded that the Nan Shan thrust belt in north-
ern Tibet has developed within the past few
million years, whereas George et al. (2001)
suggested that the thrust belt was already ac-
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Figure 3. Geometric and temporal relationships between thrusting in Tibet and movement
on the Altyn Tagh fault. (A) Coeval initiation of strike-slip and thrust faulting. (B) Thrust-
ing initiated prior to strike-slip faulting. (C) Strike-slip faulting initiated prior to thrusting.
(D) Propagation of strike-slip faulting associated with creation of new thrusts. The geologic
relationship across the Altyn Tagh fault is most consistent with the kinematic history of
D (see text for details).

tive at ca. 20 Ma. Because the southern Tarim
Basin currently receives sediments from the
Tibetan plateau, it is natural to use the basin’s
Cenozoic strata as a proxy to decipher the up-
lift history of northern Tibet. Also, because
the Altyn Tagh fault system is the first-order
structure defining the northern margin of the
Tibetan plateau, it is possible that sedimenta-
tion in the southern Tarim Basin has been tied
to the development of this large-scale (.1600
km long) intracontinental fault system. In this
paper, we present evidence that links sedimen-
tation in the southern Tarim Basin with defor-
mation along the Altyn Tagh fault system dur-
ing the Cenozoic growth of the Tibetan
plateau. By combining this evidence with ex-

isting data from the Qaidam Basin and the
Hexi Corridor, we are able to present a self-
consistent tectonic model for the temporal
evolution of the Altyn Tagh fault system and
the uplift history of the northern Tibetan
plateau.

REGIONAL GEOLOGIC FRAMEWORK

Altyn Tagh Fault System

The left-slip Altyn Tagh fault system is a
major tectonic element in the Cenozoic Indo-
Asian collision zone (Molnar and Tapponnier,
1975) (Fig. 1). Currently, the fault may ac-
commodate as much as one-third of the over-

all convergence between India and Siberia
(Avouac and Tapponnier, 1993). This fault has
been regarded as either a crustal-scale transfer
fault linking thrust belts (Burchfiel et al.,
1989) or a lithospheric-scale strike-slip fault
assisting eastward extrusion of Tibet (Wittlin-
ger et al., 1998). Although most workers con-
sider that the Altyn Tagh fault ends in the
western Kunlun Shan and the Nan Shan
(Burchfiel et al., 1989; Yin and Harrison,
2000), some workers have extrapolated the
fault to northeast Asia (Jolivet et al., 1994;
Worrall et al., 1996; Yue and Liou, 1999). At
its southwest end, the Altyn Tagh fault splits
into two branches (Fig. 2). The northern
strand links with the left-slip Karakash fault
and the western Kunlun thrust belt, whereas
the southern strand links with the Longmu-
Gozha fault that intersects with the right-slip
Karakoram fault and bounds the south-directed
Cenozoic Tianshuihai thrust system (Fig. 2;
Cowgill, 2001). The left-slip Jianglisai fault
(also known as the North Altyn Tagh fault)
along the northern edge of the Altyn Tagh
Range and the Chechen He fault in the south-
ern Tarim Basin are parts of the Altyn Tagh
fault system (Jia et al., 1991; Cowgill, 2001)
(Figs. 1 and 2). In the southwest, the Chechen
He fault links with the Tiklik thrust in the
western Kunlun Shan and the Mazatagh thrust
in the southwestern Tarim Basin (Kang,
1996). In the northeast, the Chechen He fault
terminates near Rouqiang (Jia et al., 1991;
Kang, 1996), where it may have merged with
the Tertiary Jinyan and Xorkoli thrusts in the
eastern Altyn Tagh Range (Yin et al., 1999)
(Fig. 2).

The active Altyn Tagh fault has produced
major earthquakes with magnitudes as large as
Mw 5 7.8 in the Holocene (Washburn et al.,
2001). Its Quaternary slip rates have consti-
tuted an important constraint for deriving the
velocity field of east Asia (Avouac and Tap-
ponnier, 1993; Peltzer and Saucier, 1996;
Kong and Bird, 1996). GPS (Global Position-
ing System) surveys suggest the Altyn Tagh
fault to have moved at a rate of ;9 mm/yr in
the past few years (Bendick et al., 2000; Chen
et al., 2000; Z.K. Shen et al., 2001). Although
a minimum Quaternary slip rate of ;4 mm/
yr was determined along the eastern end of the
fault (Meyer et al., 1996, 1998), a much high-
er Holocene slip rate of ;20–30 mm/yr was
estimated along its central segment (Peltzer et
al., 1989; Meriaux et al., 2000). These high
rates were questioned for their incompatibility
with the overall strain pattern in Asia (Eng-
land and Molnar, 1998; Holt et al., 2000).

Tapponnier and Molnar (1977) first postu-
lated displacement of several hundred kilo-
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Figure 6. Measured lithostratigraphic section at Aertashi. Symbol ‘‘x’’ represents location of paleomagnetic samples, whereas ‘‘*’’
represents location of sandstone samples. The stratigraphic locations of three composite fission-track samples ARTSSTOP, ARTSSMID,
and ARTSSBOT are also shown. See legend and text for detailed description.
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Figure 7. Simplified geologic map of the Puska section and location of the measured
stratigraphic section. See map legend for explanation.

meters along the 1600-km-long Altyn Tagh
fault during the Indo-Asian collision. How-
ever, other workers concluded the fault to have
slipped only 70–120 km (Wang, 1997). In an
early study, Pan (1984) suggested that the
western Altyn Tagh fault has offset pre-Tertiary
lithologic units for ;300–500 km left laterally
(also see Peltzer and Tapponnier, 1988; Jiang
et al., 1992; Cowgill, 2001). Along the central
and eastern Altyn Tagh fault, correlation of
sutures, Jurassic strata, and plutons has yield-
ed highly inconsistent offset estimates, rang-
ing from 400 km to 1200 km (CSBS, 1992;
Sobel and Arnaud, 1999; Ritts and Biffi, 2000;

Sobel et al., 2001; Yue et al., 2001; Yang et
al., 2001). Contrary to the general interpreta-
tion that the Altyn Tagh fault has been a left-
slip system, Zhou and Graham (1996) inferred
a phase of right-slip motion on the fault.

Wang (1997) concluded that movement on
the easternmost Altyn Tagh fault was initiated
after the middle Miocene (ca. 16 Ma). Meyer
et al. (1998) and Métivier et al. (1998) inferred
movement on the fault to have been initiated
in the Miocene. Hanson (1999) showed that the
western Qaidam Basin received sediments from
the Altyn Tagh Range at least since Oligocene
time, implying that the Altyn Tagh fault was

already in existence at this time. Li et al. (2000)
suggested that the Altyn Tagh fault was active
in the Triassic, whereas Delville et al. (2001)
found left-slip ductile shear zones locally pres-
ent along the Altyn Tagh fault to have devel-
oped between 160 and 140 Ma.

Relationship Between Altyn Tagh Fault and
Cenozoic Thrusts in Tibet and Tarim Basin

The active Altyn Tagh fault terminates at
the Nan Shan and western Kunlun thrust belts
(Burchfiel et al., 1989) and is linked with sev-
eral active thrusts bounding the Qaidam Basin
(Fig. 2). This relationship suggests that mo-
tion on the Altyn Tagh fault is related to de-
velopment of thrusts in northern Tibet (e.g.,
Yin and Nie, 1996). However, whether move-
ments on the Altyn Tagh fault and the thrusts
were initiated coevally has not been investi-
gated. There are four possible temporal rela-
tionships. (1) Movement on the Altyn Tagh
fault was initiated coevally with movement on
the thrusts (Fig. 3A). In this case, thrusts do
not correlate across the Altyn Tagh fault. (2)
Movement on the Altyn Tagh fault postdates
movement on the thrusts (Fig. 3B), which re-
quires offset thrusts to be correlated across the
Altyn Tagh fault. (3) Movement on the Altyn
Tagh fault started prior to initiation of movement
on thrusts (Fig. 3C). In this case, thrusts would
have branched off from the main strike-slip fault
at a later time. (4) Lengthening of the Altyn
Tagh fault has been associated with progressive
thrust formation (Fig. 3D). The four possible
models can be tested because they predict dis-
tinctive geometric and age relationships between
thrusts and the Altyn Tagh fault. The inactive
Xorkoli and Jinyan thrusts in the eastern Altyn
Tagh Range are truncated by the currently active
eastern Altyn Tagh fault (Fig. 2; Yin and Har-
rison, 2000), which requires movement on the
Altyn Tagh to have been initiated after the
thrusts. However, this relationship is not valid
for thrusts in the Qaidam Basin where no cor-
responding offset thrusts (i.e., the North Qaidam
and Qimen Tagh thrusts) can be found across
the Altyn Tagh fault. This latter relationship im-
plies that movement on the Altyn Tagh fault was
initiated synchronously with movement on
thrusts bounding the Qaidam Basin. Such a syn-
chronous relationship also requires the western
Kunlun Shan thrust belt to be the western ter-
mination structure of the Altyn Tagh fault.

Cenozoic Basins Along the Altyn Tagh
Fault System

Southern Tarim Basin
The Cenozoic southwest Tarim Basin con-

sists of a marine sequence below (Aertashi,
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Figure 8. Lithostratigraphic section at Puska. All symbols are the same as those in Figure 6.

Qimugen, Kalatar, Wulagen, and Bashibulake
Formations) and a continental sequence above
(Wuqia Group and Artushi and Xiyu Forma-
tions) (Fig. 4). The two sequences are conform-
able in Aertashi (Yang et al., 1995; Lan and
Wei, 1995) but unconformable elsewhere (e.g.,
Sobel, 1995). Between Qiemo and Ruoqiang in
the south-central Tarim Basin, an elongate Ce-

nozoic basin (Qiemo depression of Li et al.,
1996) lies between the Chechen He and Jian-
glisai faults (Li et al., 1996). In the southeastern
Tarim Basin, Cenozoic strata crop out at the
western end of the Nan Shan thrust belt (Xin-
jiang BGMR, 1993) (Figs. 2 and 4).

Huang and Chen (1981) and Li (1996) ar-
gued that the Tibetan plateau was uplifted in

the Pliocene as indicated by thick gravel de-
position in the southern Tarim Basin. A recent
magnetostratigraphic study by Zheng et al.
(2000) in the southwestern Tarim Basin con-
curred with this opinion. Although the mag-
netostratigraphic data of Zheng et al. (2000)
are of high quality, the lack of absolute age
control in their section makes it difficult to
evaluate the uniqueness of their proposed age
correlation. In addition to the poor age con-
straints for the proposed Pliocene uplift for Ti-
bet, it has also been noted that coarse-grained
sedimentation at this period is a global phe-
nomenon possibly related to the climatic con-
dition instead of regional tectonics (Liu et al.,
1996; Zhang et al., 2001).

Nan Shan
The Nan Shan and Hexi Corridor consist of

scattered Tertiary continental deposits formally
named as the Huoshaoguo, Baiyanghe and Shu-
lehe Formations (Fig. 4) (Xu et al., 1989; Wang,
1997). Fossil contents and magnetostratigraphic
analysis have led geologists to assign an Oli-
gocene age to the Huoshaoguo Formation, a
Miocene age to the Baiyanghe Formation, and a
Pliocene age to the Shulehe Formation (Huang
et al., 1993; Yang et al., 1994).

Altyn Tagh Range
The best-preserved Tertiary basin is located

in the eastern Altyn Tagh Range between the
Jinyan and Xorkoli thrusts (Fig. 2). It consists
of a sequence of fluvial-lacustrine strata dated
by fossils to be late Eocene and early Oligo-
cene (Xinjiang BGMR, 1981) (Fig. 4). Both
the basin and basin-bounding thrusts are trun-
cated by the Altyn Tagh fault (Fig. 2).

Qaidam Basin
The oldest Tertiary unit in the Qaidam Basin

is the middle to upper Eocene Lulehe Formation
composed of conglomerate, sandstone, and mud-
stone (Fig. 4). This unit unconformably overlies
a variety of lithologic units including Paleozoic
granites, Proterozoic–Paleozoic metamorphic
rocks, and Jurassic and Cretaceous sedimentary
strata. This relationship has been taken as evi-
dence for the initiation of Cenozoic sedimentary
filling of the Qaidam Basin (Huo, 1990; Zhang,
1997). The Oligocene Lower Gancaigou For-
mation directly above the Lulehe Formation is
dominated by fluvial and lacustrine sedimentary
deposits that cover the entire Qaidam Basin. Be-
cause it receives sediments from all sides at this
time, the basin is interpreted to have been inter-
nally drained since the beginning of the Oligo-
cene (Huo, 1990).
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Figure 9. Simplified geologic map of the Jianglisai area and location of the measured stratigraphic section. Map symbols: Gn—Precam-
brian (?) gneisses; Jr—Jurassic sedimentary rocks; K—Cretaceous red beds; Tss—Tertiary sandstone unit; Tcg—Tertiary conglomerate
unit; and Qal-l—Quaternary alluvial deposits. Stratigraphic section was measured within the Tss unit.

LITHOSTRATIGRAPHY IN
SOUTHERN TARIM BASIN

Aertashi Section

This section is located along the Yarkand
River (Figs. 2 and 5) where Cenozoic strata
.9 km thick were deposited (Ye and Huang,
1990). Sobel (1999) studied the Jurassic to
lower Tertiary strata in the same area. Our
section begins ;200 m above the upper
Eocene–lowermost Oligocene Bashibulake
Formation and corresponds to the
Oligocene–Miocene Kezilouyi, Anjuan, and
Pakabulake Formations of the Wuqia Group
and the lowest part of the Artushi Formation
(Fig. 4).

The major structure in the area is the Aer-
tashi fault, which is a segment of the Main
Pamir thrust system (Fig. 1). This contact was
considered to be depositional (Xinjiang
BGMR, 1993; Liu, 1988) or a thrust (Sobel
and Dumitru, 1997), but our field observations
indicate it to be a right-slip fault. We divide
the section into five units (Fig. 6). The basal
part of unit 1 (0–80 m) consists of thin and
laterally continuous sandstone, siltstone and
claystone. The middle member of unit 1 (80–
250 m) is dominated by claystone and silt-
stone, whereas its upper member (250–550 m)
coarsens upward from claystone to medium-
grained sandstone. Calcretes are locally de-
veloped within the upper member of unit 1.
Unit 2 (;350 m) is medium-grained to pebbly
sandstone interbedded with irregular stringers
of cobble conglomerate. Unit 3 (;975 m) is

a fining-upward sequence composed of chan-
nelized medium- to coarse-grained sandstone
interbedded with siltstone and claystone. Unit
4 (;120 m) is composed of medium- to
coarse-grained sandstone interbedded with
siltstone beds. A .6-km-thick, northward-
dipping, cobble to boulder conglomerate unit
lies above our measured section.

Determining whether the measured section
was deposited continuously without signifi-
cant hiatus is important because the section is
used to establish magnetostratigraphic ages. In
this regard the calcretes in the upper member
of unit 1 deserve special attention. Calcretes
are typically developed under arid to subhu-
mid regions (Khadkikar et al., 2000). They
may form during pedogenic processes typi-
cally associated with wedge-shaped vertical
fissuring and fracturing due to soil movement
and dewatering (Khadkikar et al., 1998). The
time scale for pedogenic calcrete development
is highly uncertain, but generally thought to
be on the order of 20–30 k.y. (Milnes, 1992;
Khadkikar et al., 2000). If calcretes observed
in our measured section were products of ped-
ogenic processes, it implies that tens or per-
haps hundreds of thousands of years may be
missing from the upper member of unit 1. Al-
ternatively, calcretes can also form by ground-
water circulation (Spötl and Wright, 1992) or
by ponded water in channels (Arakel, 1986;
Khadkikar et al., 1998). We favor these two
alternative processes because we observe no
vertical fissures filled by carbonates in the
field.

Puska Section

This section is characterized by a sequence
of fine-grained deposits (Fig. 7). Our measured
section starts from the core of an anticline and
ends near the Shangzhu thrust (Fig. 8), which is
part of the Tiklik thrust system (Cowgill, 2001).
We divide the Puska section into two units. Unit
1 (425 m) consists of medium-grained sand-
stone and a 15–20-m-thick fossiliferous car-
bonate zone. Unit 2 (450 m) consists of inter-
bedded shale and medium- to fine-grained
sandstone and laminated siltstone.

Jianglisai Section

The Jianglisai section north of the left-slip
Jianglisai fault of Cowgill et al. (2000) consists
of six units (Figs. 9 and 10). Unit 1 (;125 m)
consists of sandstone interbedded with claystone
and siltstone. Unit 2 (;200 m) is predominantly
sandstone. Unit 3 (;125 m) and Unit 4 are com-
posed of cobble conglomerate and coarse-
grained sandstone interbedded with claystone.
Unit 5 (;200 m) is mainly pebble-cobble con-
glomerate. Unit 6 (;350 m) consists primarily
of matrix- and clast-supported conglomerate.
The deposition of the coarsening-upward section
at Jianglisai with northward paleocurrent direc-
tion may have been related to uplift of the Altyn
Tagh Range. Because the base of the section is
not exposed, the starting age of the Cenozoic
sedimentation only provides the upper-age
bound for the uplift of the Altyn Tagh Range.
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Figure 10. Lithostratigraphy of the Jianglisai section. All symbols are the same as those in Figure 6. Stratigraphic positions of fission-
track samples are also shown. See text for details.

Xishuigou Section

This section is located near Subei where
the east-northeast–striking Altyn Tagh fault
makes a sharp turn to become a south-
dipping thrust (5 Subei thrust; Figs. 2 and

11). The Xishuigou section is folded and lo-
cally deformed by minor north-verging
thrusts. The restored stratigraphic section is
shown in Figure 12. Because the base of the
section is not exposed, the age of the mea-
sured section only provides an upper-age

bound for Cenozoic sedimentation in the
western Nan Shan. We divide the measured
section into four units. Unit 1 (;900 m) is
sandstone interbedded with conglomerate
channels, claystone, and siltstone. Clasts in
the conglomerate are granitic, metavolcanic,

 on July 19, 2012gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


1268 Geological Society of America Bulletin, October 2002

YIN et al.

Figure 11. Simplified geologic map of the Xishuigou area and the location of the measured
section. Symbols in the map: Pzv—Paleozoic metavolcanic rocks; N1—older Tertiary unit,
characterized by fine-grained deposits corresponding to units 1 and 2 in our measured
section; N2—younger Tertiary deposits, characterized by coarse-grained deposits and cor-
responding to units 3 and 4 in our measured section.

TABLE 1. APATITE FISSION-TRACK DATA

Sample
number

Grains
(number)

Standard
track density
(3 106 cm–2)

Fossil
track density
(3 106 cm–2)

Induced
track density
(3 106 cm–2)

Uranium
content
(ppm)

Chi square
probability

(%)

Age
dispersion

(%)

Fission-
track age* (Ma)

(61s)

Mean
track length

(6 std. error)
(mm)

Std. dev.
(mm)

Basin
XSG25 8 1.517 (5866) 0.692 (181) 2.705 (708) 22.3 7.6 18.46 72.9 6 7.8 11.85 6 0.39 (4) 0.77
XSG51 20 1.531 (5866) 0.910 (727) 13.136 (2507) 25.6 4.9 12.70 84.3 6 4.5 10.11 6 0.28 (25) 1.42
XSG60 15 1.545 (5866) 0.485 (305) 2.368 (1488) 19.2 0 33.37 58.7 6 6.5 N.D. N.D.
XSG64 11 1.559 (5866) 0.435 (145) 2.696 (899) 21.6 1.7 31.26 45.5 6 6.1 9.31 6 1.17 (2) 1.65
XSG72 14 1.572 (5866) 0.873 (528) 3.082 (1864) 24.5 0 23.40 83.6 6 6.9 10.50 6 0.27 (16) 1.09
94RC484 21 1.396 (4857) 0.441 (511) 2.137 (2478) 19.1 0 100 57.5 6 13.1 11.74 6 0.35 (43) 2.28
94RC484A 7 1.415 (4857) 0.760 (387) 2.006 (1022) 17.7 0 83.78 100.9 6 32.7 12.21 6 0.23 (43) 1.53
94RC485 9 1.434 (4857) 0.830 (356) 3.575 (1533) 31.2 0 73.37 60.7615.5 12.98 6 0.28 (29) 1.52
94RC485A 3 1.452 (4857) 0.395 (101) 2.691 (689) 23.2 10.2 4.05 40.3 6 4.5 12.83 6 0.41 (18) 1.76
94RC486 8 1.471 (4857) 1.006 (396) 1.662 (654) 14.1 0 40.54 151.0 6 24.8 12.49 6 0.84 (12) 2.92
94RC486A 20 1.490 (4857) 0.947 (1078) 2.595 (2954) 21.8 0 67.47 108.5 6 17.1 12.65 6 0.29 (64) 2.31
94RC488 14 1.509 (4857) 1.063 (537) 3.767 (1902) 31.2 0 53.88 89.4 6 13.8 12.41 6 0.25 (51) 1.82
94RC488A 3 1.527 (4857) 2.252 (147) 5.867 (383) 48 0 62.69 101.0 6 37.9 12.72 6 0.45 (17) 1.86
94RC489 1 1.546 (4857) 0.406 (26) 0.891 (57) 7.2 100 0 132.6 6 31.5 12.15 6 0.48 (4) 0.97
94RC489A 3 1.565 (4857) 1.021 (147) 1.861 (268) 14.9 32.2 0.04 161.0 6 16.7 12.50 6 0.38 (17) 1.57
ARTSSTOP 1 1.584 (4857) 0.156 (12) 2.721 (209) 21.5 100 0 17.3 6 5.1 15.55 (1) N.D.
ARTSSMID 2 1.602 (4857) 2.068 (180) 7.571 (659) 59.1 0 78.90 139.1 6 78.6 11.90 6 0.72 (7) 1.92
ARTSSBOT 1 1.640 (4857) 5.424 (243) 7.612 (341) 58.0 100 0 218.3 6 18.8 11.84 6 0.99 (4) 1.99

Note: Brackets show number of tracks counted or measured. Standard and induced track densities measured on external mica detectors (g 5 0.5) and fossil-track
densities on internal mica surfaces. N.D.—not determined.

*Apatite ages calculated by using zeta factor of 380 65 (from A. Raza) for dosimeter glass CN-5. All ages are central ages (Galbraith and Laslett, 1993).

and phyllitic. Units 2–4 represent a coarsening-
upward sequence. Specifically, unit 2 (;400
m) consists of conglomerate interbedded with
claystone and siltstone. Clasts in the conglom-
erate are mainly granitic and metavolcanic
rocks with subordinate amounts of phyllite

and quartzite, which can be correlated to li-
thologies in the hanging wall of the Subei
thrust (Liu, 1988). Unit 3 (;340 m) consists
of mostly pebble to boulder conglomerate in-
terbedded with sandstone. The most abun-
dant clasts are angular and consist of dark-

green mafic intrusive rocks; phyllite, schist,
and quartzite are subordinate. Unit 4 (;260
m) consists of conglomerate interbedded with
sandstone and rare claystone or siltstone. On
the basis of the clast composition and paleo-
current directions, we interpret the entire
Xishuigou section to be related to uplift and
denudation of the Danghe Nan Shan above
the Subei thrust.

AGE CONSTRAINTS

Biostratigraphic Constraints

Aertashi
The age of the thick (900–1600 m) Paleo-

gene marine strata is crucial in defining the
onset age of Cenozoic deformation in the
western Kunlun Shan. The Aertashi Forma-
tion contains bivalves and was assigned to
the early Paleocene (p. 42, Lan and Wei,
1995). The Qimugen Formation contains bi-
valves and ostracods and was assigned to the
late Paleocene to early Eocene (Lan and Wei,
1995; Yang et al., 1995). The Kalatar For-
mation contains bivalves and ostracods in-
dicative of a middle Eocene age (p. 43, Lan
and Wei, 1995; p. 15, Yang et al., 1995). The
Wulagen Formation contains abundant bi-
valves and was assigned to the middle Eo-
cene (p. 37, Lan and Wei, 1995; p. 38, Yang
et al., 1995).

The Bashibulake Formation is commonly
divided into five members in the western part
of the southern Chinese Tian Shan (Hao and
Zeng, 1984; Sobel, 1995; Yang et al., 1995).
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Figure 12. Lithostratigraphy of the Xishuigou section. See Figure 6 for lithologic symbols. Locations and numbers of fission-track samples
are also shown.
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Figure 13. (A) Fission-track data for samples from the Aertashi section. (B) Fission-track data for samples from the Xishuigou section.
(C) Composite probability plots for single-grain detrital-apatite fission-track data from Xishuigou section (Brandon, 1992). Plots with
high-amplitude narrow peaks indicate greater accuracy. Samples are in stratigraphic order; that is, stratigraphic lowest samples are at
the bottom of the figure. (D) Fission-track data from samples collected at Jianglisai. See text for details.

Most researchers (e.g., Ye and Huang, 1990)
agree that its lower three members are lower
Eocene to middle upper Eocene on the basis
of the age of bivalves. The bivalve assemblage
in the upper fourth and fifth members suggests
a late Eocene–early Oligocene age (Lan and
Wei, 1995; Yang et al., 1995), although cal-
careous nannofossils indicate a late Eocene
age (Zhong, 1989, 1992). In our magnetostra-
tigraphic analysis, we assume that this for-
mation was deposited in the late Eocene to the
earliest Oligocene (between 37 and 32 Ma).
Our measured section is ;200 m above the
top of the Bashibulake Formation.

Puska
Bivalves of Ostrea (Turkostrea) striplicata

are abundant in the carbonate horizon of unit
1 in our measured section. They are charac-
teristic of the middle Eocene Kalatar Forma-
tion in the western Kunlun Shan (p. 16, Yang
et al., 1995).

Western Nan Shan Thrust Belt
Bohlin (1942, 1946) first recognized and

studied the mammal fossils at Xishuigou
and considered them to be late Oligocene.
Regional correlation of Bohlin’s mammal
fossils with those in the Inner Mongolia

suggests that their age could be as old as
early Oligocene (Zhai and Cai, 1984). Boh-
lin’s fossil list was examined by W.R.
Downs (cited as personal commun. by
Wang, 1997), who concluded the age of the
listed fossils to be at the Oligocene/Miocene
transition but certainly not younger than 16
Ma. This age inference, slightly younger
than Bohlin’s early interpretation, has not
been demonstrated rigorously by correlating
individual mammal species to well-dated lo-
calities in Asia elsewhere, an approach Boh-
lin (1942, 1946) and Zhai and Cai (1984)
took.
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Figure 13. (Continued.)
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Figure 13. (Continued.)

Fission-Track Dating of Detrital Apatites

Fission-track analyses of detrital apatites
separated from sandstones of the Aertashi,
Jianglisai, and Xishuigou sections were un-
dertaken at the University of Melbourne, Aus-

tralia (Table 1). Because fission tracks in ap-
atite anneal at ;60–120 8C (e.g., Green et al.,
1989a, 1989b; Gallagher et al., 1998), little
denudation in the source terrane can yield
completely annealed apatites that are trans-
ported to a basin. Without reheating, the de-

trital apatite age provides the oldest-age bound
for sedimentation. However, if the apatite is
heated by burial to temperatures above ;60
8C, it would be partially annealed and its fission-
track lengths (and thus track density) would
be reduced, resulting in an underestimate of
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Figure 13. (Continued.)
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Figure 13. (Continued.)
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Figure 14. (A) A structural model explaining the role of synfolding sedimentation in causing partial annealing of apatite fission tracks
in the younger strata. (B) A schematic diagram illustrating coarsening-upward sedimentation and apparent acceleration of sedimentation
rates due to steady-state forward migration of a thrust front.

depositional age (e.g., Gleadow and Duddy,
1981; Gallagher et al., 1998). Using these
properties as a guide allows us to discuss the
age constraints of our measured sections by
the fission-track analysis of apatites.

Aertashi Section
Ten samples of ;0.5 kg each were amal-

gamated into three composites: Samples from
the upper 500 m formed the ARTSSTOP com-
posite (unit 3 and the entire unit 4, Fig. 6),
samples from unit 2 and lower part of unit 3
formed the ARTSSMID composite, and sam-
ples from the bottom part of unit 1 formed the
ARTSSBOT composite. Following standard
heavy-liquid mineral separation, only one
dateable grain was obtained from each of the

top and bottom composites and two from the
middle composite (Fig. 13A).

Because only 12 spontaneous tracks were
observed in the single grain from the ARTSS-
TOP sample, the resulting age of 17 6 10 Ma
is highly uncertain (note that all uncertainties
cited herein are 62s). The single track length
measured in this grain of 15.6 mm is typical
of an unannealed sample (Gleadow et al.,
1986), which implies the upper section to be
no older than 27 Ma. However, the long track
length may also be attributed to high Cl content,
and the sample may in fact have undergone par-
tial annealing (Sobel and Dumitru, 1997). Sobel
and Dumitru (1997) reported fission-track ages
of detrital apatite from Tertiary strata of the
Aertashi area. In one of their samples (sample

A1), about half of the 20 grains examined
yielded an age of 30 6 5 Ma, and the rest
have much older ages. The track-length dis-
tribution of their sample (x̄ 5 10.6 6 0.3 mm)
may have resulted from partial annealing.
However, because the track lengths associated
with the ca. 30 Ma population were not spe-
cifically identified, the degree of annealing of
that component is unknown. From the sample
location and its associated lithofacies provided
by Sobel and Dumitru (1997), it appears that
their sample A1 is from either the uppermost
part of or above our measured section. If their
sample has undergone partial annealing, it im-
plies that most of our measured section is old-
er than ca. 25 Ma and could be even older
than 35 Ma.
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Figure 15. (A) Latitude of virtual geomagnetic poles (VGPs) and interpreted polarity stratigraphy for the Aertashi section. Each
datum represents a site-mean VGP latitude; positive VGP latitude indicates normal polarity and negative VGP latitude indicates
reverse polarity. Magnetic polarity zones are designated ‘‘1’’ for normal polarity and ‘‘–’’ for reversed polarity and are labeled
alphabetically from the base of the section with subzones defined by single sites. This procedure correctly emphasizes the major
polarity zones while including subzones that are given less weight in correlations with the geomagnetic polarity time scale (GPTS).
(B) Magnetostratigraphic correlation of the Aertashi section to the geomagnetic polarity time scale of Cande and Kent (1992, 1995).
Arrows indicate primary tie lines from magnetic-polarity sequence to GPTS. Older correlation marked by * is preferred; see dis-
cussion in text.

Two of the three apatite grains from the
sample ARTSSMID and ARTSSBOT samples
yielded ages of .200 Ma, and one high-U
(;70 ppm) grain from the ARTSSMID com-
posite sample yielded an age of 52 6 11 Ma.
These results suggest negligible annealing of
the middle and lower sections and contradict
partial annealing of apatites in the uppermost
section. It is possible that the upper part of the
section was located closer to the axis of a
growing syncline, receiving synfolding sedi-
mentation. This process could avoid the lower
part of the stratigraphic section having to have
been buried below the depth for partial an-
nealing of apatite (Fig. 14A).

Xishuigou Section
Five samples from the Xishuigou section

were processed to obtain detrital apatites, and
each provided adequate yields for fission-track

dating. The sample locations in the strati-
graphic section are shown in Figure 12. Ideo-
graphs and radial plots of the results for the
five samples are shown in Figure 13B. The
stratigraphically lowest sample (XSG72)
shows both a significant scatter in age and nar-
row track-length distribution (x̄ 5 10.5 6 1.1
mm), indicating that the sample has not been
subject to temperatures in excess of ;100 8C
subsequent to burial. Sample XSG64 shows a
bimodal distribution and a shift to younger
ages relative to XSG72 (Fig. 13C). The single-
grain ages fail a x2 test, indicating scatter be-
yond statistical variation. The two populations
are most clearly separated on the radial plot
(Galbraith, 1990). The Kolmogorov-Smirnoff
test (Press et al., 1992) for similarity indicates
that the two age populations in sample XSG64
(XSG64-A and XSG64-B) are different at the
98% confidence level. XSG64-A has a mean

age of 29 6 4 Ma, whereas XSG64-B has a
mean age of ca. 63 Ma. By sequentially apply-
ing the Kolmogorov-Smirnoff test to popula-
tion XSG64-A against the other samples, it can
be demonstrated that XSG64-A is a different
population at greater than the 99% confidence
level. The minimum fission-track age of 29 6
4 Ma may suggest that the depositional age of
the Xishuigou section from the middle of unit
1 upward (see Fig. 12) is younger than 33–25
Ma, provided that the sample has not under-
gone annealing following burial. However, the
assumption of negligible annealing is question-
able because of the ;9 mm length of the two
measured tracks for the sample. Because an-
nealing reduces the age of the sample, it re-
quires that the deposition of the Xishuigou sec-
tion from the middle of unit 1 downward to be
older than 29 6 4 Ma.

Sample XSG60 yields a broad ideograph
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Figure 15. (Continued.)

and divergent radial plot (Fig. 13B). This re-
sult could indicate a mixture of source ages.
The sharp drop in the probability distribution
at younger ages suggests that the datum that
defines this ‘‘edge’’ is not a member of a sin-
gle Gaussian distribution. Apatite from this
sample did not contain horizontally confined
tracks, so no track-length data are shown in
Figure 13B. The minimum ages of the two
uppermost samples (XSG25 and XSG51) only
restrict their depositional age to be less than
ca. 60 Ma (Fig. 13B).

Jianglisai Section
Two samples from modern sands (94RC484,

94RC484A) and two samples from Quater-
nary deposits (94RC485, 94RC485A) were
processed to obtain detrital apatites. Of the 28
grains in samples 94RC484 and 94RC484A,
ages of 6 6 6 Ma, 10 6 10 Ma, and 12 6 10
Ma were obtained (two other grains with ages
within the uncertainty of a zero age contained
#5 ppm U). In addition, a weighted mean of
the youngest 11 grains gives an age of 8 6 2
Ma. These results suggest that this approach
for the Jianglisai section can define an upper
bound for its depositional age within 10–20
m.y.

Sixty-one apatite grains were dated from
the three other samples within the section. Be-
cause of the significant scatter in age (Fig.
13D) and narrow track-length distributions in
the stratigraphically lowest samples (94RC488
and 94RC489), temperatures of ;100 8C were
not exceeded during burial. Sample 94RC486
was collected from the top of a Tertiary con-
glomerate sequence that overlies our measured
section. With 95% confidence error bounds on
individual detrital apatite ages, oldest possible
ages of deposition of this sample are between
ca. 16 and 37 Ma, on the basis of the range
of single-grain ages. A weighted mean of the
seven youngest grains gives an age of 36 6 6
Ma, which we take as the maximum age of
deposition. The general uniformity of these re-
sults gives us confidence in concluding that
the conglomerate (Tcg) unit above our mea-
sured section was deposited subsequent to ca.
25 Ma.

Sample 94RC488 was collected from the
top part of unit 4 of the Jianglisai section (Fig.
10). This sample yielded the youngest central
fission-track age of 89 6 14 Ma (62 s) (Fig.
12D). The single-grain ages fail a x2 test, in-
dicating multiple sources. The weighted mean
of the youngest grain population (seven
grains) gives an age of 36 6 7 Ma, which is
the same as the mean of the younger grains
from 94RC486. This result supports the inter-
pretation that this deposit is younger than ca.
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Figure 16. (A) Latitude of virtual geomagnetic poles (VGPs) and polarity stratigraphy for the Puska section. (B) Magnetostratigraphic
correlation of the Puska section to GPTS. Symbols same as in Figure 14. Preferred correlation is indicated by *; see discussion in text.

36 Ma. Detrital-apatite grains in sample
94RC489 are dominated by Mesozoic ages
that are not useful in defining the Cenozoic
age of the Jianglisai strata.

MAGNETOSTRATIGRAPHY

Paleomagnetic samples were collected as
standard paleomagnetic cores (Aertashi, Pus-
ka, and Jianglisai sections) or oriented hand
samples (Xishuigou section). At a single site,
three to five samples were collected. Strati-
graphic intervals between sampling sites were
4–15 m. All samples were analyzed at the Pa-
leomagnetic Laboratory of the University of
Arizona. Following preparation, all paleomag-
netic specimens were stored, demagnetized,
and measured within a magnetically shielded
room with average field intensity of ,200
nT. The magnetic field inside the thermal-
demagnetization furnaces was ,10 nT. Mea-
surements of natural remanent magnetization
(NRM) were made with a three-axis cryogenic
magnetometer (2G Model 755R). Alternating-
field demagnetization was attempted for a few
test specimens but produced little response.
Thermal demagnetization employed 8 to 18

temperature steps from 250 to 710 8C. De-
magnetization at 10 8C increments above 650
8C was commonly necessary to adequately de-
termine the characteristic remanent magneti-
zation (ChRM) carried by hematite. Demagne-
tization behaviors are discussed in Rumelhart
(1998). Principal-component analysis (Kirsch-
vink, 1980) was applied to results from three
to six temperature steps to determine speci-
men ChRM directions. Typical maximum an-
gular deviation (MAD) was 38–158, although
ChRM directions with MAD , 258 were used
to compute site-mean ChRM directions (Fish-
er, 1953). Resulting site-mean ChRM direc-
tions are tabulated in Rumelhart (1998).

Because each section is exposed as a hom-
ocline, the grouping of site-mean ChRM direc-
tions within individual sections is only slightly
improved by application of the bedding-tilt cor-
rection. Further complicating this analysis is
the observation that the sampling region has
undergone differential vertical-axis rotation
(Rumelhart et al., 1999). However, major dif-
ferences in bedding attitude do exist between
the four sampled sections, permitting a re-
gional inclination-only bedding-tilt test to be
applied (McFadden and Reid, 1982; Richards

et al., 1993). This test is positive at the 0.1%
significance level, indicating that the sampled
sections were at least coplanar, if not neces-
sarily horizontal, at the time of ChRM ac-
quisition (Burmester et al., 1990). Given the
wide geographic distribution of sampling lo-
cations, it is a virtual certainty that the sec-
tions were horizontal at the time of ChRM
acquisition. We conclude that the ChRM was
most likely acquired at or soon after
deposition.

Determination of sediment-accumulation
rates associated with various sedimentary fa-
cies is an important aspect of magnetostrati-
graphic analysis (e.g., Burbank et al., 1996).
Sadler (1981) showed that, at a million-year
time scale, fluvial sediment-accumulation
rates varied from 0.01 to 1.0 m/k.y., although
more proximal facies may have higher accu-
mulation rates (Burbank and Raynolds, 1988;
Jordan et al., 1988; Beer, 1990). In the follow-
ing analysis, correlations of our magnetostra-
tigraphic sections with the geomagnetic polar-
ity time scale (GPTS) are presented;
constraints from the fission-track ages and
biostratigraphy already described are used.
Sedimentation rates were then calculated to
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Figure 16. (Continued.)

assure that implied sediment-accumulation
rates are reasonable.

Aertashi Section

Of the ;140 sampled sites, 86 yielded use-
able data, resulting in a 22.5 m average sam-
pling interval. The antipode of the mean of
reverse-polarity sites is within 3.98 of the
mean for normal-polarity sites. Therefore, the
Aertashi section passes the reversal test (and
the bedding-tilt test, as already discussed)
with C classification (McFadden and Mc-
Elhinny, 1990). Figure 15A shows the lati-
tudes of the virtual geomagnetic poles
(VGPs), interpreted polarity zones, and litho-
stratigraphy for the Aertashi stratigraphic sec-
tion. As already discussed, the Aertashi sec-
tion is younger than ca. 31 Ma, the youngest
age of the Bashibulake Formation below our
measured section. Because apatites in the up-
permost part of the Aertashi section may have
undergone partial annealing at 30 6 5 Ma
(Sobel and Dumitru, 1997), the section should
be younger than 25 Ma. By using biostrati-
graphic constraints alone and a reasonable
range of sedimentation rates (0.1–1.0 m/k.y.)
for the depositional settings we determined,
we derived two possible correlations of the
magnetic polarity stratigraphy to the GPTS
(Fig. 15B). The younger correlation suggests
that the measured section was deposited be-
tween ca. 23 and 15 Ma, whereas the older
correlation implies deposition between 31 and
24 Ma. If the younger correlation is correct, it
implies a 9-m.y.-long hiatus between the top
of the Bashibulake Formation and the base of
our measured section, which we consider to
be highly unlikely. The younger correlation
also violates the age constraints derived from
the fission-track studies as discussed earlier.

Puska Section

At Puska, 61 of the 100 paleomagnetic sites
yielded useful data, resulting in a 12.3 m av-
erage sampling interval. The antipode of the
mean of reverse-polarity sites is within 9.58 of
the mean for normal-polarity sites, although
the reversal test for the Puska section was in-
determinate. The resulting polarity stratigra-
phy is illustrated in Figure 16A. Each zone
contains at least two sites and is well defined,
except for the top of zone E– and the base of
zone A–, which are not exposed. The relative-
ly small thickness of the Puska section with
resulting small number of polarity zones
makes unique correlation with the GPTS chal-
lenging (Fig. 16B). Three possible correla-
tions of the Puska polarity sequence with the
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Figure 17. (A) Latitude of virtual geomagnetic poles (VGPs) and polarity stratigraphy for the Jianglisai section. (B) Correlation of
magnetic-polarity sequence to GPTS. Symbols as in Figure 14. Preferred correlation is indicated by *; see discussion in text.

GPTS imply ages ranging from late Paleocene
to middle Eocene. The youngest correlation is
suggested by the presence of middle Eocene
Ostrea (Turkostrea) striplicata at Puska. This
correlation implies that the section was de-
posited from ca. 46 Ma to ca. 40 Ma and thus
contains the oldest rocks sampled in our study.
The implied sedimentation rates are in the
range 0.10–0.14 m/k.y.

Jianglisai Section

At Jianglisai, the 61 of 138 paleomagnetic
sites that yielded useful data are concentrated
in the upper ;500 m of the 2-km-thick sec-
tion, resulting in an average sampling interval
of 8.1 m. The antipode of the mean of reverse-
polarity sites is within 13.58 of the mean for
normal-polarity sites; therefore, these data
pass the reversal test (and the bedding-tilt test,
see previous description) with C classification
(McFadden and McElhinny, 1990). The se-
quence of magnetic polarity zones and possi-
ble correlations to the GPTS are illustrated,
respectively, in Figure 17. No fossils were
found in the measured section, so there are no
biostratigraphic age constraints. However, the

top part of unit 4 is younger than 32.6 6 11.8
Ma (62s)—the youngest fission-track ages of
detrital apatites. As already discussed, the
conglomerate unit overlying our measured
section should be younger than ca. 25 Ma on
the basis of fission-track ages of detrital apa-
tites. By using these constraints, two possible
correlations are evident; the younger correla-
tion indicates deposition between ca. 22 Ma
and ca. 18 Ma, and the older correlation in-
dicates deposition between ca. 26 Ma and ca.
23 Ma. We favor the older correlation because
deformation in the Altyn Tagh Range was al-
ready on the way at 26 6 2 Ma, as reflected
by the fission-track cooling ages (Sobel et al.,
2001). Our preferred older correlation sug-
gests that sedimentation rates varied between
0.06 and 0.48 m/k.y. (or 167 m/m.y.).

Because three-quarters of the 2000-m-thick
Jianglisai section lies below the 26–23 Ma
section analyzed by magnetostratigraphy, the
initial age of sedimentation for the section
must be much older. If we extrapolate the sed-
imentation rates obtained from the top 500 m
down to the rest of the 1500-m-thick section,
the result implies that the initial deposition of
the Jianglisai section started at 35 Ma. Even

this older age estimate for the onset of Tertiary
deposition in the Jianglisai must be a mini-
mum. First, the lower part of the section is
much finer grained and may have considerably
lower sedimentation rates than the uppermost
section. Second, the 2 km thickness of the
measured section is a minimum because the
base of the section is cut by the left-slip Jian-
glisai fault.

Xishuigou Section

At Xishuigou, 77 of the 100 paleomagnetic
sites yielded useful polarity determinations for
a 24-m-thick average sampling interval. Fig-
ure 12 shows sample positions within the lith-
ostratigraphic section. The antipode of the
mean of reverse-polarity sites is within 23.38
of the mean for normal-polarity sites. Because
the deviation is .208, these data fail the re-
versal test (McFadden and McElhinny, 1990).
We interpret this failure to indicate that the
ChRM was not completely isolated by the de-
magnetization procedures. The possibility that
structural complications are responsible is re-
jected because our measured section was af-
fected by only minor thrust faults and folds.
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Figure 17. (Continued.)

Because the section has reasonably defined
polarity zones and passes the bedding-tilt test,
we conclude that the magnetostratigraphy has
chronologic utility. The magnetic-polarity zo-
nation from the section and its correlations to
the GPTS are illustrated in Figure 18.

Fossils of the Xishuigou section define its
deposition to be between Oligocene and early
Miocene (Bohlin, 1942; Zhai and Cai, 1984;
Wang, 1997). Fission-track ages of detrital ap-
atites suggest that the middle section (sample
XSG64) may have undergone partial anneal-
ing due to burial, which requires that the low-
er part of our measured section should be old-
er than 29 6 4 Ma (62s). These age
constraints lead to two possible correlations
with the GPTS (Fig. 18B). The younger cor-
relation implies that the Xishuigou section
was deposited between ca. 25 Ma and ca. 19
Ma, whereas the older correlation suggests de-
position between ca. 33 and ca. 27 Ma. We
favored the older correlation because it not
only satisfies the Oligocene fossil-age assign-
ment of Bohlin (1942) and Zhai and Cai
(1984) but also explains our fission-track age
data (cf. Gilder et al., 2001). This correlation
implies sediment-accumulation rates between
0.20 and 0.45 m/k.y.

SANDSTONE PETROLOGY

The sandstone and conglomerate composi-
tion of basin strata can be used to establish
the provenance of sediments and the exhu-
mation history of the source area (e.g., Dick-
inson, 1985; Ingersoll et al., 1986; Jordan and
Gardeweg, 1988; Graham et al., 1993). To
achieve this goal, a total of 133 samples was
collected from the four measured sections. Be-
cause sediments of all measured sections were
deposited in a continental setting, they were
probably derived from first- and second-order
drainage systems (Ingersoll, 1990; Ingersoll et
al., 1993). All samples were stained for po-
tassium feldspar. Modal composition of sand-
stone samples was determined by counting
300 grains per thin section using the Gazzi-
Dickinson method (Gazzi, 1966; Dickinson,
1970; Ingersoll et al., 1984). Grain types were
identified and tabulated separately through
point-counting analysis, following the conven-
tions of Ingersoll et al. (1984) and Dickinson
(1985). We have summed our detrital modes,
through recalculation and normalization, into
grain categories that are widely used for pur-
poses of comparative petrology (see Rumel-
hart, 1998 for details). These are framework-
grain assemblages (QmFLt), framework
mineral grains (QmKP), and framework lithic
grains (LmLvLs and QpLvmLsm) (see Table

 on July 19, 2012gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


1282 Geological Society of America Bulletin, October 2002

YIN et al.

Figure 18. (A) Latitude of virtual geomagnetic poles (VGPs) and polarity stratigraphy for the Xishuigou section. (B) Magnetostratigraphic
correlation of Xishuigou polarity sequence to GPTS. Symbols as in Figure 14. Preferred correlation is indicated by *; see discussion in
text.

TABLE 2A. GRAIN CATEGORY DEFINITIONS AND RECALCULATED PARAMETERS

Grain category definitions Categories after
Ingersoll et al., (1984)

Recalculated parameters

Qp Aphanitic polycrystalline quartz → Qp QmFLt: QmKP:
Qm Monocrystalline quartz → Qm Qm 5 Qm Qm 5 Qm
P Plagioclase feldspar → P F 5 P 1 K K 5 K
K Potassium feldspar → K Lt 5 Lv 1 Lm 1 Ls 1 Qp P 5 P
Lv Volcanic lithic fragments → Lv
Lmv Metavolcanic lithic fragments → Lmv QtFL: Ratio Parameter;
PxM Polycrystalline phyllosilicates → Lms Qt 5 Qm 1 Qp P/F
QMFa Quartz-mica-feldspar aggregate → Lms F 5 P 1 K Lmv/Lm
QMFt Quartz-mica-feldspar tectonite → Lms L 5 Lv 1 Lm 1 Ls
Lss Argillaceous sedimentary lithic fragments → Ls %M 5 (M/(Q 1 F 1 L 1 M 1 D)) 3 100

LmLvLs:
Lsc Aphanitic carbonate lithic fragments → Ls Lm 5 Lm
M Monocrystalline phyllosilicates → M Lv 5 Lv %D 5 (D/(Q 1 F 1 L 1 M 1 D)) 3 100
D ‘‘Dense’’ mineral grains → D Ls 5 Ls
Misc Unidentified → Misc.
Cmt Matrix and cement (interstitial) → I QpLvmLsm:

(Not a grain category) Qp 5 Qp
Lm Metamorphic lithic fragments → Lm Lvm 5 Lv 1 Lmv

Lsm 5 Ls 1 Lms

2 for definition of the symbols). We did not
use the QtFL data in the analysis because Qp
grains are generally in such low abundance
that the QmFLt plots differ little from the
QtFL plots. The QmFLt plots are preferred
here because of their emphasis of provenance
over grain stability (Dickinson, 1985).

Aertashi

Twenty-six samples were analyzed from the
Aertashi section (Table 2; Fig. 19). Overall,
these samples are quartzolithic arenites
(QmFLt 5 58, 14, 28; Pettijohn et al., 1987)
and dominated by monocrystalline quartz

grains (i.e., Qm 5 80, K 5 12, P 5 8).
Among the framework lithic grains (Qp-
LvmLsm and LmLvLs), carbonate (Lsc) and
metasedimentary (Lms) grains predominate,
with subordinate amounts of volcanic (Lv)
and metavolcanic (Lmv) grains. Very low
amounts of polycrystalline quartz (Qp) grains
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Figure 18. (Continued.)

indicate the scarcity of chert within the source
area. Our observed modal composition of Ol-
igocene sandstone is similar to that of Middle
Jurassic to Paleogene strata studied in the Aer-
tashi area by Sobel (1995, 1999), suggesting

that the source region has not changed sub-
stantially since Middle Jurassic time. How-
ever, the two uppermost samples directly
above our measured section (i.e., unit 5 in Fig.
6) show significant changes in modal com-

position. These changes are expressed by a
dramatic increase in lithic percentage
QmFL%L (23%–55%) at the expense of
quartz, associated with a marked increase in
LmLvLs%Lv (13%–23%), and an increase in
P/(P 1 K) 5 P/F from 0.41–0.65 (P 5 plagio-
clase, K 5 potassium feldspar, F 5 total feld-
spar). Such a rapid increase in lithic component
may have resulted from initiation of a new
thrust fault in the foreland. As a result, alluvial
sediments of a proximal facies were shed from
a source closer to the location of the measured
section. Because unit 5 in Figure 6 lies directly
above our magnetostratigraphic section (Fig.
13B), movement along the inferred new thrust
front in the western Kunlun foreland must have
been initiated after ca. 24 Ma.

Puska

Forty-five samples were analyzed for the
Puska section (Table 2, Fig. 19). Sandstone
samples are generally quartzolithic arenites
(Qm 5 58, F 5 12, Lt 5 30) with signifi-
cantly more plagioclase (P) than potassium
feldspar (K) (i.e., P/F 5 0.70, where F 5 P
1 K). The section may be divided into four
petrofacies from bottom to the top (P1–P4, see
Table 2). The lowest petrofacies (P1) is char-
acterized by relatively high Qm and low F
(Qm 5 70, F 5 6, Lt 5 24) and very high
sedimentary lithic fragments (Lm 5 16, Lv 5
8, Ls 5 76) dominated by carbonate frag-
ments. Petrofacies P2 is characterized by mod-
erate amounts of Qm and F (Qm 5 59, F 5
12, Lt 5 29), low sedimentary lithics (Lm 5
62, Lv 5 16, Ls 5 22) and moderate meta-
volcanic (Lmv) grains (Qp 5 9, Lmv 5 31,
Lms 5 60). Petrofacies P3 is characterized by
subequal amounts of metasedimentary (Lms)
and carbonate (Lsc) grains (Lm 5 48, Lv 5
11, Ls 5 41; Qp 5 6, Lvm 5 22, Lsm 5 72).
P3 also has the highest proportion of lithic
fragments of any of the petrofacies (Qm 5 52,
F 5 10, Lt 5 38). Petrofacies P4 is charac-
terized by high proportions of sedimentary
(mostly Lsc) and metasedimentary lithics (Qp
5 1, Lvm 5 14, Lsm 5 85) and high mono-
crystalline phyllosilicate grains (M 5 5%–
11% of framework grains). This description
suggests that, from the bottom to the top of
the section, the sandstone compositions exhib-
it a steady decrease in monocrystalline quartz
grains (Qm) and an increase in lithic frag-
ments (L). We relate this observation to pro-
gressive unroofing of the western Kunlun
Shan in late Eocene time, as the Carboniferous–
Permian shallow-marine strata were eroded
away to expose early Paleozoic metamorphic
and plutonic rocks that lie unconformably be-
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TABLE 2B. SANDSTONE POINT-COUNT DATA

Sample
number

Depth
(m)

Qm Qp K P QMFa QMFt PxM Lmv Lv Lss Lsc M D Misc Cmt Total Notes

Aertashi section
ART01 10 136 6 19 24 12 13 0 42 6 2 31 9 0 0 13 313 Calcite cement
ART02 294 199 6 40 16 6 2 0 12 7 0 11 1 0 0 112 412 Calcite cement
ART03 441 172 14 45 10 6 4 1 11 7 2 28 0 0 0 40 340 Calcite cement
ART04 553 192 12 39 23 1 4 2 13 6 1 7 0 0 0 19 319 Calcite cement
ART05 564 179 12 36 20 6 4 0 10 10 4 17 2 0 0 18 318 Calcite cement
ART06 628 189 10 48 7 5 1 0 12 6 1 18 3 0 0 37 337 Calcite cement
ART07 713 183 10 30 19 6 3 1 11 4 2 31 0 0 0 46 346 Calcite cement
ART08 753 191 13 25 17 7 3 1 10 10 2 20 1 0 0 35 335 Calcite cement
ART09 817 181 24 21 13 14 2 0 4 8 4 29 0 0 0 26 326 Calcite cement
ART10 892 175 16 25 13 11 2 0 14 10 1 32 1 0 0 56 356 Calcite cement
ART11 943 172 17 21 14 5 1 1 17 12 5 32 3 0 0 17 317 Calcite cement
ART12 982 164 14 19 12 9 6 0 8 5 6 55 2 0 0 42 342 Calcite cement
ART13 994 182 13 10 23 4 3 0 14 8 4 38 1 0 0 38 338 Calcite cement
ART14 1106 167 17 27 13 8 10 0 8 12 5 32 1 0 0 39 339 Calcite cement
ART15 1170 175 22 20 14 5 8 1 16 9 3 24 3 0 0 24 324 Calcite cement
ART16 1245 191 11 16 8 10 9 1 14 13 1 24 2 0 0 22 322 Calcite cement
ART18 1362 172 7 11 28 7 11 0 15 2 6 37 4 0 0 41 341 Calcite cement
ART19 1514 188 6 21 15 8 11 0 16 3 7 21 4 0 0 37 337 Calcite cement
ART20 1626 206 12 15 10 6 0 0 13 9 0 29 0 0 0 89 389 Calcite cement
ART21 1694 66 11 9 4 3 1 0 1 2 20 183 0 0 0 35 335 Calcite cement
ART22 1770 166 11 25 14 12 10 0 17 8 2 30 5 1 0 59 360 Calcite cement
ART23 1854 170 5 32 30 6 5 1 10 16 2 17 5 1 0 50 350 Calcite cement
ART24 ? 171 2 18 15 12 8 0 14 8 6 40 4 2 0 82 382 Calcite cement
ART25 ? 174 8 34 8 10 2 0 6 9 4 45 0 0 0 49 349 Calcite cement
Puska section
96P01 0 207 6 5 30 10 2 0 1 9 13 30 0 0 0 10 323 Calcite cement
96P02 21 213 5 10 18 6 0 0 6 4 1 38 0 1 0 14 316 Calcite cement
96P03 36 202 6 1 18 8 1 0 2 5 0 57 0 1 0 16 317 Calcite cement, sphene
96P04 93 218 3 0 10 3 1 0 4 0 1 61 0 1 0 0 302
96P05 262 208 10 0 1 4 0 0 3 7 0 67 0 0 0 26 326 Calcite cement
96P08 330 144 6 2 38 21 1 0 2 9 0 75 2 2 0 30 332 Calcite cement
96P09 338 120 6 34 23 18 1 0 24 53 2 16 3 0 0 0 300 Garnet
96P10 353 122 2 30 28 41 2 0 31 33 6 5 0 0 0 30 330 Calcite cement
96P11 432 214 4 25 12 13 0 1 3 4 0 23 2 2 0 29 332 Calcite cement
96P12 442 215 3 18 32 15 1 0 5 5 1 4 1 4 0 89 393 Calcite, zeolite cement; garnet
96P13 468 183 3 17 52 35 3 0 3 3 0 1 0 0 0 125 425 Zeolite cement
96P15 545 162 6 3 12 31 10 0 42 13 0 12 10 1 0 18 320 Calcite cement
96P16 580 197 6 6 27 34 7 0 7 8 0 6 2 1 0 9 310 Calcite cement
96P17 588 201 12 5 27 19 2 0 7 5 0 21 1 0 0 6 306 Calcite cement
96P18 660 182 2 8 31 30 7 0 12 15 0 11 2 0 0 22 322 Calcite cement
96P19 741 204 7 13 13 26 3 0 6 18 1 7 2 0 0 10 310 Calcite cement
96P20 797 191 14 17 13 33 3 0 9 11 1 8 0 1 0 7 308 Calcite cement
96P21 866 184 10 3 25 28 5 0 20 14 0 11 0 1 0 6 307 Hematite cement
96P22 912 150 4 7 15 41 15 3 25 4 2 18 16 3 0 14 317 Calcite cement
96P23 ? 187 7 0 11 37 10 1 20 7 0 15 0 1 0 15 311 Calcite cement
96P34 ? 166 14 66 2 6 2 0 6 6 0 11 6 6 0 47 338 Calcite cement
96P33 ? 167 7 63 3 28 3 0 0 4 8 9 8 0 3 26 329 Calcite cement
96P32 ? 154 2 3 20 34 13 11 21 23 0 12 0 1 2 30 326 Calcite cement
96P31 ? 179 2 9 28 24 6 1 9 18 1 18 7 0 2 32 336 Calcite cement
96P25 ? 190 7 5 17 24 5 0 22 20 0 6 4 0 1 18 319 Calcite cement
96P24 ? 176 4 9 26 26 3 0 24 15 2 13 2 0 1 26 327 Calcite cement
96P29 ? 184 13 6 28 37 2 0 13 12 0 5 0 0 0 2 302
96P28 ? 188 10 18 15 10 1 0 20 5 1 31 0 0 1 67 367 Calcite cement
96P27 ? 207 5 3 13 21 2 1 16 10 0 18 3 1 0 25 325 Calcite cement
96P26 ? 145 9 7 24 41 25 0 24 8 0 13 4 0 1 18 319 Calcite cement
96K04B 29.6 154 2 11 24 25 5 0 21 21 0 30 6 1 0 37 337 Calcite cement
96K13 126 156 4 2 16 33 12 0 9 15 0 45 8 0 4 30 334 Calcite cement
96K17 170 158 9 4 14 37 13 0 15 5 3 40 2 0 0 20 320 Calcite cement
96K20 226 168 9 11 14 30 7 0 13 11 0 34 3 0 9 39 348 Calcite cement
96K21 240 161 5 7 26 39 6 1 16 7 2 25 3 2 2 33 335 Calcite cement, opaques
96K22 253 166 4 3 17 34 4 0 9 10 0 48 5 0 6 30 336 Calcite cement
96K23 315 156 9 7 23 18 10 2 15 7 4 42 3 4 0 35 335 Calcite cement, opaques
96K29 511 146 9 6 23 30 0 0 18 7 5 53 3 0 10 59 369 Calcite cement
96K30 526 150 10 9 22 29 6 0 13 7 6 45 3 0 1 52 353 Calcite cement
96K31 537 155 10 7 20 35 5 0 10 11 0 45 2 0 8 51 359 Calcite cement
96K32 544 135 8 22 15 26 11 0 5 14 2 60 2 0 1 59 360 Calcite cement, opaques
96K33 553 155 9 25 15 21 7 0 8 20 5 32 2 1 1 35 336 Calcite cement, opaques
96-28-2.5 ? 147 1 25 31 21 16 0 2 5 0 31 19 2 3 13 316 Calcite cement, biotite, muscovite
96-28-6 ? 133 0 15 54 26 5 1 2 1 0 35 22 6 1 18 319 Calcite cement, biotite, muscovite
96-28-4 ? 137 0 14 30 38 13 1 1 6 1 24 31 4 0 16 316 Calcite cement, biotite, muscovite
96-28-8 ? 108 4 12 43 51 13 0 38 5 0 11 15 0 0 0 300
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TABLE 2B. (Continued.)

Sample
number

Depth
(m)

Qm Qp K P QMFa QMFt PxM Lmv Lv Lss Lsc M D Misc Cmt Total Notes

Jianglisai section
97Q21 ? 169 5 11 17 29 4 7 15 32 0 12 6 0 0 32 339 Calcite cement, garnet
97Q22 ? 171 0 14 8 31 0 0 11 28 0 25 11 3 0 67 369 Calcite cement
97Q23 ? 100 0 33 59 13 4 5 13 4 0 44 22 14 0 34 345 Calcite cement, biotite, garnet, hornblende
97Q01 0 185 12 16 8 28 4 0 0 2 0 1 44 4 0 17 321 Calcite, silica, zeolite cement; sphene; biotite;

muscovite
97Q02 34 182 11 22 20 22 10 2 2 4 0 19 8 3 0 44 349 Calcite cement, biotite, muscovite, garnet;

gneisses; igneous
97Q05 229 221 8 9 10 11 1 0 18 19 3 1 2 1 0 12 316 Gneisses, igneous fragment
97Q07 278 149 5 11 24 33 7 9 5 23 0 11 23 0 0 81 381 Calcite, zeolite cement; biotite; muscovite
97Q08 379 165 1 31 18 24 9 1 19 20 0 4 4 0 0 42 338 Calcite cement
97Q09 421 163 3 8 17 12 2 0 14 33 0 38 10 4 0 61 365 Calcite cement
97Q10A 674 210 9 13 31 13 4 0 7 15 2 1 2 2 0 11 320 Gneisses, igneous fragment
97Q10B 674 175 2 38 19 19 3 3 4 31 0 3 6 0 0 28 331 Calcite cement
97Q11 890 219 2 26 8 14 0 3 9 7 0 14 1 0 0 34 337 Calcite cement
97Q12 939 212 8 19 10 11 1 1 8 29 0 2 0 0 0 11 312
97Q13A 970 228 6 26 8 4 3 0 1 24 0 0 0 1 0 11 312
97Q13B 970 209 7 24 11 13 0 4 8 17 0 8 3 4 0 57 365 Calcite cement
97Q14 1092 178 3 50 21 14 1 6 7 19 0 5 2 4 0 44 354 Calcite cement, garnet
97Q16 1196 190 5 24 23 9 4 0 5 15 0 23 2 3 0 118 421 Calcite cement
97Q18 1348 104 0 20 34 42 2 11 14 0 0 51 33 9 0 34 354 Calcite cement, garnet, biotite, muscovite
97Q19 1561 165 2 13 36 26 1 4 16 16 0 14 11 4 0 37 345 Calcite cement
Subei section
XSG02 ? 86 3 37 102 18 11 3 15 3 3 5 10 8 0 70 374 Calcite cement, biotite, hornblende, igneous rock

fragments
XSG04 ? 83 0 38 121 9 11 0 14 1 1 1 11 9 2 90 391 Calcite, chlorite cement; hornblende; zirc; biotite
XSG05 ? 75 0 48 143 0 4 4 4 5 1 0 12 4 0 85 385 Calcite, zeolite, hematite, chlorite cement; epidote
XSG06 ? 69 0 37 95 10 38 4 16 1 3 0 23 4 15 8 323 Hornblende, epidote
XSG07 ? 137 0 76 63 1 5 0 3 2 0 1 3 9 0 73 373 Calcite cement
XSG08 ? 79 1 48 112 10 13 2 16 3 0 1 11 4 0 108 408 Calcite, zeolite cement; epidote
XSG09 ? 106 1 42 101 9 8 1 9 2 0 0 12 9 0 50 350 Sphene, epidote
XSG10 ? 68 0 34 111 8 41 0 20 1 0 0 11 6 0 69 369 Calcite cement, hornblende
XSG16 ? 73 0 23 114 4 41 3 24 2 2 0 6 8 0 40 340 Hornblende
XSG17 ? 88 1 59 88 14 59 4 32 1 1 0 15 9 0 102 473 Calcite cement, hornblende, biotite, muscovite,

chlorite
XSG19 1890 73 0 51 126 4 12 0 5 0 1 0 20 8 0 112 412 Calcite cement, apatite, plutonic rock fragments
XSG19B 1890 78 1 53 120 8 10 0 16 0 0 0 11 3 0 85 385 Calcite cement
XSG20 1858 90 0 19 94 15 29 5 21 1 0 0 13 13 0 10 310 Sphene, epidote, hornblende
XSG21 1838 74 1 11 97 17 45 4 27 3 4 0 12 5 0 35 335 Hematite, calcite cement; epidote; hornblende
XSG22 1838 94 1 11 54 9 44 3 70 2 1 0 4 7 0 35 335 Calcite cement, epidote
XSG25 1797 136 1 34 66 4 14 0 28 0 0 0 11 6 0 24 324 Clinozoisite
XSG26 1782 115 0 32 107 9 9 0 8 5 0 0 8 7 0 29 329 Zeolite cement
XSG28 1676 111 0 53 90 11 5 1 16 0 3 0 7 3 0 30 330 Zeolite cement
XSG28 1676 94 3 54 102 2 3 2 28 0 2 0 7 3 0 60 360 Calcite, zeolite, chlorite cement
XSG29 1651 132 0 37 78 12 8 3 6 4 3 0 13 4 0 36 336 Calcite, chlorite cement; muscovite
XSG31 1605 96 0 12 67 27 39 5 24 6 4 0 8 13 0 35 336 Zeolite, hematite cement; hornblende; sphene
XSG33A 1516 100 2 41 86 11 12 0 9 1 1 1 23 13 4 71 375 Calcite, chlorite, zeolite cement; hornblende;

sphene
XSG33B 1516 103 0 36 103 6 7 6 21 2 2 0 6 8 0 54 354 Calcite cement, garnet
XSG34 1494 128 0 38 73 15 11 0 7 5 4 2 10 7 4 82 386 Calcite, chlorite, zeolite cement; hornblende
XSG36 1459 77 3 35 103 8 30 5 24 0 6 4 6 1 0 92 394 Calcite, zeolite, chlorite, hematite cement
XSG37 1399 83 1 9 46 36 86 4 17 2 0 0 12 4 6 60 366 Calcite, zeolite, hematite cement
XSG42 1269 62 1 14 52 13 29 1 28 0 1 0 8 7 0 120 336 Apatite
XSG45 1198 127 2 22 78 15 22 1 10 0 3 3 15 2 0 80 380 Calcite, zeolite cement
XSG46 1188 104 0 34 80 13 31 2 8 3 2 1 14 8 8 32 340 Chlorite, zeolite, calcite cement
XSG47 1171 55 2 41 134 3 26 2 17 0 3 0 10 7 0 65 365 Calcite cement, sphene
XSG48 1131 107 0 30 75 15 28 5 23 2 1 0 10 3 5 138 442 Calcite, zeolite cement; hornblende
XSG49 1131 121 0 16 61 11 35 1 18 6 17 2 5 6 0 73 372 Calcite, cement, apatite, epidote
XSG52 1030 109 0 31 103 14 16 1 11 1 1 2 9 2 0 28 328 Calcite chlorite, zeolite cement
XSG53 1017 95 0 35 73 11 33 3 35 1 1 0 9 5 0 61 362 Calcite, zeolite cement
XSG54 936 79 1 18 64 14 37 7 48 2 1 0 8 22 0 47 348 Calcite cement, epidote, igneous rocks
XSG55 919 95 0 29 92 17 32 1 9 2 3 0 13 7 1 9 310 Chlorite, zeolite cement
XSG56 860 83 0 24 102 13 36 0 16 1 2 0 13 10 5 18 323 Chlorite, zeolite cement; epidote; sphene
XSG57 835 105 1 24 89 11 19 0 30 2 2 1 8 8 11 27 338 Chlorite, zeolite, calcite cement
XSG59 786 85 0 39 104 7 5 3 50 2 0 0 2 3 0 14 314 Calcite cement, very large Lmv
XSG60 748 63 2 23 112 3 37 4 31 0 3 1 9 13 0 100 401 Calcite cement
XSG61 707 117 0 33 58 10 14 9 28 2 17 3 8 1 0 0 300
XSG62 665 84 1 34 101 11 17 4 28 2 3 1 8 9 0 18 321 Zeolite/calcite cement
XSG63 617 112 4 22 83 12 26 2 23 2 4 0 7 3 0 80 380 Calcite cement, sphene, epidote
XSG64 595 148 1 10 53 25 15 0 31 5 5 1 5 2 3 37 341 Calcite cement
XSG66 467 91 1 5 119 7 29 3 31 0 0 0 6 8 0 135 435 Calcite, zeolite, chlorite, hematite cement
XSG67 363 93 0 24 64 11 35 5 51 1 3 0 10 3 0 23 323 Zeolite/calcite cement
XSG68 291 92 1 43 77 13 11 3 31 0 7 0 19 3 2 80 382 Fine- to medium-grained calcite cement, epidote,

sphene
XSG69 143 66 0 20 74 12 39 8 62 1 3 0 6 9 0 0 300
XSG70 124 60 0 20 83 14 33 1 71 1 1 0 5 11 0 60 360 Epidote
XSG72 67 82 0 20 75 6 37 4 52 0 1 0 12 11 0 32 332 Calcite cement, apatite, hornblende, mudstone

Note: for abbreviations, see Table 2A.
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Figure 20. Subsidence curve of the Aertashi section. Note that rapid tectonic subsidence began at ca. 37 Ma at the beginning of deposition
for the Bashibulake Formation.

low (Xinjiang BGMR, 1993). This observa-
tion suggests that the western Kunlun thrust
system was already in existence during the de-
position of the Puska section, causing uplift
and denudation of the western Kunlun Shan
and shedding sediments to the foreland basin.

Jianglisai

Nineteen samples were analyzed from Cre-
taceous and Cenozoic strata exposed at Jian-
glisai (Fig. 19, Table 2). Overall, the samples
are quartzolithic arenites (Qm 5 62, F 5 4,
Lt 5 24), with about equal amounts of pla-
gioclase (P) and potassium feldspar (K) (Qm
5 81, K 5 10, P 5 9). The Jianglisai section
is characterized by relatively low carbonate
(Lsc) and high volcanic (Lv) grains (Lm 5
52, Lv 5 29, Ls 5 19). However, the samples
from the uppermost part of the section (Table
2) show much higher amounts of carbonate
lithic fragments (Lsc) up to 53% (Lm-
LvLs%Ls). The metamorphic grains are most-
ly metasedimentary fragments (Lms) with
some tectonites and metavolcanic (Lmv)
grains (Qp 5 8, Lvm 5 39, Lsm 5 53). The
variation of petrofacies from volcanic-clast–
dominated lithics to an increasing amount of
carbonate lithics may have resulted from se-
quential unroofing of the Altyn Tagh Range.
That is, the volcanic lithics were derived from
the Paleozoic volcanic arc complexes that built
on top of a Proterozoic passive continental-

margin sequence dominated by thick car-
bonate strata (Liu, 1988; Xinjiang BGMR,
1993).

Xishuigou

Forty-six samples were analyzed from the
Xishuigou section in the Subei area (Fig. 19,
Table 2). Sandstone samples are generally lith-
ofeldspathic arenites (Qm 5 33, F 5 43, Lt
5 24). Unlike the other sections, the modal
compositions of the Xishuigou sandstones are
dominated by plagioclase feldspar (P/F 5
0.75). This section has the lowest proportion
of monocrystalline quartz (Qm 5 44, K 5 14,
P 5 42). In terms of the framework lithic
grains, the Xishuigou section is characterized
by a high percentage of metamorphic (Lm)
lithics and an almost total lack of volcanic
(Lv) and sedimentary (Ls) grains (Lm 5 91,
Lv 5 4, Ls 5 5). The metamorphic lithics are
composed of mostly granular and tectonized
metasedimentary rocks (Lms), but have a sig-
nificant amount of highly chloritized metavol-
canic (Lmv) grains (Qp 5 1, Lvm 5 38, Lsm
5 61). The modal compositions of sandstone
are consistent with the hanging-wall litholo-
gies exposed in the Danghe Nan Shan above
the Subei thrust (Liu, 1988; Gansu BGMR,
1989). This lithologic correlation suggests that
deposition of the Xishuigou section was as-
sociated with movement along the Subei

thrust that is geometrically and kinematically
linked with the Altyn Tagh fault.

TIMING OF DEFORMATION IN
NORTHERN TIBET

Subsidence Analysis

Sobel (1995) conducted subsidence analysis
of Jurassic to Paleogene strata in the western
Kunlun Shan by using both his own measured
sections and published Chinese stratigraphic
data. One of his analyzed sections is at Aer-
tashi and shows a brief but rapid increase in
tectonic subsidence at the initial deposition of
the Paleocene Aertashi Formation (ca. 66 Ma).
Because the marine basin during Aertashi de-
position expanded in the western Tarim Basin
at the time when the global sea level was rel-
atively low, Sobel (1995) concluded that tec-
tonic loading in the western Kunlun Shan may
have started in the early Paleocene caused by
Indo-Asian collision. Although Sobel’s (1995)
analysis also indicates a rapid increase in sub-
sidence in the late Eocene, no specific tectonic
significance was assigned for this event. We
expand Sobel (1995)‘s analysis by including
the section we measured above the Bashibu-
lake Formation (Fig. 20). To be consistent, we
also adopted the BasinWorks software pack-
age (Marco Polo Software, Inc., 1988–1991)
used by Sobel (1995) in our analysis. The
stratigraphic thickness and lithology were tak-

 on July 19, 2012gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


Geological Society of America Bulletin, October 2002 1289

TECTONIC HISTORY OF ALTYN TAGH FAULT SYSTEM IN NORTHERN TIBET

en from our measured section. Subdivision
within the section was defined on the basis of
lithostratigraphic units, each of which was as-
signed a gross lithology and a compaction co-
efficient. The depth versus porosity relation-
ship used in the analysis was from Bond and
Kominz (1984) and Dickinson et al. (1987).
In our age assignment, we assumed that ter-
restrial deposition at Aertashi began at 32 Ma
and that the associated surface uplift above sea
level has increased linearly with time since 32
Ma. There are no constraints on the amount
of error introduced by this assumption. Post–
24 Ma strata above our measured section have
poorly defined ages and thicknesses and thus
are not included in the analysis. The tectonic-
subsidence curve indicates that our measured
section represents part of a sequence laid
down during rapid subsidence that began at
ca. 37 Ma at the start of the Bashibulake de-
position (Fig. 20). The increased subsidence
recorded in the Aertashi section after 37 Ma
lasted much longer (.10 m.y.) and had a larg-
er magnitude (total subsidence .2–3 km) than
the subsidence event at ca. 66 Ma (;5 m.y.
duration and a total subsidence of ,500 m;
see Sobel, 1995). Therefore, we suggest that
movement of the frontal part of the western
Kunlun thrust belt began at ca. 37 Ma. How-
ever, contractional deformation could have
started much earlier in the interior of the west-
ern Kunlun Shan. The brief 66 Ma subsidence
event documented by Sobel (1995) in the
Kunlun foreland may have been associated
with the development of the south-directed
Tianshuihai thrust belt, which lies at the west-
ern end of the Altyn Tagh fault and may have
accommodated .400 km of north-south short-
ening due to motion along the Altyn Tagh
fault (Cowgill, 2001). This thrust belt deforms
Upper Cretaceous marine strata that are wide-
spread in western Tibet (Xinjiang BGMR,
1993). Thus, its development must have oc-
curred in the Cenozoic. This thrust belt is cur-
rently inactive, but its upper-age bound is
unknown.

Facies Analysis

Although the appearance of conglomerate
in a foreland sequence is a classical indicator
of thrust-belt initiation (e.g., Jordan et al.,
1988), other alternatives should also be con-
sidered. First, during the rapid movements of
early thrust-belt development, fine-grained
sediments were deposited in the foreland ba-
sin. Only when thrust motion became rela-
tively slow or completely terminated did the
coarse sediment flux catch up with subsidence
(e.g., Heller et al., 1988; Frostick and Steel,

1993). In this case, coarse-grained sedimen-
tation only provides an upper-age bound for
thrust initiation. Second, as the thrust-belt
front migrated gradually toward the foreland,
the time of vertical juxtaposition of the prox-
imal (coarse-grained) over the distal (fine-
grained) facies in the foreland basin must have
been diachronous, and the facies boundaries
must have dipped toward the thrust front (e.g.,
Schlunegger et al., 1997). Therefore, the early
record of such a facies transition that would
document the time of thrust initiation may
have been buried underneath the long-traveled
master thrust (e.g., the Lewis thrust in the
North American Cordillera, Yin and Kelty,
1991). This forward migration of lithofacies
may leave a false impression that contraction-
al deformation was initiated at a younger age
with an accelerated intensity (Fig. 14B; cf.
Métivier et al., 1998).

Climate change may also have induced rap-
id erosion and therefore deposition of coarse-
grained sediments. However, deposition of
Tertiary strata in the southern Tarim Basin
must have been a result of tectonics because
climate-induced increases in sedimentation
rates can only fill preexisting basins but pro-
vide no mechanisms to create significant ac-
commodation space (e.g., Frostick and Steel,
1993). The presence of .9 km of Cenozoic
strata in the southwestern Tarim Basin re-
quires tectonic loading. These strata thicken
toward the western Kunlun thrust front (Li et
al., 1996), which is inconsistent with climati-
cally driven sedimentation that produces tab-
ular stratal successions thickening away from
the thrust front (Burbank et al., 1996).

Two packages of coarse clastic detritus oc-
cur in the Aertashi section. Deposition of the
lower cobble conglomerate (Aertashi unit 2)
began at ca. 29.5 Ma (Fig. 12B), whereas de-
position of the upper (.6-km-thick) cobble to
boulder conglomerate started at and after ca.
25 Ma (Aertashi units 4 and 5). The older
coarse-grained sequence represents a mini-
mum age of initiation for thrust tectonics
within the western Kunlun Shan, whereas the
younger coarse-grained package probably rep-
resents initiation of a new thrust in the fore-
land closer to the measured section. The first
appearance of proximal-facies conglomerate
in the Aertashi section at ca. 25 Ma is nearly
12 m.y. after the time of initial rapid subsi-
dence at ca. 37 Ma (Fig. 19). This conclusion
highlights the fact that the appearance of con-
glomerates can be significantly later than the
onset of tectonic loading.

Except for one layer of conglomerate and
several intervals of sandstone, the Puska sec-
tion is dominated by fine-grained sedimenta-

tion (Fig. 8). Thus, the 39.5 Ma age for the
top of the section is a maximum for the onset
of proximal-facies conglomerate deposition
(Fig. 14B). Because the fine-grained section in
Puska is thick (.900 km) and its sandstone
composition records progressive unroofing of
the western Kunlun Shan, we interpret that the
section records thrusting-induced uplift. This
interpretation implies that gravels from the up-
lifted western Kunlun Shan prograded toward
the foreland at a very slow rate. This slow rate
may be attributed to the fact that a large ma-
rine embayment was present in the footwall of
the western Kunlun thrust in the Eocene (Yang
et al., 1995). This large standing water may
have prevented coarse-grained sediments from
entering the distal part of the foreland basin
now juxtaposed closely with the thrust front
marked by the Shangzhu thrust. The interpre-
tation of thrust-induced uplift together with
the estimated 46–39 Ma age of the Puska sec-
tion determined by both marine fossils and
magnetostratigraphy requires that the western
Kunlun thrust belt at Puska was initiated at or
prior to ca. 46 Ma. Middle Eocene Ostrea
(Turkostrea)–bearing sediments were also
identified at Keliyang (Lan and Wei, 1995)
and Shangzhu (Norin, 1946; Şengo¨r and Oku-
rogullari, 1991) ;60 and 40 km east of Puska,
respectively, which could be part of the same
foreland basin as studied in Puska.

This initiation age of deformation at Puska
is significantly older than that for the Aertashi
section ;200 km to the west and implies that
the western Kunlun Shan thrust belt started
developing diachronously from east to west.
As the western Kunlun thrust belt is the ter-
mination structure of the Altyn Tagh fault sys-
tem, the age constraint from Puska implies
that movement on the western Altyn Tagh
fault was initiated at or prior to ca. 46 Ma.

Although magnetostratigraphic analysis
was successful only within the top 500 m of
the coarse clastic deposits at Jianglisai, the
basal age of the fine-grained section remains
undefined. However, if we extrapolate the av-
erage sedimentation rate from the top 500 m
to the lower 1500-m-thick section, the base of
our measured section could be as old as 35
Ma as already discussed. We further interpret
that sedimentation of the Jianglisai section
was related to the uplift of the Altyn Tagh
Range induced by transpression between the
Jianglisai fault in the Altyn Tagh fault system.

Although the delta-plain to braided-
fluvial transition occurred at ca. 29.5 Ma at
Xishuigou (Fig. 17B), the entire section re-
cords the uplift history of the Danghe Nan
Shan above the Subei thrust starting at ca.
33 Ma because clastic sediments derived
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Figure 21. Tectonic history of the Altyn Tagh fault system. In stage 1 (50–40 Ma), the left-slip Altyn Tagh and Chechen He faults together
with the western Kunlun, Qimen Tagh, and the North Qaidam thrusts began to develop. Sediments were shed from the north and south into
the Qaidam Basin. Major drainage systems may have flowed westward from the Qaidam Basin into the Tarim Basin. During stage 2 (40–30
Ma), movement on the Aertashi fault began, and the Nan Shan thrust belts began to develop. The Jinyan-Xorkoli thrust system in the western
Nan Shan is offset to the eastern Altyn Tagh Range by a younger branch of the Altyn Tagh fault (ATF II). The northern branch of the Altyn
Tagh fault is the Jianglisai fault, which may have remained active after its offset by the younger Altyn Tagh fault II. The Altyn Tagh Range
acted as a moving source, shedding sediments northward into the Tarim Basin and southward into the Qaidam Basin. The southwestward-
moving Altyn Tagh Range also acted as a sliding door, blocking the western side of the triangular Qaidam Basin. In stage 4 (20–10 Ma), the
current configuration of the Altyn Tagh fault system was established, but continuing contraction across Tibet shortened the overall length of
the Altyn Tagh fault. In stage 5 (10–0 Ma), the Altyn Tagh fault lengthened at both ends, creating the Karakash fault in the west and the
Kuantai Shan thrust in the east. The right-slip Karakoram fault was also created at this time, assisting eastward extrusion of Tibet.

from the Subei thrust sheet and northward
paleocurrent indicators are observed
throughout the section. Because the Altyn
Tagh fault and the Subei thrust are the same
structure, the initiation age of the Subei
thrust is older than 33 Ma.

Provenance Analysis

In the western Kunlun Shan and the Altyn
Tagh Range, Mesozoic strata, when present,
contain little or no carbonate (Liu, 1988; Xin-
jiang BGMR, 1993). Similarly, the amount of
carbonate found in the Paleocene–Eocene strata
is too small and too localized to account for the

large quantity of carbonate detritus observed in
our measured Aertashi, Puska, and Jianglisai
sections. These observations suggest that Pa-
leozoic strata (i.e., Devonian to Permian),
which in northern Tibet contain both carbonate
and volcanic rocks (e.g., Liu, 1988; Şengo¨r and
Okurogullari, 1991; Sobel, 1995; Matte et al.,
1996; Pan, 1996), were the primary sources of
the measured sections. Exposing and exhuma-
tion of the Paleozoic sequences must have start-
ed prior to the Late Jurassic because modal
compositions of sandstones from Lower Juras-
sic to Tertiary strata are remarkably similar, as
shown by comparing our results with those ob-
tained by Sobel (1995). We speculate that the

initial denudation of the Paleozoic strata oc-
curred in the Late Triassic and Early Jurassic
during crustal extension. The importance of ex-
tensional tectonics in the Early Jurassic was re-
cently documented in the western Kunlun Shan
on the basis of sedimentological arguments
(Sobel, 1999). In the eastern Altyn Tagh Range,
the Lapeiquan detachment fault was active dur-
ing the latest Triassic to earliest Jurassic (Fig.
2) (Yin et al., 2000). Documenting Mesozoic
extension in the Altyn Tagh Range also ex-
plains a widespread Late Triassic–early Jurassic
cooling event in northern Tibet (Cowgill, 2001;
Sobel et al., 2001). Early Jurassic extensional
structures have also been documented in central
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Figure 21. (Continued.)

Tibet (Kapp et al., 2000) and the northern Qil-
ian Shan region (Huo and Tan, 1995). This ex-
tensional event in northern Tibet may have
been responsible for the observed modal com-
positions of sandstones in the southern Tarim
Basin. Because the sandstones consist of a
large amount of unstable lithic grains, we infer
that the Tertiary sediments were derived from

nearby drainage divides created by individual
thrusts (Schlunegger et al., 1997).

Average Slip Rate Along the Altyn Tagh
Fault

The preceding discussion suggests that
movement along the western and central Altyn

Tagh fault was initiated at ca. 49 Ma. The total
offset along the western Altyn Tagh fault was
recently estimated by Cowgill (2001) by cor-
relating Ordovician and Permian plutonic
belts across the fault. That study indicates 470
6 70 km of left-lateral offset along the Altyn
Tagh fault. This estimate is consistent with the
early estimates of 300–550 km of left-lateral
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offset across the western Altyn Tagh fault, de-
termined by comparing geology in the western
and eastern Kunlun Shan (Pan, 1984; Peltzer
and Tapponnier, 1988). These amounts of off-
set suggest that the maximum average slip rate
on the Altyn Tagh fault is ;11 mm/yr, but
could be as low as ;8 mm/yr. This average
slip rate is remarkably similar to the active
slip rate of ;9 mm/yr determined by the GPS
surveys for the Altyn Tagh fault (Bendick et
al., 2000; Chen et al., 2000; Z.K. Shen et al.,
2001).

TEMPORAL EVOLUTION OF THE
ALTYN TAGH FAULT SYSTEM

In the western Kunlun Shan, thrusting was
initiated prior to 46 Ma in the southeast (Pus-
ka) and at ca. 37 Ma in the northwest (Aer-
tashi). Because the western Kunlun thrust belt
is the termination structure of the Altyn Tagh
fault system, the westernmost Altyn Tagh fault
must have started at or prior to ca. 46 Ma. At
Jianglisai, we interpret sedimentation to have
been related to transpressional deformation
along the left-slip Jianglisai fault of Cowgill
et al. (2000). This fault as part of the Altyn
Tagh system must have been initiated before
26 Ma and possibly earlier than 35 Ma. Sim-
ilarly, the Subei thrust and eastern Altyn Tagh
fault may have been active since or prior to
33 Ma. In the eastern Altyn Tagh Range north
of the central segment of the Altyn Tagh fault,
the development of the Xorkoli and Jinyan
thrusts was associated with the deposition of
a late Eocene–early Oligocene basin (Xinjiang
BGMR, 1981). Because the currently active
segment of the Altyn Tagh fault cuts the
thrusts and the related basin, the left-slip mo-
tion along this fault must be younger than ear-
ly Oligocene time.

The Qaidam Basin is internally drained and
is bounded on three sides by tectonically in-
duced uplifted regions. They are the Altyn
Tagh Range in the west associated with the
Altyn Tagh fault, the Nan Shan in the north
associated with the North Qaidam thrust sys-
tem, and the Qimen Tagh and eastern Kunlun
Shan in the south associated with the Qimen
Tagh and North Kunlun thrust systems. Pre-
vious sedimentologic and biostratigraphic
studies suggest that thrust-induced sedimen-
tation in the Qaidam Basin began in the mid-
dle Eocene, as indicated by the deposition of
the Lulehe Formation (Huo, 1990; Zhang,
1997). This formation characteristically thick-
ens and coarsens toward the North Qaidam
and Qimen Tagh thrust fronts, suggesting that
the sedimentation was induced by tectonic
loading along the north and south edge of the

Qaidam Basin (Huo, 1990; Zhang, 1997). This
interpretation suggests that movement along
thrusts along the margin of the Qaidam Basin
was initiated in the middle Eocene (ca. 49
Ma). Because the counter parts of the Qimen
Tagh and North Qaidam thrusts and their as-
sociated Eocene sediments are not present
north of the Altyn Tagh fault, thrusting along
the north and south edges of the Qaidam Basin
must have been synchronous with motion on
the Altyn Tagh fault. Hanson (1999) showed
that the Altyn Tagh Range was already a to-
pographic high region in the Oligocene, shed-
ding sediments into the Qaidam Basin from
the northwest. The presence of the Altyn Tagh
Range in the Oligocene is consistent with our
inferred age of sedimentation for the Jianglisai
section. These observations imply that the Al-
tyn Tagh fault system, consisting of the Jian-
glisai and currently active Altyn Tagh fault,
had already been created by the early
Oligocene.

George et al. (2001) found that the north-
easternmost Nan Shan thrust belt on both
sides of the Hexi Corridor began to develop
between 20 and 10 Ma. This age is at least 10
m.y. younger than the early Oligocene age for
initial proximal-facies sedimentation in the
Hexi Corridor as defined by mammal fossils
and magnetostratigraphic analysis (Huang et
al., 1993). One possible explanation for the
discrepancy is that the denudation rate in the
Nan Shan foreland is extremely low, causing
a time lag between the initiation of thrusting
and the recording of its related denudation.

On the basis of the age constraints sum-
marized previously, we propose the following
tectonic history for the evolution of the Altyn
Tagh fault system (Fig. 21). In stage A (50–
40 Ma), the western segment of the Altyn
Tagh fault and possibly the Chechen He fault
began to develop. Associated with this tecton-
ic event is the development of the north-
dipping Tianshuihai and the south-dipping
Tiklik thrust systems in the western Kunlun
Shan. In addition, thrusts bounding the north
and south margin of the Qaidam Basin—the
Qimen Tagh and the North Qaidam thrusts—
were also developed and shed sediments into
the basin from their hanging walls. At this
time, the major drainages flowed westward
from the Qaidam Basin into the Tarim Basin.
During stage B (40–30 Ma), the Aertashi fault
(part of the Main Pamir thrust system) began
to develop and caused rapid subsidence in
Aertashi. The Chechen He fault remained ac-
tive and initiated the development of the Ma-
zatagh thrust system in the southern Tarim Ba-
sin as a branching fault. The Nan Shan thrust
belt was developed at this time, shedding sed-

iments both to the north into the Tarim Basin
in the Xishuigou area and to the east into the
Hexi Corridor area. The Jinyan-Xorkoli thrust
system (now in the eastern Altyn Tagh Range)
was originally part of the Nan Shan thrust off-
set by a younger branch of the Altyn Tagh
fault system (5 ATF II, Fig. 21). In stage C
(30–20 Ma), the Jinyan-Xorkoli thrust system
was truncated and offset by the Altyn Tagh
fault II, the southern strand of the Altyn Tagh
fault system that cuts and offsets a slice of
the western Nan Shan thrust belt to the
southwest. The northern strand of the Altyn
Tagh fault (ATF I 5 Jianglisai fault) may
have remained active and formed a strike-
slip duplex with the southern strand (Cow-
gill et al., 2000). Transpression along the
Altyn Tagh system may have further uplift-
ed the Altyn Tagh Range, which acted as a
moving source that shed sediments north-
ward into the Tarim Basin and southward
into the Qaidam Basin. Continuous south-
westward movement of the Altyn Tagh
Range acted as a sliding door that eventu-
ally closed the western drainage outlets of
the Qaidam Basin. Meanwhile, thrusting
along the Qimen Tagh and the North Qai-
dam faults closed the eastern end of the Qai-
dam Basin, which became internally
drained. In stage D (20–10 Ma), the current
configuration of the Altyn Tagh fault system
was established. Because of continuous
shortening in the southwestern Nan Shan
thrust belt and around the Qaidam Basin, the
overall length of the Altyn Tagh fault de-
creased since the Miocene due to shortening
across Tibet. Since 10 Ma, the Altyn Tagh
fault has lengthened both to the west and
east, creating the left-slip Karakash fault in
the west and the north-dipping Kuantai Shan
thrust system in the east. Meanwhile, the
right-slip Karakoram fault was also created,
which terminates in the north at the Kongur
Shan normal fault system.

CONCLUSIONS

1. The uplift of the northern margin of the
Tibetan plateau induced by crustal thickening
began prior to 46 Ma in the western Kunlun
Shan, at ca. 49 Ma around the Qaidam Basin,
and prior to ca. 33 Ma in the Nan Shan. Move-
ment along the western Kunlun thrust belt be-
gan diachronously, at ca. 46 Ma in the south-
east to ca. 37 Ma in the northwest.

2. The western and central Altyn Tagh fault
system—consisting of the Chechen He fault,
the Jianglisai fault, and the active Altyn Tagh
fault itself—started developing at ca. 49 Ma.
At its initiation, this left-slip fault system was
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linked with the western Kunlun thrust belt and
the thrusts bounding the Qaidam Basin as its
western and eastern termination structures.
The eastern segment of the Altyn Tagh fault
developed prior to ca. 33 Ma, but whether
movement on it began significantly later than
on its central and western segment is
unknown.

3. The Altyn Tagh Range has been a topo-
graphically high region since at least the be-
ginning of the Oligocene. Its continuous
southwestward motion has caused the range to
act as a sliding door that eventually closed the
westward drainage outlets of the Qaidam
Basin.

4. By using the total offset of 470 6 70 km
and our estimated initiation age of 49 Ma, the
averaged long-term slip rate along the Altyn
Tagh fault is 9 6 2 mm/yr, remarkably similar
to that determined by GPS surveys. This sim-
ilarity implies that geologic deformation rates
have essentially been at steady state over tens
of millions of years during continental
collision.

5. Modal analysis of Tertiary sandstones
provides several important insights into the
denudation history of the source region and
transport processes of the sediments. First,
systematic changes in composition of fine-
grained clastic sediments are sensitive indi-
cators for initiation of thrust-induced uplift.
Such compositional changes indicate that
movement in the western Kunlun thrust belt
started prior to 46 Ma despite its dominant
fine-grained sedimentation. Second, much of
the detrital grains observed from our mea-
sured sections were locally derived from the
hanging walls of the nearby thrusts or blocks
uplifted against transpressional faults; these
grains provided a link between sedimentation
and tectonic activities. Third, the primary
provenance of the measured sections is the Pa-
leozoic volcanic and sedimentary strata ex-
posed along the northern margin of the Tibet-
an plateau. Because of the lack of detrital
clasts from the Mesozoic strata in the Tertiary
sections and the similarity of sandstone modal
composition between Jurassic–Cretaceous and
Tertiary strata, we suggest that a significant
denudation event occurred in the Late Triassic
and Early Jurassic along the northern margin
of the Tibetan plateau. From the regional
structural setting, this event was most likely
related to widespread extension in northern
and central Tibet.
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