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Abstract

The pre-Miocene northeastern termination of Altyn Tagh fault is a critical outstanding problem for understanding the mechanics
of Cenozoic deformation resultant from the Indo-Asian collision and mechanisms of Tibetan Plateau formation. Structures beyond
the widely accepted NE end of the Altyn Tagh fault, near the town of Yumen, are needed in order to accommodate strike-slip
deformation related to plate-like lateral extrusion tectonics, but structures with the necessary slip magnitudes and histories have not
been identified. We report on a series of newly recognized and documented E to ENE-striking faults within the Alxa block, NE of
the Tibetan Plateau, that are visible on remotely sensed images and confirmed by field studies. These structures are demonstrably
left-lateral faults based on offset geology and kinematic indicators such as striae and s—c fabrics in fault gouge. The faults have
post-Cretaceous offsets of at least tens to possibly >150 km, but limited post-Miocene displacement, constrained by offset
sedimentary basins. These characteristics suggest that strike-slip faults of the Alxa region have a similar structural history as the
central-eastern Altyn Tagh fault and can provide a mechanism for accommodating Oligocene—Early Miocene extrusion along the
Altyn Tagh fault.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction field distributed deformation and extrusion of continen-
tal blocks, inception of the Indian monsoon, changes in

The collision of India with Asia in the Early Tertiary seawater geochemistry, and development of the world’s
has had profound effects on the Earth that include far- largest and highest plateau (Fig. 1; [1-5]). Over the past

50 Ma, India has indented more than 2000 km north-
ward into Tibet and surrounding regions [2]. The
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Fig. 1. Topography of the Tibetan Plateau and adjacent regions with some of the major faults, e.g. the Altyn Tagh fault, related to the Indo—Asian
collision (adopted from [27]). Colors: black <200 m, light blue ~1000 m, yellow ~2000 m, orange ~3000 m, maroon >4000 m. Dashed box
represents approximate area of Fig. 2. Towns: DI=Delhi, Lh=Lhasa, Ht=Hotan, Gm=Golmud, Dh=Dunhuang, Lz=Lanzhou, Yc=Yinchuan,

Ym=Yumen.

(ATF; Fig. 1). Furthermore, these end-member models
make predictions about slip rates, magnitudes of dis-
placement, and spatial extent of these and other major
structures within and around the Tibetan Plateau.

2. The Altyn Tagh fault

With an along-strike length of >1500 km, the active
left-lateral Altyn Tagh fault (ATF) is the largest strike-
slip fault in Asia and marks the northern margin of the
Tibetan Plateau (Figs. 1 and 2). It is a key structural
feature in all tectonic models of Asia; variously cited to
support both continuum crustal thickening and plate-
like lateral extrusion (Fig. 1; [2,6-11]). Plate-like ex-
trusion models predict high slip rates (>20 mm/yr), and
magnitudes for the ATF, whereas continuum thickening
deformation requires lower rates (10 mm/yr), and mag-
nitudes of slip on major structures. The former model
requires the Altyn Tagh fault to extend beyond the
plateau or transfer its slip onto other structures, whereas
the latter requires the fault to end at the NE edge of the
Tibetan Plateau by transferring slip onto the North
Qilian fault (Figs. 1 and 2).

Because of its importance in all models of the Indo-
Asian collision, many workers have focused their at-
tention on the ATF. Multiple pre-slip piercing point
studies on the eastern and central segments of the
ATF have demonstrated a range of common offset of
350-400 km [12-21], and a single pre-Tertiary piercing
point on the western ATF suggests 475 + 70 km of slip
at the western end of the fault [21,22]. Piercing point
studies, growth strata, paleocurrents, and provenance all
suggest that the ATF initiated in the Oligocene [18,23—
25]. Current slip rate estimates range from 2—-30 mm/yr
[26-29], with the most recent value on the eastern-
central ATF represented by the 5.6 & 1.6 mm/yr rate
measured using GPS by Zhang et al. [29].

Piecing point studies of Tertiary sedimentary basins
on the central and eastern segments of the Altyn Tagh
fault have done much to define the mid-Tertiary to
Recent slip history of the Altyn Tagh fault. Yue et al.
[18,30,31] and Ritts et al., [32] have established mul-
tiple piercing points between Tertiary basins and their
source terranes that demonstrate large amounts of offset
(~310 km) for Oligocene and Early Miocene basins, but
small offsets (<65 km) for basins that are mid-Miocene
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and younger. These syn-slip piercing points suggest
two distinct phases of movement on the ATF: Late
Oligocene—Early Miocene fast, high-magnitude slip
and post-Early Miocene slow, low-magnitude slip
[30,32]. These slip-rate results suggest a coherent

model that reconciles the two opposing mechanical
models, plate-like crustal extrusion versus continuum
deformation [10,30,31]. First, the ATF allowed plate-
like lateral extrusion during the Oligocene and Early
Miocene with ~310 km of left-lateral displacement and

Fig. 4. ASTER image (scene AST L1B.003:2017827185) of a portion of the Beida Shan illustrating two left-lateral strike-slip faults that bound/
bisect the range. Fault and striae data from the Beida Shan shown on Fig. 3 collected from two locations near the white star on the central portion of
the image. 4B: Lower Cretaceous strata north of a major left-lateral strike-slip fault in the Beida Shan. Clasts are composed of granite, basalt, dark
green and red sandstone and volcaniclastic sandstone. Hammer for scale. 4C: Lower Cretaceous strata south of a major left-lateral strike-slip fault in
the Beida Shan. The provenance of this section is distinct from the Lower Cretaceous section to the north of the fault. In addition, this Lower
Cretaceous formation is finer grained and contains abundant organic facies. Hammer and backpack for scale. 4D: Well exposed vertical fault plane
in the Yabrai Shan. View to the east. Backpack for scale. 4E: Gently west plunging striae from a fault (4D) in the northern Yabrai Shan. Pencil

oriented parallel to most prominent set of striae.
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slip rates in excess of 20 mm/yr [30]. Second, since the
Early Miocene, slip on the ATF has slowed to <10 mm/
yr (~the present rate), accumulated only ~65 km of
offset, and has accommodated distributed shortening
within the northern Tibetan Plateau [30]. Although
these fault slip-rate data have been interpreted to sug-
gest a two phase evolution, the mechanism to accom-
modate extrusion of crustal blocks beyond the Tibetan
Plateau remains problematic given three constraints: 1)
the ATF is generally considered to end at the NE corner
of the Tibetan Plateau, near Yumen (Figs. 1 and 2); 2)
the amount of extrusion-related Oligocene—Early Mio-
cene slip on the ATF is suggested to be ~310 km very
near the fault’s present geomorphic termination near
Yumen — beyond the frontal Qilian Shan thrust fault
[31]; 3) other structures proposed to accommodate ATF
strain near its northeast end (e.g., the Haiyuan fault), do
not have the slip magnitudes necessary to have accom-
plished this [33]. A remaining mechanism for accom-
modating lateral extrusion, proposed by Yue and Liou
[10], suggests transfer of left-lateral slip onto the Alxa—
East Mongolia fault system, a system of strike-slip
faults posited to extend from the northeast end of the
ATF to the Sea of Okhostk. This proposed fault system
remains largely a tectonic construct; although supported
by sparse geological data from southern Mongolia
[34,35] and few seismic studies [10], the existence of
Tertiary left-lateral faults remains undocumented north-
east of the ATF.

In order to evaluate the presence, distribution, and
kinematics of strike-slip faulting beyond the northeast
termination of the ATF we completed Landsat/ASTER
mapping of the location and lateral continuity of faults
combined with geological field studies during 2004 and
2005 within the Alxa block (Figs. 1-4A), immediately
east and northeast of the apparent termination of the
ATF at the edge of the Tibetan Plateau. Our data
demonstrate the presence of multiple large, post-Creta-
ceous, left-lateral faults that likely have a slip history
that is similar to that of the ATF. Specifically, our study
documents large (several 10s of km) post-Cretaceous
left-lateral slip and minor post-Miocene slip.

3. The Alxa region

The Alxa region in north-central China is located
north of the Hexi Corridor and west of the Ordos region
(Figs. 1-4A). It contains several mountain ranges that
include, from east to west, the Yabrai Shan (Shan=
mountain), an unnamed range to the east of Alxa
Yougqi, the Long Shou Shan, the Beida Shan, and the
Heli Shan (Fig. 3). Despite excellent desert exposures

and relief that is locally in excess of 1 km, this region
remains poorly studied. Fieldwork during Summer
2004 and 2005 suggests that this region has great
potential for placing tighter constraints on the tectonic
evolution of the ATF and therefore the Tibetan Plateau.

The Alxa region contains rocks ranging in age from
Archean to Neogene. Archean—Late Paleozoic base-
ment units are composed of granitic plutons, gneiss,
and metasedimentary units (undifferentiated on Fig. 3).
Sedimentary sequences include Jurassic sandstone—
pebble conglomerate, widespread Lower Cretaceous
nonmarine strata, Upper Cretaceous sandstone and con-
glomerate and Tertiary sandstone and conglomerate.
The widespread Lower Cretaceous sedimentary units
(Fig. 3; note that all age control is from [36,37]), have
been mapped previously as five distinct Lower Creta-
ceous formations. Lithological distinctions between
these formations were confirmed by our fieldwork;
Cretaceous strata within fault-bounded panels range
from coarse-grained red beds to dark-colored coal-bear-
ing lacustrine and swamp facies with markedly different
detrital sediment compositions (Fig. 4B, C).

All of the ranges in the Alxa region are bound or
bisected by left-lateral strike-slip faults (Fig. 3). There
are at least five major, ~ east—west trending left-lateral
fault zones between N39°—40° and E100°-102°; these
faults are visible on Landsat and ASTER images and
were confirmed with structural observations in the field
(Figs. 2-4A, D, E). These faults have variable steep
dips (65°—90°) to the north or south, sub-horizontal
striae, and fault gouge that varies in thickness from a
few centimeters to as much as 9 m (Figs. 3 and 4D, E).
The strike of these faults varies from west—northwest in
the western Alxa region to east—northeast in eastern
areas (Fig. 3). Kinematic indicators, such as tension
cracks, steps on fault planes, and s/c-type fabrics in
fault gouge document left-lateral slip with a small
component of dip-slip (Figs. 3 and 4E). In addition,
one of the left-lateral faults in the northern Heli Shan
has an impressive fault scarp that offsets a terrace 2—4
m vertically with 8-15 m left-lateral offset of stream
channels.

The Beida Shan, in particular, display an exceptional
example of left-lateral faulting (Figs. 3 and 4A). The
southern margin of the range is controlled by two major
~east-west trending left-lateral strike-slip faults (Figs. 3
and 4A). The northern of the two faults juxtaposes two
different Lower Cretaceous sedimentary units for much
of its length (dark green vs. light green on Fig. 3).
These units have distinct facies, depositional environ-
ments, and provenance (Fig. 4B, C). Lower Cretaceous
strata on the north side of the fault rest unconformably
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on crystalline basement and are dominantly composed
of red and green pebble-boulder alluvial fan conglom-
erate and green sandstone lenses deposited by stream-
flow processes (Fig. 4B). Clasts found in Cretaceous
strata north of the fault are composed of granite, basalt,
dark green and red sandstone, and volcaniclastic sand-
stone. The Cretaceous strata on the southern side of the
fault are finer grained and contain abundant organic
facies that are not found north of the fault; lithologies
include green and red braided fluvial sandstone, dark
gray laminated shale, coal, and lesser pebble—cobble
conglomerate (Fig. 4C). In contrast to Cretaceous strata
on the northern side of the fault, conglomerate clasts
consist of granite and pegmatite with lesser basalt and
gabbro; sandstone clasts are not present. The fault
between these two Cretaceous sections is marked by
gouge and a zone of smaller normal and strike-slip
faults several tens of meters wide. This fault strikes
110°, dips steeply to the south, and displays sub-hori-
zontal striae (Fig. 3). An excellent exposure of the
northern fault, near the central portion of the range
front, juxtaposes basement against Lower Cretaceous
sandstone and conglomerate (light green on Fig. 3). All
data shown on the Beida Shan stereonet on Fig. 3 were
collected from this portion of the northern left-lateral
fault in the Beida Shan (Figs. 3 and 4A). Approximate-
ly 80 m of basement on the north side of the fault is
highly sheared, brecciated, and silicified, and up to 9 m
of fault gouge is present, with strong layering that dips
steeply (~80°) south (Fig. 3—Beida Shan stereonet).
Striae measured in well-layered gouge and on fault
surfaces located a few 10’s of meters north of the
gouge in shattered basement are sub-horizontal (Fig.
3—Beida Shan stereonet). The gouge contains s/c-type

fabrics that suggest left-lateral displacement. This sense
of slip is supported by tension cracks on fault surfaces
in basement just a few meters north of the fault. Qua-
ternary strata are cut by this northern fault, although no
prominent geomorphic scarp is present. The Cretaceous
section for at least 75 m south of the northern fault is
folded about tight, moderate to steeply plunging hinges
and contains numerous small faults. Displacement on
the north fault could be >70 km based upon the along-
strike length of the juxtaposition of two distinct Creta-
ceous sections of the same age and a mis-match in
basement units across the faults. The southern of the
two faults in the Beida Shan separates a north wall of
Lower Cretaceous strata (shown in light green on Fig.
3), from shattered granitic basement to the south.
Gouge is also locally present and is up to several meters
thick.

The two left-lateral strike-slip faults in the Beida
Shan continue west in to the Heli Shan where they
cut Miocene conglomerate and sandstone derived
from the Qilian Shan thrust belt to the south, which
rest unconformably on Cretaceous strata (Fig. 3). Sur-
prisingly, where the faults cut Miocene strata, they do
not appear well developed and left-lateral displacement
is on the order of <3 km or less based upon the limited
separation and offset of recognizable Miocene stratig-
raphy across the fault (Fig. 5). The Miocene section in
the Heli Shan is at least 190 m thick, and the vertical
and horizontal separation of Miocene strata (Northeast
striking and an average dip of ~15°N) on either side of
the left-lateral strike-slip fault, when combined with
fault geometry (average orientation: strike ~294°, dip
90° £+ 10° and gently plunging striac (Average orienta-
tion: 115°, 14°; Fig. S—stereonet) suggest a strike-slip
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Fig. 5. Geologic map of a small, but important region of the southeastern Heli Shan (location of map shown on Fig. 3 by a small grey triangle ~25
km NNE of Pingchuan-PC). This small area has three distinct Miocene sedimentary units (N;a, N;b, Njc; age control from [36]) which strike
~northeast and have dips to the NW. Truncating these units is a left-lateral strike-slip fault that has ~3 km of post-Miocene displacement. Data
shown on the stereonet were collected from three localities along the fault zone in the center portion of the map area. Steps on fault planes and
small-scale offsets both support left-lateral displacement. Contour interval=25 m. Topography from SRTM data.
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A. Early Cretaceous: Development of multiple basins

C. Post-mid Miocene-Recent:

Crustal shortening in the Qilian Shan/

Northern Plateau uplift. Limited
left-lateral faulting.

Post-Cret./ Pre-mid Miocene:
Major left-lateral faulting

Fig. 6. Schematic block models illustrating the tectonic evolution of the Alxa region. View to the southeast. A. Early Cretaceous basin development
(basin location and style undefined). B. Post-Cretaceous/Pre—mid-Miocene major left-lateral faulting. C. Post-mid-Miocene—Recent crustal
shortening in the Qilian Shan/northern plateau uplift and limited left-lateral faulting. See text for details. The geometry of the strike-slip faults

is unconstrained at depth. Note change in scale between B and C.

displacement of <3 km. All fault and striae data shown
from the Heli Shan on Fig. 5 were collected from ~1 km
of fault length where Miocene strata are cut and offset.
Although it is possible that these left-lateral faults are
losing displacement to the west, it is unlikely that they
lose 65 km of slip over the 40 km between the Beida
Shan and Heli Shan as no structures to absorb this slip,
such as thrust faults, have been identified. More likely,
these observations imply that post-Cretaceous/pre-Mio-
cene left-lateral slip in the southern Alxa region is large
(70+ km) while post-Miocene left-lateral slip has been
limited. This slip history for faults in the Heli Shan and

Beida Shan is very similar to that described by Yue et
al. [30] for the central-eastern ATF. Limited post-Mio-
cene slip is also supported by recent GPS campaigns
that show small GPS velocities in the Alxa region with
respect to stable Eurasia [29,38] and limited geomor-
phic evidence of major recent activity.

4. Discussion
The tectonic history of the Alxa region (Fig. 6)

described above may have profound implications for
strain partitioning related to the Indo-Asian collision
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and evolution of the northern Tibetan Plateau. The slip
history of left-lateral structures documented in this
study is similar to that of the central-eastern ATF as
recognized by Yue et al. [18,30] and Ritts et al. [32].
It is possible that the left-lateral faults in the Alxa
region represent the pre—mid-Miocene continuation of
the ATF system beyond the Tibetan Plateau; a condi-
tion required by the large magnitude of slip (at least
310 km, [30-32]) at the present geomorphic termina-
tion of the ATF near Yumen, beyond the frontal Qilian
thrust fault along the northern margin of the Qilian
Shan (Figs. 1 and 2). We suggest that the ATF splayed
in to at least five strike-slip faults east of ~98°E
longitude (Figs. 2 and 3). This change from a single
well-developed structure to multiple, linked, structures
may reflect the transition from juxtaposition of dispa-
rate basement terranes west of ~98°E (e.g. Tarim from
Qaidam/Qilian terranes; [32]) to dissection of the
North China block (e.g. the same terrane on both
sides of the fault) east of ~98°E. The results from
previous studies on the ATF (e.g. [30]) and our data
from the Alxa region suggest that pre-mid-Miocene
tectonics of northeast Tibet and the Alxa region were
dominated by lateral extrusion of crustal blocks on
large-scale strike-slip faults that include the ATF as
well as structures within the Alxa block — some of
which project in to southern Mongolia (Fig. 2; [35]).
This system of faults would have continued through
castern Mongolia to the Sea of Okhotsk and linked to
the subduction zone along the eastern margin of Eur-
asia [10,39,40]). We suggest that the Miocene to
Recent tectonics of northeast Tibet and the Alxa re-
gion include relatively slow rates of slip on the ATF
[18,30], crustal shortening and uplift of the northern
Plateau in the Qaidam/Qilian Shan region [18,41,42],
transfer of some slip from the ATF to the Haiyuan
fault [43], and limited left-slip in the Alxa region,
which is linked to normal faulting in the eastern
Alxa (Yabrai Shan) and formation of the Ordos graben
system (Figs. 4-6). The physical connection between
faults in the Alxa region and the ATF between Yumen
and the edge of Fig. 2, is now mostly covered by
Miocene to Recent strata. Reasons for the Miocene
change from a lithospheric-scale strike-slip system
(extrusion models) to a crustal-scale structure (modern
linkage of thrust belts, e.g. [9]) remain enigmatic but
may include: 1) a change in convergence rate or angle
between India and Asia, 2) passage of a critical me-
chanical threshold within the Tibetan lithosphere, or 3)
a change in the boundary conditions along the Pacific
margin, or “free” margin of Eurasia. We favor the third
option as there is ample evidence in the geoscience

literature for major plate boundary reorganization
along the eastern margin of Asia in the Miocene
([40,44—47] and references therein).

5. Conclusions

Our field data and observations from Landsat and
ASTER imagery suggest that Alxa region contains at
least five left-lateral strike-slip faults (Fig. 3). Based on
timing relationships that we have documented in the
Beida Shan and Heli Shan (Figs. 3-5), large-scale left-
lateral strike-slip faulting (=70 km of slip) within the
Alxa region was temporally restricted to the post-Cre-
taceous, pre—mid-Miocene (Fig. 6). Post-Miocene to
Recent strike-slip faulting in the Alxa region is extreme-
ly limited (Figs. 5 and 6). Although total pre-Miocene
left-lateral slip on these structures is unknown, it may be
much greater than 150 km based upon the juxtaposition
of numerous different Lower Cretaceous sedimentary
basins (Figs. 3 and 6) and disparate basement units
across the structures. These Tertiary structures provide
a mechanism to accommodate extrusion of crustal
blocks beyond the Tibetan Plateau and must be consid-
ered in the Cenozoic tectonic framework of Asia.
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