Downloaded from lithosphere.gsapubs.org on December 27, 2013

Lithosphere

Tectonic development of the northeastern Tibetan Plateau as constrained by
high-resolution deep seismic-reflection data

Rui Gao, Haiyan Wang, An Yin, Shuwen Dong, Zhaoyang Kuang, Andrew V. Zuza, Wenhui Li and
Xiaosong Xiong

Lithosphere 2013;5;555-574
doi: 10.1130/L293.1

Email alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new
articles cite this article

Subscribe click www.gsapubs.org/subscriptions/ to subscribe to Lithosphere

Permission request click http://www.geosociety.org/pubs/copyrt.htm#gsa to contact GSA

Copyright not claimed on content prepared wholly by U.S. government employees within scope of
their employment. Individual scientists are hereby granted permission, without fees or further
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in subsequent
works and to make unlimited copies of items in GSA's journals for noncommercial use in classrooms
to further education and science. This file may not be posted to any Web site, but authors may post
the abstracts only of their articles on their own or their organization's Web site providing the posting
includes a reference to the article's full citation. GSA provides this and other forums for the
presentation of diverse opinions and positions by scientists worldwide, regardless of their race,
citizenship, gender, religion, or political viewpoint. Opinions presented in this publication do not reflect
official positions of the Society.

Notes

© 2013 Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA


http://lithosphere.gsapubs.org/cgi/alerts
http://lithosphere.gsapubs.org/cgi/alerts
http://lithosphere.gsapubs.org/subscriptions/index.ac.dtl
http://lithosphere.gsapubs.org/subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://lithosphere.gsapubs.org/
http://lithosphere.gsapubs.org/
http://lithosphere.gsapubs.org/
http://lithosphere.gsapubs.org/

Downloaded from lithosphere.gsapubs.org on December 27, 2013

RESEARCH

Tectonic development of the northeastern Tibetan
Plateau as constrained by high-resolution deep seismic-
reflection data

Rui Gao'?, Haiyan Wang'?, An Yin3**, Shuwen Dong? Zhaoyang Kuang®, Andrew V. Zuza®, Wenhui Li'?, and Xiaosong Xiong'?

'LITHOSPHERE RESEARCH CENTRE, INSTITUTE OF GEOLOGY, CHINESE ACADEMY OF GEOLOGICAL SCIENCES, BEIJING 100037, CHINA

2EY LABORATORY OF EARTH PROBE AND GEODYNAMICS, MINISTRY OF LAND AND RESOURCES OF THE PEOPLE'S REPUBLIC OF CHINA, BEIJING 100037, CHINA

SDEPARTMENT OF EARTH, PLANETARY, AND SPACE SCIENCES AND INSTITUTE OF PLANETS AND EXOPLANETS, UNIVERSITY OF CALIFORNIA, LOS ANGELES, CALIFORNIA 90095-1567, USA
“STRUCTURAL GEOLOGY GROUP, CHINA UNIVERSITY OF GEOSCIENCES (BEIJING), BEIJING 100083, CHINA

SGEOPHYSICAL EXPLORATION DIVISION NO. 6, HUADONG PETROLEUM BUREAU, SINOPEC, NANJING 210007, CHINA

ABSTRACT

A 180-km-long, high-resolution seismic-reflection survey that imaged the entire crust and the uppermost mantle lithosphere was conducted
across the northeastern Tibetan Plateau. This work had three aims: (1) to examine whether the left-slip Haiyuan and Tianjing faults defining
the margin of NETibet are crustal- or lithospheric-scale structures, (2) to determine whether seismic fabrics are consistent with middle- and/
or lower-crustal channel flow, and (3) to establish the minimum amount of Cenozoic shortening strain in the region. Analysis of our newly
obtained seismic-reflection data suggests that the left-slip Haiyuan and Tianjing faults have multiple strands and cut through the upper and
middle crust. The faults likely terminate at a low-angle detachment shear zone in the lower crust, because the flat Moho directly below the
projected traces of the faults is continuous. The seismic image displays subvertical zones of highly reflective sequences containing paral-
lel and subhorizontal reflectors that are truncated by seismically transparent regions with irregular shape. The transparent regions in the
middle crust are traceable to the seismically transparent lower crust and are interpreted as early Paleozoic plutons emplaced during the
construction of the Qilian arc in the region. The presence of the undisturbed subvertical contacts between zones of highly reflective and
seismically transparent regions rules out the occurrence of channel flow in the middle crust, as this process would require through-going
subhorizontal reflectors bounding the channel above and below.The lack of continuous reflectors longer than a few kilometers in the lower
crust makes a laminar mode of channel flow unfavorable, but lateral lower-crustal flow could have occurred via small-scale ductile deforma-
tion involving folding (less than a few kilometers in wavelength and amplitude). Integrating surface geology and the seismic data, we find
that the upper crust along a segment of the seismic surveying line experienced up to 46% crustal shortening postdating the Cretaceous and
is thus interpreted as entirely accumulated in the Cenozoic. If the estimated shortening strain is representative across northeasternTibet, its
magnitude is sufficient to explain the current elevation of the region without an appeal for additional contributing factors such as channel

flow and/or a thermal event in the upper mantle.
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INTRODUCTION

The formation and modification of the cur-
rent morphology of the Tibetan Plateau have
been attributed to: (1) vertically coherent short-
ening of the entire lithosphere (e.g., England
and Houseman, 1986; Dewey et al., 1988), (2)
decoupling of crustal and mantle shortening
along subhorizontal décollements in the middle
and lower crust (e.g., Burchfiel et al., 1989; C.S.
Wang et al., 2011), (3) mid- and lower-crustal
channel flow (e.g., Zhao and Morgan, 1987;
Bird, 1991; Royden et al., 1997; Clark and Roy-
den, 2000), (4) convective removal of Tibetan
mantle lithosphere leading to plateau uplift (e.g.,
England and Houseman, 1989; Harrison et al.,
1992; Molnar et al., 1993), and (5) continental

*E-mail: ayin54@gmail.com.

subduction with or without coupling of strike-
slip faulting (e.g., Wang et al., 2001; Tappon-
nier et al., 2001). Each of these models predicts
specific crustal structures and strain distribution
within the plateau interior and along the plateau
margins that can be tested by the analysis of
high-resolution seismic-reflection studies (e.g.,
Hubbard and Shaw, 2009; C.S. Wang et al.,
2011). For example, the midcrustal décollement
model of Burchfiel et al. (1989) requires major
thrusts and strike-slip faults to be restricted to
the upper crust. Conversely, neither the channel-
flow model of Clark and Royden (2000) nor
the convective-removal model of Molnar et al.
(1993) requires significant upper-crustal short-
ening for achieving the current elevation of the
Tibetan Plateau. Finally, the vertically coherent
deformation model of England and Houseman
(1986) requires coupling of crustal and upper-

mantle deformation and thus a lack of subhori-
zontal décollements.

In order to test these models, we conducted
a high-resolution seismic-reflection investiga-
tion across the northeastern Tibetan Plateau
(Figs. 1B and 2). Our profile images the entire
crust and the uppermost mantle lithosphere (Fig.
3A). The profile crosses a major active strike-
slip fault bounding the northeastern plateau
edge, the Haiyuan fault (Fig. 2). This structure
has been interpreted either as an upper-crustal
transpressional transfer fault by Burchfiel et al.
(1991) or a strike-slip fault coupled with conti-
nental subduction (e.g., Gaudemer et al., 1995).
The main goal of this study is to establish the
first-order lithospheric structures imaged in the
seismic-reflection profile and to differentiate the
two models by examining whether the Haiyuan
fault cuts and offsets the Moho. This informa-
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Tianjing
Fault

| Pt-Pz

W. Qinling Fault

101°E

N-Q, Neogene-Quaternary sediments.

E, Eocene fluvial-lacustrine deposits in fault-bounded basins.
J-K, dominantly Cretaceous and locally Jurassic strata deposited in rift basins.

Pt-Pz, Undifferentiated Proterozoic and Paleozoic rocks that include Proterozoic
metasedimentary rocks and augen gneiss, Cambrian to Silurian arc sequences,

HERL

Devonian conglomerates, and Carboniferous to Permian shallow marine deposits.

37°N

Liupan Shan
Thrust Belt

-| 36°N

4-27-13

105°E

107°E

Tr, Triassic shallow marine and lacustrine deposits
gr-2, Triassic granitoids

gr-1, Ordovician-Devonian granites (464-383 Ma)

Pt-gr, Mesoproterozoic granites (~1200 Ma)

Figure 2. Simplified geologic map of NE Tibet from Pan et al. (2004) and the location of seismic profile in thick black line from A to B. See GSA Data
Repository (see text footnote 1) for a more detailed geologic map along the seismic survey line.

tion allows us to constrain the deformation his-
tory of the region and in particular the mode of
Cenozoic deformation leading to the formation
of the northeastern Tibetan Plateau.

As seismic-reflection profiles may be inter-
preted in multiple ways, we take the follow-
ing approach to ensure the plausibility and
testability of our interpreted seismic profiles.
Specifically, our interpreted sections must be
consistent with: (1) known surface geology, (2)
the regional tectonic history, (3) existing geo-
physical constraints (e.g., vertical distributions
of seismic speed and the corresponding rock
composition), and (4) the principle of mass con-
servation, allowing restoration of the interpreted
seismic profiles using balanced cross-section
methods. The main conclusions reached using
this approach are: (1) the Haiyuan fault cuts
through the upper and middle crust and termi-
nates at a lower-crust décollement that dips at a
moderate dip angle of ~30° to the south, (2) the
upper crust locally experienced >46% of Ceno-
zoic shortening accommodated by the develop-
ment of multiple levels of duplex systems, (3)
the middle crust and lower crust are dominated
by plutonic rocks emplaced during the early
Paleozoic development of the Qilian arc, and (4)
the Moho is expressed either as a narrow and

concentrated zone of high reflectivity (<500 m)
or a wide (4-6 km) and diffuse zone of multiple
reflectors serving as transition from the more
reflective lower crust above to the nearly nonre-
flective uppermost mantle below.

REGIONAL GEOLOGY

Topography of Northeastern Tibetan
Plateau

Except its southernmost margin, where the
high topography may have been generated by
the Mesozoic development of an Andean-type
margin (e.g., Murphy et al., 1997), the cur-
rent topography of the Tibetan Plateau (with
an average elevation of ~5 km) was mainly
created in the Cenozoic during the India-Asia
collision (Yin and Harrison, 2000; Tapponnier
et al., 2001; Royden et al., 2008). The plateau
is bounded by the Himalayan Range south of
the Indus-Tsangpo suture and the North China
craton in the south and north, respectively (Fig.
1A). In the west and east, the plateau lies against
the Tarim and Sichuan Basins with sharply
defined margins (Fig. 1A).

In contrast to the sharply defined plateau
margins in the north along the Qilian Shan

front, east along the Longmen Shan front, and
west along the Altyn Tagh Range, Royden et
al. (1997) and Clark and Royden (2000) noted
that the northeastern and southwestern corners
of the Tibetan Plateau display gradual transition
in topography, from the high-altitude (4000—
5000 m) plateau interior to the low-altitude
plateau foreland (mostly <1500 m) (Fig. 1A).
For example, the elevation in northeastern Tibet
decreases from >4000 km south of the Kunlun
fault to <1.5 km in the foreland of the northeast-
ern Tibetan Plateau over a distance of ~450 km
(Figs. 1B and 1C). The absence of sharp topo-
graphic fronts and the apparent lack of Ceno-
zoic shortening across the gradational plateau
margins have been used as evidence for lower-
crustal channel flow during Cenozoic develop-
ment of the Tibetan Plateau (Clark and Royden,
2000; Royden et al., 2008).

Cenozoic Structures and Deformation
History

In the context of Cenozoic fault systems in
Tibet (e.g., Taylor and Yin, 2009), the northeast-
ern margin of the Tibetan Plateau is defined by
the east-striking, left-slip Haiyuan and Tianjing
faults (Burchfiel et al., 1991). The two faults
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link with WNW-striking thrusts of the Qilian
Shan to the west and the north-striking thrusts
in the Liupan Shan to the east (Fig. 1B). The
Haiyuan fault lies within the 1300-km-long
and 300-km-wide Cenozoic Qilian Shan thrust
belt, which was initiated locally at 50-40 Ma
(Jolivet et al., 2001; Dupont-Nivet et al., 2004;
Horton et al., 2004; Dai et al., 2006; Yin et al.,
2008a, 2008b; Clark et al., 2010; Duvall et al.,
2011), followed by widespread development of
thrusts and thrust-bounded intermontane basins
at 30-20 Ma (Fang et al., 2005; Garzione et al.,
2005; Lease et al., 2007, 2011, 2012a, b; Jin et
al., 2010; Craddock et al., 2011; Lin et al., 2011;
Zheng et al., 2010; Liu et al., 2011; X. Wang et
al., 2011; W.T. Wang et al., 2011; Zhuang et al.,
2011; Z. Wang et al., 2012; G. Xiao et al., 2012;
H.P. Zhang et al., 2012; Z.Q. Zhang et al., 2013;
Lu et al., 2012). Although the Haiyuan fault is
the most dominant Cenozoic structure in north-
eastern Tibet, its total displacement remains
debated, with estimates ranging from 20 to 30
km (Burchfiel et al., 1991; PZ. Zhang et al.,
1991) to ~120 km (Gaudemer et al., 1995). Pre-
liminary estimated Quaternary slip rates were
as high as 11-19 mm/yr (e.g., Gaudemer et al.,
1995; Lasserre et al., 1999, 2002), but recent
and more detailed work indicates that the rate
is <4 mm/yr (Zheng et al., 2009, 2013; Jolivet
et al., 2012).

Cenozoic thrusts in the Qilian Shan involve
Precambrian crystalline rocks (e.g., Yin et al.,
2007a) that are interpreted to sole into a south-
dipping low-angle (i.e., a few degrees) basal
thrust (e.g., Burchfiel et al., 1989; Tapponnier et
al., 1990; Gaudemer et al., 1995; Meyer et al.,
1998) or subhorizontal décollement at a depth of
~15-20 km (Lease et al., 2012b). Specifically,
Gaudemer et al. (1995) interpreted that the Hai-
yuan fault soles into the thrust décollement at a
depth of ~20 km. As shown in our study detailed
herein, it is impossible to place a through-going
décollement at this depth in our study area, and
the likely location of a décollement is probably
located deeper than 40 km in the lower crust.

Quaternary slip rates on major active thrusts
range from 1 to 5 mm/yr (Hetzel et al., 2004;
Zheng et al., 2009, 2013; Seong et al., 2011;
Yuan et al., 2011; Z.Q. Zhang et al., 2012). The
estimated magnitudes of total Cenozoic shorten-
ing across the Qilian Shan were mostly obtained
from limited available data. Meyer et al. (1998)
proposed a total shortening of 150 km across
the Qilian Shan based on a balanced cross sec-
tion constructed by interpreting satellite images.
The current lack of field checks for these sec-
tions makes this estimate speculative. Van der
Woerd et al. (2001) estimated ~9—12 km of
shortening across the Danghe Nan Shan thrust,
a southernmost thrust in the Qilian Shan thrust

belt. Their estimate was obtained by extrapolat-
ing the Holocene slip rates of the fault over a
time span of 8 m.y. As the initiation age of the
thrust is older than 29 Ma (Yin et al., 2002), the
total slip along the fault could be much higher
if the Quaternary slip rate can be equated to the
time-averaged slip rate of the fault. However,
it is possible that the fault slip rate varied with
time, and its Quaternary slip rate does not rep-
resent its average slip rate. Because of this, it is
difficult to extrapolate the Quaternary slip rate
for the total slip of the fault.

Gaudemer et al. (1995) constructed a cross
section across the Haiyuan fault in the eastern
Qilian Shan. Using an area-balance method, they
concluded a minimum shortening of 25 km over
an original section of 100 km (>25% shorten-
ing) accommodated by the Haiyuan and adjacent
thrusts. It is important to note that their approach
violates the fundamental assumption of the area-
balancing method due to the presence of the left-
slip Haiyuan fault (i.e., deformation is no lon-
ger plane-strain but with out-of-the-plane mass
transfer). The lack of well-constrained crustal
shortening across the Qilian Shan has prevented
quantitative tests of the existing tectonic models
described in the introduction.

Jurassic-Cretaceous Extensional
Tectonics and Basin Formation

The Qilian Shan and its neighboring regions
(i.e., Hexi corridor to the north, Qaidam Basin
to the south, and Altyn Tagh Range to the
west) (Fig. 1B) experienced at least two phases
of extension in the Jurassic and Cretaceous,
respectively (e.g., Chen et al., 2003; Yin et al.,
2007a, 2008a, 2008b). The extensional events
resulted in the development of east-trending
Jurassic and Cretaceous basins bounded by
extensional and transtensional faults (e.g., Huo
and Tan, 1995; Vincent and Allen, 1999; Chen et
al., 2003; Yin et al., 2008a, 2008b). In the east-
ern Qilian Shan east of longitude 103°E, where
our seismic surveying line is located, no Meso-
zoic extensional faults have been mapped at the
surface. However, fining-upward sequences of
Cretaceous strata were documented and inter-
preted as resulting from extensional tectonics
(e.g., Vincent and Allen, 1999). It is possible
that Cretaceous extensional faults responsible
for the formation of the Cretaceous basins are
buried below extensive Quaternary deposits in
our study area in northeastern Tibet.

Early Paleozoic Qilian Orogen and its
Basement Rocks

The most dominant tectonic event in northern
Tibet was the development of the early Paleozoic

Qilian orogeny (e.g., Yin and Harrison, 2000;
Gehrels et al., 2003a, 2003b; Yin et al., 2007a;
W.J. Xiao et al., 2009; Song et al., 2012, 2013).
Current debates on the Qilian orogen are cen-
tered on: (1) whether its formation was related
to south- and/or north-dipping subduction (e.g.,
Sobel and Arnaud, 1999; Yin and Harrison, 2000;
Gehrels et al., 2003a, 2003b; Yin et al., 2007a;
W.J. Xiao et al., 2009; Xu et al., 2010a, 2010b;
J. Yang et al., 2009, 2012; Yan et al., 2010; Song
et al., 2013), and (2) whether the final closure
of the Qilian ocean(s) occurred in the Silurian or
Devonian (W.J. Xiao et al., 2009;. cf. J. Yang et
al., 2012). Regardless of these uncertainties, the
existing data suggest that: (1) an open ocean(s)
existed in the Qilian Shan region prior to 530 Ma
(e.g., Smith, 2006; Tseng et al., 2007; Xia and
Song, 2010; Song et al., 2013), (2) oceanic sub-
duction occurred at 477-490 Ma (Su et al., 2004
Zhang et al., 2007), and (3) the Qilian arc was
constructed on a thick (at least 5-6 km) Precam-
brian passive-margin sequence of North China in
the western Qilian Shan (west of Qinghai Lake
or west of longitude 103°E) and on Precambrian
crystalline basement and a thin (<1-2 km) cra-
tonal sequence of North China in the eastern Qil-
ian Shan (east of Qinghai Lake or east of longi-
tude 103°E) (Bian et al., 2001; Xu et al., 2008;
Tseng et al., 2009a, 2009b) (Fig. 1B).

In the western Qilian Shan, the Proterozoic
passive-margin strata were intruded by 920-930
Ma plutons (Gehrels et al., 2003a, 2003b) and
are thrust under an eclogite-bearing metamor-
phic complex that is interpreted to be part of the
early Paleozoic, north-facing Qilian arc (Tseng
et al., 2006). The metamorphic complex contains
775-930 Ma orthogneiss (Tseng et al., 2006;
Xue et al., 2009; Tung et al., 2007a, 2007b) and
paragneiss with older than 880 Ma detrital zir-
con (Tung et al., 2007a, 2007b). Arc activity at
520-440 Ma in the western Qilian Shan was fol-
lowed by 435-345 Ma postorogenic magmatism
(e.g., Gehrels et al., 2003a; Su et al., 2004; Wu
et al., 2004, 2006, 2010; Y.-J. Liu et al., 2006;
Quan et al., 2006; He et al., 2007a, b; Tseng
et al., 2009a, 2009b; Dang, 2011; Song et al.,
2012,2013; Xiaetal., 2012; Xiongetal.,2012).

In the eastern Qilian Shan, Archean to Paleo-
proterozoic crystalline rocks are intruded by
750-1190 Ma plutons and overlain by a Neo-
proterozoic cratonal sequence and early Paleo-
zoic arc sequences (Guo et al., 1999; Wan et
al., 2001, 2003; H. Wang et al., 2007; Tung et
al., 2012) (Fig. 2). Arc magmatism occurred in
two discrete phases in the eastern Qilian Shan,
at 507-355 Ma related to the formation of the
Qilian arc, and at 218-245 Ma during develop-
ment of the Kunlun arc to the south (Li et al.,
2003; Jin et al., 2005; Pei et al., 2005, 2007a,
2007b, 2007¢, 2009; Zhang et al., 2006; Chen et
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al., 2008a, 2008b; Yong et al., 2008; Dong et al.,
2009; Guo et al., 2012; Luo et al., 2012).

The difference in the arc basement clearly
controls the style of Cenozoic faults. In the
western Qilian Shan, Cenozoic structures are
predominantly thin-skinned thrusts that are
closely spaced (30-50 km) and laterally contin-
uous over hundreds of kilometers. In contrast,
Cenozoic structures in the eastern Qilian Shan
are dominated by short-segmented thrusts ter-
minating at strike-slip faults (Figs. 1 and 2).

Lithospheric Structures of Northern Tibet

Recent geophysical studies have provided
first-order constraints on the lithospheric struc-
tures of northeastern Tibet. Q. Zhang et al.
(2011) used Rayleigh-wave tomography to
demonstrate that the mantle lithosphere beneath
northeastern Tibet has lower velocities than the
mantle lithosphere below North China. H.S.
Zhang et al. (2012) estimated the thickness
of the Qilian Shan lithosphere to be 145-175
km thick using S-wave receiver functions and
SKS splitting measurements. Yue et al. (2012)
determined the crustal thickness of the same
region to be 65-70 km using the receiver func-
tion method. Z.J. Zhang et al. (2011) obtained a
crustal thickness of ~62 km under the Songpan—
Gangzi terrane and 60—-64 km under the Eastern
Kunlun Range based a seismic-refraction study.
Magnetotelluric (MT) data suggest the possible
presence of two imbricated thrust sheets soling
into a south-dipping décollement beneath the
Qilian Shan (Xiao et al., 2012b).

Although the thicker-than-normal thickness
of the crust is well established in northeastern
Tibet, the mechanism by which crustal thicken-
ing has been achieved has been debated (see a
review in Lease et al., 2012b). It has also been
debated whether crustal deformation was cou-
pled with mantle deformation during the con-
struction of northeastern Tibet. For example,
Moho offset detected by a refraction study
across the Kunlun fault has been explained
by lower-crustal channel flow (Karplus et al.,
2011). In contrast, a high-resolution seismic-
reflection study across the same structure indi-
cates ductile thrusting involving both the lower
crust and the mantle lithosphere (C.S. Wang et
al., 2011). While shear-wave-splitting analysis
supports the vertically coherent deformation
model across northeast Tibet (J. Li et al., 2011;
Y.H. Li et al., 2011), a joint seismic inversion
reveals the presence of low-seismic-velocity
zones that are interpreted to have accommo-
dated Cenozoic midcrustal channel flow (Y.
Yang et al., 2012).

Another major controversy on the formation
of the Tibetan Plateau is whether Asian litho-

sphere (i.e., North China craton) has been sub-
ducted as a coherent slab underneath northern
and central Tibet (e.g., Tapponnier et al., 1990).
This is relevant to our study because subduction
of continental lithosphere requires Moho off-
sets, which should be detectable by high-resolu-
tion seismic-reflection profiling that images the
uppermost mantle lithosphere. Although early
receiver-function studies support this notion
(Kind et al., 2002; Shi et al., 2004; Kumar et al.,
2006; Zhao et al. 2011), recent work by Liang
et al. (2012) disputed this suggestion using data
from a more densely distributed network of seis-
mic stations in the region. Liang et al. (2012)
suggested that the high-velocity bodies below
central Tibet represent fragments of the Indian
slab rather than a coherent Asian mantle litho-
sphere from the north.

The main contribution of this study to the
current debates on the lithospheric structure of
northern Tibet is to provide a detailed seismic
image of the whole crust and the uppermost
mantle. Integrating the existing seismic-refrac-
tion data from the same area (M.J. Liu et al.,
2006), we are able to provide new constraints on
the likely composition of the seismically imaged
structures in the profile as detailed herein.

SEISMIC-REFLECTION PROFILE

A 180-km-long seismic-reflection survey was
conducted across northeast Tibet (see Figs. 1 and
2 for its location). The acquired seismic profile
is shown in Figure 3A. Prominent reflectors and
reflector sequences in Figure 3A are described
in detail in the figure legend and figure caption.
Data acquisitions, data processing, and an unin-
terpreted high-resolution seismic-reflection pro-
file can be found in the GSA Data Repository.'

In the display of the seismic profile, we show
both the two-way traveltimes and the approxi-
mate corresponding depths converted from
assigning an average seismic velocity of 6 km/s
for the entire seismic section. As the velocity of
the seismic image varies with depth, the time-
depth conversion shown in the seismic profile
of Figure 3A distorts the true geometry of the
imaged structures. A previous seismic-refrac-
tion survey across our study area indicated that
the top 5 km of the crust has variable P-wave
velocities from 3 km/s to 6 km/s (M.J. Liu et
al., 2006). Between 5 km and 50 km at the

'GSA Data Repository Item 2013356, (1) detailed
procedures for data acquisition and data processing
and (2) the finally obtained seismic image used in the
paper without geologic interpretations, is available at
www.geosociety.org/pubs/ft2013.htm, or on request
from editing@geosociety.org, Documents Secretary,
GSA, P.0. Box 9140, Boulder, CO 80301-9140, USA.

base of the crust, the average P-wave velocity
increases gradually downward from ~6 km/s to
6.8 km/s with rather minor lateral variations in
seismic speed (M.J. Liu et al., 2006). The aver-
age P-wave velocity directly beneath the Moho
is ~8.0 km/s (M.J. Liu et al., 2006). M.J. Liu et
al. (2006) interpreted the middle and lower crust
to have an intermediate composition.

The seismic-velocity variation with depth
indicates that by using a single average seis-
mic velocity of 6 km/s as in this study, the
true structural geometry is either vertically
stretched (i.e., in the upper 5 km) or com-
pressed (i.e., in the lower crust and the upper
mantle). Because of this effect, the dip angle of
an inclined surface would be overestimated in
the uppermost crust and underestimated in the
lower crust and the upper mantle. This would
in turn affect the estimates of horizontal short-
ening using the line-balancing method. Specifi-
cally, the assignment of seismic speed at 6 km/s
would stretch the uppermost 5 km of the crust
for ~20%-30% and compress the lowermost
crust and the upper mantle for ~10%-30% ver-
tically. From a simple geometric relationship,
this effect only distorts the length of a gently
inclined reflector (<20°-30°) by no more than
5% of its original length. The readers should
take this effect into account when reading the
results regarding estimating crustal shortening
using the line-balancing method. Note that our
surface reference datum for all seismic profiles
displayed in this study is set to zero at an eleva-
tion of 3500 m above sea level (e.g., Fig. 3A).
The horizontal spacing of the short vertical
ticks at the top of the seismic profiles is 10 km
(e.g., Fig. 3A).

Our seismic profile crosses the left-slip Hai-
yuan and Tianjing faults, Neoproterozoic and
Paleozoic volcanic and sedimentary sequences,
Devonian to Triassic strata, and Cretaceous basin
fills (Figs. 1 and 2). As Archean to Mesoprotero-
zoic metamorphic basement rocks intruded by
750-1190 Ma orthogneiss are present along
the edges of Xining and Lanzhou Basins near
our seismic-reflection profile (Guo et al., 1999;
Wan et al., 2001, 2003; H. Wang et al., 2007;
Tung et al., 2012), we project these rocks onto
the seismic profile according to their strike,
stratigraphic thickness, and structural positions
where the information is available.

Early Paleozoic plutons of the Qilian arc are
exposed on both sides of our seismic line (e.g.,
Gao et al., 1999, 2000, 2001; Gehrels et al.,
2003a; Song et al., 2012, 2013). Triassic plutons
are exposed south of the seismic line (Fig. 2),
which were parts of the Kunlun batholith gener-
ated by the northward subduction of the Paleo-
tethys ocean(s) (e.g., Yin and Harrison, 2000;
Cowgill et al., 2003).
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Uppermost Mantle and the Moho Zone

Despite being compressed vertically as a
result of a lower assigned P-wave velocity (i.e.,
6 km/s rather than actual 8.1 km/s), the upper-

most mantle is characterized by sparsely distrib-
uted short reflectors with low reflectivity (Fig.
3A). This gives the upper mantle an appearance
of “emptiness” when compared to the seismic
fabrics in the lower crust.
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Figure 4. (A) A close-up view of a portion of our uninterpreted seismic-reflection profile; see Figure
3A for location. (B) Interpreted seismic-reflection profile from A that shows interpreted thrust shear
zones offsetting the Moho defining the upper surface of a high-reflective zone.The zone separates
a reflective region above (lower crust) and much less reflective region below (mantle). (C) A sketch
of the geology shown in B. In this interpretation, the undulation of the top surface of and discon-
tinuous reflectors within the Moho zone are attributed to movement on several discrete ductile
thrust shear zones. (D) Alternative interpretation attributing undulation of the top surface of the
Moho zone as a result of local thickening of the highly reflective zone. This could either be a result

of deformation or magmatism.

Our interpreted Moho zone directly above
the uppermost mantle described earlier herein
occurs in two modes: a sharply defined, 300—
500 m zone containing long (5-7 km), continu-
ous, and subhorizontal reflectors in the north
(i.e., north of point M in Fig. 3A) and a 4-6 km
gradient zone in the south (i.e., south of point
M in Fig. 3A). The latter is characterized by a
downward decrease in seismic reflectivity and
the number of seismic reflectors per unit area.
Although the highly reflective northern Moho
zone has an average thickness of ~300-500
m, its thickness locally reaches to ~8 km (i.e.,
location of Fig. 4 given in Fig. 3A). As the clus-
ters of long reflectors in the locally thickened
northern Moho zone terminate abruptly at their
lateral ends, the thickening of the Moho zone
could have been induced by north-dipping duc-
tile thrusting (Fig. 4C). Using the upper bound-
ing surface of the Moho zone as a marker and
assuming that it was flat before being offset,
we obtain 27 km of horizontal shortening that
corresponds to a shortening strain of ~36% (Fig.
4C). Alternatively, thickening of the Moho zone
could have been induced by magmatic processes
resulting from underplating of ductile crustal
materials (Fig. 4D). Finally, it is possible that
the thickening of the Moho zone was induced by
ductile shortening with laterally variable strain.

Reflectors in the Lower Crust

Directly above the Moho, the density of
reflectors in the lower crust increases drasti-
cally compared to the upper mantle below the
Moho zone. The lower crust is characterized by
discontinuous, variably dipping, short in length
(<3 km), and locally concave-upward reflectors
(Figs. 4 and 5). Longer (>5 km) and straighter
reflectors are rare and are only recognized at two
locations (i.e., reflectors 12 and 13 in Fig. 3).

Although its lower boundary is marked by
the generally flat Moho zone, the upper bound-
ary of the lower-crustal fabrics is poorly defined
because the fabrics (i.e., short and disharmonic
reflectors) can be traced continuously upward
from 45 km to 15 km across parts of the highly
reflective middle crust (e.g., regions B, C, E, and
H in Figs. 3B and 3C). This observation sug-
gests that the seismically transparent regions in
the middle and lower crust may share the same
origin (Fig. 3).

Reflectors in the Middle Crust

Despite the local occurrence of the “lower-
crustal” seismic fabrics, the overall seismically
defined structures in the middle crust (45-15
km) exhibit reflectors and reflector sequences
that are generally subhorizontal (Fig. 3A). In
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each reflector sequence, individual reflectors are
spaced ~3-4 km vertically and extend laterally
for 15-30 km before they are truncated by the
seismically transparent regions associated with
low seismic reflectivity (Fig. 3A). Some middle-
crustal reflectors appear to be truncated and/or
offset by faults (e.g., reflectors 5 and 6 in Fig.
3A), whereas others appear to be folded (e.g.,
reflectors 3 and 4 in Fig. 3A). The truncation
and offsets of the middle-crustal reflectors allow
the downward extrapolation of the Haiyuan and
Tianjing faults (Fig. 3A), which is discussed
later herein.

Reflectors in the Upper Crust

Interpreting structures in the upper crust
requires a detailed knowledge of surface geol-
ogy. Although regional geologic maps at a
scale of 1:1,000,000 or smaller are available
along our seismic line (e.g., Pan et al., 2004),
detailed structural geologic mapping is lacking.
As aresult, the basic information on the geom-
etry and kinematics of many faults across our
seismic lines is poorly known. Because of this,
our analysis of upper-crustal structures focuses
only on the structures that are well determined
in the field and for which ages are well known
based on the crosscutting relationships to the
known stratigraphic units. In Figures 6, 7,
and 8, we show interpreted upper-crustal struc-
tures associated with the Baiyin thrust, which
places Proterozoic—Paleozoic strata over Cre-
taceous strata near our seismic line and cuts
Cenozoic strata farther to the east (Fig. 2), the
Haiyuan fault, which cuts Neogene and Qua-
ternary strata and is seismically active (e.g.,
Burchfiel et al., 1991), and the Tianjing fault,
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Figure 5. Close-up view of a por-
tion of the reflection profile
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obtained from this study. See
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in the mantle is much weaker and
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of large regions of no reflection,
shown white, which surround
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which has also been shown to be active in the
Quaternary (Burchfiel et al., 1991; Gaudemer
et al., 1995). The lithologic units assigned to
the interpreted sections are extrapolated from
the surface and divided sequentially according
to the interpreted stratigraphic and structural
relationships. Detailed geologic mapping, in
association with interpreting detailed struc-
tures shown in our seismic-reflection profile,
is ongoing, and the results of more detailed
assignment of lithologic units and their ages in
the interpreted cross sections are in preparation
and will be presented elsewhere.

In general, upper-crustal reflectors are char-
acterized by finely laminated layers and are
interpreted as representing sedimentary strata.
Upper-crustal deformation was determined
from the structural geometry of the reflector
sequences. For example, reflector sequence 3 in
Figure 6A is truncated by faults, whereas reflec-
tor sequence 4 in Figure 6A is folded.

One prominent structure imaged in our seis-
mic profile is the low-angle, south-dipping Bai-
yin fault (Figs. 2 and 6A). This fault branches
off from the Haiyuan fault in the west and
curves into a north-striking fault zone that cuts
Neogene strata (Fig. 2). The south-dipping fault
places Proterozoic to Lower Paleozoic strata
over Upper Cretaceous strata directly east of
our seismic line (Fig. 2). Although the fault is
nearly parallel to the Haiyuan fault at the loca-
tion where it intersects the seismic line, its over-
all strike is oblique to the Haiyuan fault (Fig. 2).
Because the Baiyin fault merges with the Hai-
yuan fault in the west and cuts Cretaceous and
Neogene strata in the east, it must be a Ceno-
zoic structure that is kinematically linked with
motion on the Haiyuan fault. This inference,

sparsely occurring and randomly
dipping reflectors that are gener-
ally shorter than 100-200 m.

together with (1) its oblique geometry to the
Haiyuan fault in map view and (2) its low-angle
geometry imaged in our seismic profile in cross-
section view, leads us to interpret the Baiyin
fault to be a thrust fault. Unfortunately, there
are no detailed kinematic studies on this fault,
and thus our interpretation needs to be tested by
future studies.

Following the interpretation that the Baiyin
fault is a thrust, we constructed a balanced
cross-section model (Figs. 6B and 6C) based
on seismic data shown in Figure 6A. Based on
the characteristics of reflectors and their simi-
larities, we propose four correlative reflector
sequences. Reflector 1 in Figure 6A is marked
by closely spaced and finely laminated parallel
reflectors. This reflector sequence is interpreted
to be offset by a low-angle fault. Reflector 2 is
also a strong reflector sequence that is thinner
than the thickness of reflector sequence 1 and
lies below it (Fig. 6A). This reflector sequence is
highly discontinuous laterally and is interpreted
to have been duplicated by faults, as shown in
Figures 6B and 6C. Reflector sequence 3 lies
structurally below reflector sequence 2 and
is characterized by more widely spaced and
thickly laminated reflectors when compared to
reflector sequences 1 and 3 (Fig. 6A). Another
key feature of reflector sequence 3 is the weak
reflectivity directly above the reflector sequence,
displaying a whitish appearance in the seismic-
reflection profile (Fig. 6A). Reflector sequence
4 is expressed by short zones of strong parallel
reflectors (Fig. 6A). Individual reflectors in the
sequence are thicker than those in other reflec-
tor sequences, and there is an upward-decreas-
ing gradient of reflectivity associated with this
reflector sequence (Fig. 6A).
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Figure 6. (A) A close-up view of upper-crustal structures from regional seismic profile obtained from this study. See Figure 3A for location.
Also shown are major reflectors and reflector sequences labeled from 1 to 4. Reflectors with same numbers display seismic fabrics and are
interpreted to represent the same layered geologic units. (B) Interpreted section showing inferred faults and geologic contacts superposed
drawn on the seismic profile. (C) Cross section constructed based on the interpreted seismic profile in B, surface geology, and the thickness
information from major lithologic units near the seismic profile. Lithologic units are interpreted based on thickness information of individual
stratigraphic units in the area. Unit symbols are defined as follows: Ar—inferred Archean crystalline basement; Pt-Pz(a) to Pt-Pz(g) —Protero-
zoic to Paleozoic lithologic units inferred from the interpreted structural and stratigraphic relationships; N-Q—Neogene and Quaternary surfi-
cial deposits. (Continued on following page.)
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Figure 6 (continued). (D) Restored cross section above the regional unconformity. Symbols of lithologic units are the same as in those C. (E) Restored
cross section below the regional unconformity. Symbols of lithologic units are the same as in those C.

As the same reflector sequences are warped
and vertically stacked on top of one another,
we interpret their lateral discontinuity as result-
ing from crustal shortening. This interpretation
leads to the construction of a balanced cross
section shown in Figures 6B and 6C. Our
cross section is restorable and thus presents a
plausible solution to the interpretation of the
seismic profile shown in Figure 6A. However,
the cross section is not unique (e.g., Judge and
Allmendinger, 2011). For example, our inter-
preted cross section shows an unconformity at
the base of the Neoproterozoic strata, which
is consistent with the field relationship in the
region where Archean to Paleoproterozoic
crystalline rocks are intruded by 750-1190
Ma plutons and are overlain by Neoprotero-
zoic strata (Guo et al., 1999; Wan et al., 2001,
2003; H. Wang et al., 2007; Tung et al., 2012).
However, the same feature could be interpreted
as a thrust fault separating two styles of defor-
mation above and below. The unconformity
interpretation requires two phases of deforma-
tion, whereas the thrust interpretation does not.
In addition, the unconformity interpretation
requires less amount of shortening after the
formation of the unconformity, while the thrust
interpretation requires the development of con-
tractional structures at two structural levels
and thus much more shortening strain accom-
modated by these structures. In this study, we
adopt the unconformity interpretation as shown

in Figure 6C to derive a minimum amount of
shortening in the upper structural panel after
the formation of the unconformity. The lack of
thrusts cutting across the unconformity can be
explained by the presence of a thrust décolle-
ment above the unconformity.

As stated in the introduction, all Cenozoic
thrusts in the Qilian Shan region involve meta-
morphic basement rocks, and their cover strata
were deformed during the early Paleozoic Qil-
ian orogeny and Cenozoic formation of the
northeastern Tibetan Plateau. Because of this
deformation style and deformation history, the
thin-skinned balanced cross-section methods
that assume horizontal strata above a horizontal
décollement are inappropriate in restoring the
cross sections in this region. Rather, sections can
only be balanced locally using a piecemeal bed-
length balancing method as done in this study for
restoring the cross section shown in Figure 6C.
This approach yields ~46% of horizontal strain
shortening above the interpreted unconformity
(Fig. 6D). As the Baiyin thrust places Ordovician
strata over Cretaceous strata, and its hanging
wall consists of a syncline cored by Neogene—
Quaternary strata (Fig. 6C), motion on the thrust
likely occurred in the Cenozoic. The structures
below the Baiyin thrust involve Proterozoic and
Paleozoic rocks and potentially could be much
older. However, as the Baiyin thrust is kinemati-
cally linked with the structures below via several
duplexes, we interpret this estimated shortening

above the regional unconformity to have been
induced entirely in the Cenozoic.

In contrast to the large shortening strain
above the unconformity, restoring the cross sec-
tion below the inferred unconformity indicates a
shortening strain of ~31% (Fig. 6E). Although
most of the strain must have been accumulated
prior to the deposition of interpreted Proterozoic
strata, the involved thrusts may have been reacti-
vated afterwards, as the overlying unconformity
is folded, and the fold geometry appears to be
linked with motion below via fault-propagation
folding (Figs. 6C and 6E).

Downward Extrapolation of the Haiyuan
and Tianjing Faults and the Depth of Ceno-
zoic Detachment below the Qilian Shan

Although the Haiyuan and Tianjing faults
are well defined by their surface morphology
(Fig. 1), extrapolating their downward extents is
not straightforward. The main approach adopted
in this study is to establish successive termina-
tion points of prominent and horizontally con-
tinuous reflectors downward starting from the
surface traces of the fault (Fig. 3) (also see C.S.
Wang et al., 2011). We also use the boundaries
of the seismically transparent regions as offset
markers. Using this approach, we interpret the
downward projection of the Haiyuan fault to
follow the termination points of reflectors in
reflector sequences 2, 3, 4, 5, 6, and 7 in Figure
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Figure 7. (A) Close-up view of the upper-crustal structure of the Haiyuan fault zone. Major reflectors
labeled from 1 to 14 constrain the possible vertical extent of the Haiyuan fault zone in the seismic
profile. (B) Interpreted geologic section based on relationships shown in A. Lithologic units: Ar—
inferred Archean crystalline basement; Pt-Pz(a) to Pt-Pz(f)—Proterozoic and Paleozoic lithologic
units inferred from the interpreted structural and stratigraphic relationships; N-Q—Neogene and
Quaternary surficial deposits.

3A. Similarly, we interpret the projection of the
Tianjing fault to follow the termination points of
reflectors in reflector sequence 10 in Figure 3A.

In our interpreted seismic profile, the two
branches of the Haiyuan fault zone dip steeply
at 60°-70° to the south in the uppermost crust
and merge with each other at a depth of 8-10
km (Fig. 3). As the reflectors directly below
the surface fault trace are discontinuous, we
interpret the fault zone to split from the surface
downward into two branches. Having the fault
traces follow the reflector termination points
requires the fault to dip at a shallower angle of
~30° to the south, cutting through the lower por-
tion of the upper crust and most of the middle
crust (i.e., from 10 km to 40 km) (Fig. 3). As
the lower crust is seismically transparent, we are
unable to locate the trace of the Haiyuan fault
through the lower crust.

In order to unravel the detailed structural
relationship between the Haiyuan fault and its
adjacent structures, we analyzed in detail the
seismic image near the fault in the upper crust
(Fig. 7A). Similar to the detailed seismic profile
shown in Figure 6A, the upper-crustal reflec-
tors are characterized by finely laminated layers
interpreted to represent sedimentary strata. Like
in Figure 6, a boundary between finely lami-
nated reflectors and more widely spaced strong
reflectors can be established, which is inter-
preted as the regional unconformity between
crystalline basement rocks (possibly Archean
to Mesoproterozoic in age) below and Neopro-
terozoic strata above (Fig. 7B). A large, seismi-
cally transparent region in the cross section (Fig.
7A) is interpreted as an early Paleozoic plutonic
body (Fig. 7B).

Due to the presence of strike-slip/oblique-
slip faults in the cross section, it is impossible
to estimate the total shortening across the sec-
tion as done for Figure 6. This is because offsets
along the strike-slip faults would produce appar-
ent separations that are unrelated to motion
on the strike-slip faults (cf., Gaudemer et al.,
1995). If we only restore the folded Carbonifer-
ous—Permian strata, we obtain ~8 km shortening
from the 40-km-long section. This yields ~17%
shortening accumulated after the deposition of
Carboniferous and Permian strata. This would
be a maximum estimate of Cenozoic shorten-
ing across the section shown in Figure 7 without
considering the role of oblique slip across the
Haiyuan fault.

The geometry of the Tianjing fault is equally
complex as determined by the truncation of
prominent reflectors (Fig. 3). The fault zone is
nearly vertical in the uppermost part of the seis-
mic section and dips steeply at ~60°-70° to the
north at depths of 615 km. The fault zone splits
into two branches between 15 km and 40 km.
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While the northern branch is mostly vertical,
the southern branch dips at ~25°-30° to the
south across the middle crust. The presence of
a south-dipping and continuous reflector below
the northern branch (i.e., reflector 12 in Figs. 3B
and 3C) requires that the fault becomes a south-
dipping shear zone in the lower crust. Since the
Moho directly below the projected trace of the
Tianjing fault in the lower crust is not offset, the
fault likely terminates before reaching the Moho
and extends below the base of the highly reflec-
tive middle crust. That is, the rather flat décolle-
ment required to terminate the strike-slip faults
above likely lies below a depth of ~40 km, i.e.,
much deeper than the inferred décollement depth
of ~20 km by Gaudemer et al. (1995). The lack
of continuous and long (>3 km) reflectors in
the lower crust makes the exact position of this
inferred décollement in the lower crust uncertain.

DISCUSSION

Our analysis of the seismic-reflection profile
leads to the following first-order observations.
First, the upper crust is characterized by finely
laminated seismic reflectors that can be corre-
lated with exposed Proterozoic and Phanerozoic
strata (e.g., reflectors 1, 2, 3, and 4 in Fig. 6A).
Second, the Haiyuan and Tianjing faults can be
confidently extrapolated across the upper crust
and parts of the middle crust, but their traces
through the lower crust and the uppermost
mantle are uncertain. Third, the middle crust
is characterized by highly reflective sequences
that are truncated by seismically transparent
regions. The latter can be extended continuously
throughout the lower crust. Finally, the Moho
changes its character from a narrow (hundreds of
meters) zone of high reflectivity to a wide (4-6
km) zone with an abrupt decrease in reflectivity
with depth. These observations have important
implications for the magnitude and mode of
Cenozoic deformation responsible for the devel-
opment of the northeastern Tibetan Plateau, the
vertical extent of major strike-slip faults in the
lithosphere, the early Paleozoic development of
the Qilian orogen, and the nature of the Moho
below our seismic survey line. We discuss these
points in turn next.

Magnitude of Cenozoic Shortening

According to the current knowledge of the
regional tectonic history (e.g., Yin et al., 2007a),
the Qilian Shan region experienced an arc-con-
tinent collision in the Devonian, followed first
by shallow-marine deposition from Carbonif-
erous to Triassic and then Jurassic—Cretaceous
intracontinental extension. This pre-Cenozoic
history means that any contractional structures

involving Carboniferous and younger strata
most likely have been formed in the Cenozoic.
If these strata were not tilted in the Mesozoic
during extension, restoring their bed lengths
would yield the shortening magnitude for Ceno-
zoic deformation. Based on this argument, the
~17% shortening strain estimated from restor-
ing folded Carboniferous and Permian strata
in Figure 7B may have all resulted from Ceno-
zoic deformation. We admit that this estimate is
highly uncertain, and it is equally possible that
all the estimated shortening strain was accumu-
lated prior to the Cenozoic, and thus the esti-
mated ~17% shortening strain is a maximum
possible value for Cenozoic deformation.

A more robust estimate of Cenozoic shorten-
ing strain comes from balancing a cross section
across the Baiyin thrust system shown in Fig-
ure 6. This led to an estimated 46% shortening
strain likely accumulated all in the Cenozoic
(Fig. 6). This strain is significantly higher than
~10% strain estimated across the west and east
sides of Xining Basin south of our study area
(Lease et al., 2012b) (Fig. 1). The difference
may be explained by a heterogeneous distribu-
tion of Cenozoic strain across the northeastern
Tibetan Plateau, which is consistent with the
variable topography in the region (Fig. 1C).

It is important to note that shortening strains
estimated from surface geology alone may
grossly underestimate the true crustal shorten-
ing strain. For example, in Figure 6, the most
dominant Cenozoic structures are blind thrusts
that cannot be detected by surface mapping.
This ambiguity highlights the importance of
subsurface data such as high-resolution seismic-
reflection profiles presented here for construct-
ing more plausible and geologically testable
balanced cross-section models (e.g., Yin et al.,
2007b, 2010; Judge and Allmendinger, 2011).
It also reiterates the possibility that shorten-
ing estimates based on surface geology alone
may at best be regarded as lower bounds due
to potential neglect of hidden décollements and
duplex systems, a prominent problem in stud-
ies of the Cenozoic Himalayan-Tibetan orogen
(e.g., Yin et al., 2008a, 2008b, 2010). In addi-
tion to these issues, strain may be transferred
from upper crust to the middle and lower crust
via horizontal detachment shear zones. Under
such conditions, regions with little upper-crustal
deformation could have experienced significant
middle- and lower-crustal deformation (e.g.,
C.S. Wang et al., 2011).

Vertical Extent and Structural Nature of
Major Cenozoic Strike-Slip Faults

Gaudemer et al. (1995) inferred the Haiyuan
fault to flatten southward at a depth of 20 km

into a thrust décollement that dips a few degrees
to the south. The interpreted geometry of the
Haiyuan fault from our study differs from this
interpretation in that the fault zone cuts across
the whole middle crust from 15 to 40 km with
a southward dip of ~30° (Figs. 3B and 3C).
Although it is clear that the Haiyuan fault does
not cut and offset the Moho, it is not clear how
the Haiyuan fault terminates in the lower crust
due to a lack of reflectors at this depth. Several
lines of evidence argue that the fault flattens into
a subhorizontal décollement in the lower crust.
First, the northern branch of the Tianjing fault
flattens into a décollement at the transition zone
between the middle and lower crust. Second, the
north-dipping ductile thrust zone offsetting the
Moho also appears to terminate at a décollement
zone at the top of the lower crust or base of the
middle crust. Third, if the Haiyuan fault zone
cuts across the lower crust, one would expect
the fault zone to form a prominent reflector
defined by the shear fabrics, which is not seen.
Because of these arguments, we favor the model
shown in Figure 3C, in which the Haiyuan and
Tianjing faults and the Moho-offsetting thrust
zone all merge into a décollement at the base
of the middle crust or within the lower crust.
This model implies that the mantle lithosphere
is at least locally deformed via thrusting, pos-
sibly due to southward wedging of North China
into Tibet in across-section view. Although this
interpretation of the kinematics is similar to
the wedge tectonic model of Yin (2010) for the
development of the eastern Tibetan Plateau and
its foreland, the strike-slip motion parallel to the
plateau margin of northeastern Tibet may be
more dominant than strike-slip faulting parallel
to the plateau margin of eastern Tibet.

Burchfiel et al. (1991) and Zhang et al.
(1991) established the geometric linkage
between left-slip motion on the east-striking
Haiyuan fault system and north-trending Liu-
pan Shan thrust belt at its eastern end. Burchfiel
et al. (1989) argued that the Qilian Shan thrust
belt at the western end of the Haiyuan fault zone
soles into a décollement in the middle crust. Our
finding that the Haiyuan and Tianjing faults sole
into a flat décollement in the lower crust is con-
ceptually similar to the proposal by Burchfiel et
al. (1989), although its position lies at a deeper
structural level. Our finding that the Haiyuan
fault does not cut across the mantle suggests that
the structure may have served as a lateral ramp
of an east-directed crustal-scale thrust system,
with the Liupan Shan thrust belt as its surface
expression and the lower-crustal décollement
as its main sliding surface below much of the
northeastern Tibetan Plateau. The Tianjing fault
may have acted the same way as the Haiyuan
fault and has acted as a strike-slip transfer fault
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soling downward into the lower-crustal décol-
lement and linking in the east with the Liupan
Shan thrust belt. The corrugated fault geometry
of the Tianjing fault shown in Figures 3B and
3C is consistent with the surface observations
and supports the interpretation that the fault is a
strike-slip structure (Burchfiel et al., 1991).

Our inferred décollement terminating the
Haiyuan and Tianjing fault zones should dis-
play a zone of high reflectivity at the top of
the lower crust. Evidence for such a feature is
lacking. There are two possible explanations.
First, the seismic velocity contrast across the
inferred shear-zone slip surfaces is too small to
show reflectivity in the seismic profile. Second,
the termination zone of the strike-slip faults in
the lower crust is not a single and concentrated
shear zone. Rather, the strike-slip slip faults
have multiple strands that may have been
terminated in multiple subhorizontal shear
zones bounding highly deformable regions
in the lower crust. In other words, motion on
the strike-slip was absorbed by diffuse ductile
deformation without formation of a clearly
defined décollement shear zone.

Strong Reflectors and Seismically
Transparent Regions in the Middle Crust

Two end-member interpretations of the
nature of the middle-crustal reflectors are shown
in Figure 8 (see Fig. 3A for location). In Figure
8A, the prominent reflectors in the middle crust
are interpreted as Archean gneissic basement
(Argn), which contains strong reflectors that
may have been induced by subhorizontal com-
positional zonation. The strong subhorizontal
reflectors are truncated by seismically transpar-
ent regions in the middle and lower parts of the
upper crust (i.e., at depths of 6-16 km in Fig.
8B), which are interpreted as early Paleozoic
granitic intrusions (unit Pz,) that display irregu-
lar shape. The seismically transparent lower
crust and its immediate upward extension in
the middle crust are interpreted as plutons with
an intermediate composition (Pzgr) at the base
of the early Paleozoic Qilian arc, following the
interpretation of M.J. Liu et al. (2006).

In Figure 8B, both the prominent reflectors
and transparent regions in the middle crust are
interpreted as representing Archean crystal-
line basement rocks. In this interpretation, the
termination of reflectors is interpreted to have
resulted from fault offsets. The strong reflectors
in the interpreted basement may represent indi-
vidual compositional layers within the gneissic
unit, whereas the transparent regions may rep-
resent Mesoproterozoic intrusions (not shown
in Fig. 8B) emplaced before the deposition of
the interpreted Neoproterozoic strata based on

regional stratigraphic relationships and ages of
Precambrian plutons (Tseng et al., 2006; Xue et
al., 2009; Tung et al., 2007a, 2007b). A special
feature of this interpretation is that by remov-
ing an interpreted plutonic complex in the upper
crust, the irregular geometry of reflectors in the
interpreted Proterozoic strata may be interpreted
as a result of normal faulting that occurred prior
to deposition of the Paleozoic strata (Fig. 8B).
Additionally, the arrangement of strong reflec-
tors in the middle crust could be explained by
the development of ductile contractional shear
zones (Fig. 8B).

The third possibility, not shown in Figure
8, is that the reflectors may represent metasedi-
ments that were emplaced tectonically via flat
subduction of an oceanic plate that carried and
accreted a large volume of sediments below the
upper crust of the overriding plate (e.g., Kapp
et al., 2000). The emplaced metasediments were
later cut by the younger plutons. Although this
model also predicts a continental-crust com-
position in the middle crust, the provenance
of materials is not native to North China, but
from materials originally deposited in an oce-
anic basin (e.g., the Qilian ocean[s] to the south
of North China) that was closed in the early
Paleozoic. This prediction may be tested in the
future by systematic examination of xenoliths
in the Phanerozoic igneous rocks. Again, as the
subhorizontal reflectors interpreted to represent
foliation created by underplating processes are
truncated by seismically transparent regions, it
requires a younger geologic event, interpreted
here as plutonic emplacement, during the con-
struction of the early Paleozoic Qilian arc.

M.J. Liu et al. (2006) showed that the seis-
mic speeds of the middle and lower crust in our
study area correspond to an intermediate rock
composition based on seismic-refraction data.
This composition favors ductile flow in the mid-
dle and lower crust for a normal thermal gradi-
ent (e.g., Brace and Kohlstedt, 1980). Because
of this, it is possible that the seismically trans-
parent regions in our section represent rising
ductile lower-crustal material emplaced into the
middle crust in the Cenozoic as the result of a
lateral pressure gradient imposed by the high-
plateau elevation to the south. If this processes
occurred in the Cenozoic, the lateral dimen-
sion of the seismically transparent regions in
the middle crust on the order of 20-50 km and
the 10-20 km upward motion tracing from the
lower-crustal source regions to their current
middle-crustal position would require highly
irregularly shaped uplifts with great reliefs in the
Cenozoic in the study area. The rather smooth
topography in the region where the seismically
transparent bodies are present is not consistent
with this hypothesis.

Among the four possible interpretations
mentioned here for the origin of the middle-
crustal seismic fabrics and seismically transpar-
ent regions, we find the first interpretation—that
foliated basement rocks were intruded by early
Paleozoic plutons—to be most consistent with
the surface geology and regional tectonic set-
ting. Specifically, the P-wave seismic velocity
(M.J. Liu et al., 2006) and transparent fabrics
in the lower crust may be explained as batho-
lith roots of the Qilian arc with an intermediate
composition (Fig. 8A). In addition, the lack of
through-going subhorizontal reflectors and the
preservation of irregular subvertical contacts
between subhorizontal reflectors and seismi-
cally transparent regions (interpreted as early
Paleozoic plutons) preclude midcrustal channel
flow in the Cenozoic below the study area.

Deformation in the Lower Crust

It is unclear from our seismic data whether
channel flow occurred in the lower crust during
the Cenozoic. This is because we are unable to
quantify the mode and magnitude of deforma-
tion in the lower crust as it appears seismically
transparent and lacks reflectors that can be used
as strain markers. In one interpretation, the
seismically transparent lower crust represents
outward (northward)-flowing ductile materi-
als from the interior of the high plateau to the
low-altitude plateau margin in the Cenozoic as
proposed in Clark and Royden (2000). If lower-
crustal material transport was accommodated
by laminar flow (Bird, 1991; Clark and Roy-
den, 2000), two through-going shear zones with
opposite senses of shear should bound the uni-
directional-flow channel (Fig. 9A). Specifically,
the intensity of shear-zone fabrics as measured
by preferred mineral-shape alignments should
increase toward the channel walls, decrease
toward the channel interior, and completely
disappear at the channel axis where shear strain
vanishes (Fig. 9A). Such anticipated fabric
development and strain distribution have been
documented in the Cenozoic Himalayan oro-
gen, where the middle and locally lower crust
were extruded outward along the two parallel
crustal-scale shear zones with opposite senses
of shear, that is, the south-directed Main Central
thrust below and the north-directed South Tibet
detachment above (e.g., Grujic et al., 1996;
Webb et al., 2011). Shear-generated subhori-
zontal foliation by lower-crustal channel flow in
our study area should be detectable by reflection
seismology as strong subhorizontal reflectors if
they were generated by a similar process as that
inferred for the development of the Himalaya
(e.g., Nelson et al., 1996). The lack of observed
reflector sequences at the top and base of the
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Figure 9.Two modes of lateral transport of ductile material in the lower crust. (A) A laminar mode of
flow transport in a lower-crustal channel. Two shear zones with opposite senses of shear are devel-
oped above and below the flowing channel. The shear zones comprise through-going shear-folia-
tion surfaces and should be detectable by reflection seismology as strong reflectors. (B) The lateral
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study due to its limited resolution. Note that in order to have asymmetric folds develop in the shear
zones, preexisting layering prior to channel flow is required in the lower crust.

lower crust is inconsistent with the laminar
mode of channel flow in the lower crust.
Alternatively, the lateral transport of ductile
lower-crustal material could have been accom-
modated by the development of shear zones
without the formation of through-going zones
of subhorizontal shear foliation (Fig. 9B). That
is, shear deformation at the bounding zones of
a unidirectional-flow channel could have been
accommodated by the development of low-
amplitude and short-wavelength (less than a
few kilometers at the resolution of our seismic-
reflection images) asymmetric folds. Such non-
coaxial deformation is commonly associated
with formation of secondary parasitic folds
within a larger flexural-slip fold. A key condi-

tion for this mode of shear-zone development is
the presence of preexisting layers, which serve
as flexural-slip surfaces. The lack of reflec-
tors within the interior of the lower crust (i.e.,
regions that should not have been affected by
shearing during channel flow) appears incon-
sistent with this model. However, we cannot
rule out the possibility that the composition of
the lower crust is highly uniform and the veloc-
ity contrasts across these preexisting foliation
surfaces are too small to be detectable. This
mechanism may also explain the lack of seis-
mic expression of the inferred décollement in
the lower crust that is interpreted in this study
to terminate the left-slip Haiyuan and Tianjing
faults (see earlier discussion).

We note that the seismically transparent
regions extend continuously upward from the
lower crust and link directly with the seismi-
cally transparent regions in the middle crust in
the seismic profile (Fig. 3A). This relationship
requires a similar origin of the seismically trans-
parent regions in the middle and lower crust. As
argued earlier herein, i.e., that the seismically
transparent regions in the middle crust most
likely represent early Paleozoic plutons in the
Qilian arc, we favor an interpretation that the
seismically transparent lower crust represents
the base of the same arc comprising intrusive
rocks that lack internal structural fabrics.

Cause for Changes in Seismic Fabrics
along the Moho Zone

There are at least four possible explanations
for the observed lateral variation of seismic
fabrics along the Moho zone: (1) It represents
a mantle suture linking with the north-dipping
South Qilian suture zone, (2) it represents a man-
tle suture linking with the south-dipping North
Qilian suture zone, (3) it results from strike-slip
faulting juxtaposing different lithospheric struc-
tures and thus different mantle zones, and (4) it
is an inherited feature within a single continental
block such as the North China craton.

Interpreting the lateral variation of the Moho
zone as the result of north-dipping subduction
would require the presence of a major north-
dipping reflector zone in the lower crust, which
is not observed (Fig. 3). Similarly, interpreting a
south-dipping subduction across the Moho zone
would require the presence of a south-dipping
reflector zone in the lower crust that is also
not observed (Fig. 3). In principle, the lack of
through-going dipping reflectors as required by
these interpretations could have resulted from
late tectonic and/or magmatic modification. One
such process is Mesozoic extension in northern
Tibet (e.g., Chen et al., 2003). However, since
its magnitude is rather small (i.e., no exposed
middle-crustal rocks in any of the known nor-
mal faults in the Qilian Shan and its foreland
region), its occurrence is highly localized, and,
most importantly, it was not associated with
coeval and widespread igneous activity (e.g.,
Chen et al., 2003), this tectonic event does not
appear to be an adequate solution to the prob-
lem. As mentioned already, Cenozoic lower-
crustal channel flow does not seem to be a viable
mechanism either. Because of the issues with
these explanations, we favor an interpretation
that partial melting of the lower crust, which is
expressed by the emplacement of A-type gran-
ites in the region during the collision of the early
Paleozoic Qilian orogen and the North China
craton (e.g., Gehrels et al., 2003a, 2003b), may
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have led to the elimination of the projected
suture zones.

It is possible that motion on the Haiyuan fault
could have juxtaposed different lithospheric sec-
tions of northern Tibet against each other (Fig.
3C). However, connecting the extrapolated trace
of the Haiyuan fault with the Moho transition
point M in Figure 3A is difficult, as its inferred
position in the lower crust is completely uncon-
strained from our seismic data. Our preferred
interpretation is that the lateral transition of seis-
mic fabrics in the Moho zone was either inherited
from the ancient structures of the North China
craton or is the result of laterally inhomogeneous
mixing of the mantle and crustal materials during
construction of the early Paleozoic Qilian arc.

CONCLUSIONS

The principal conclusions of our study are
summarized here.

(1) The Moho is broadly warped and defined
as a zone of high reflectivity with a thickness
varying from a few hundreds of meters to 6
km. The locally thickened Moho zone can be
explained by either offsets by north-dipping duc-
tile thrusts (favored), or localized magmatism, or
distributed ductile shortening. A transition occurs
from a sharply defined Moho to a diffusive Moho
in the seismic profile over a distance of <2—-3 km.
The origin of this transition zone is unknown.

(2) The reflectivity of the lower crust in our
seismic profile is characterized by short (<3
km), poorly organized, and disharmonic reflec-
tors. As a result, the lower crust in the seismic
profile appears to be transparent and lacks trace-
able seismic reflectors that are indicative of the
mode of lower-crustal deformation. Because
the lower crust in the study area has a P-wave
velocity of ~6.8 km/s and is located within the
early Paleozoic Qilian arc, we interpret the seis-
mically transparent lower crust to represent the
intrusive rocks with an intermediate composi-
tion at the base of the arc.

(3) The middle crust in the seismic profile
is dominated by isolated zones of subhorizontal
and upward-warping reflectors that are truncated
by seismically transparent regions. The latter are
geometrically linked with the seismically trans-
parent lower crust and thus are interpreted to rep-
resent arc plutons of the early Paleozoic Qilian
arc. The subhorizontal reflectors represent struc-
tural and/or compositional layering of gneissic
basement rocks of the North China lithosphere
upon which the Qilian arc was constructed.

(4) Bed-length balancing of a segment of the
seismic profile indicates that the upper-crustal
shortening strain may reach 46% locally, which
is significantly higher than the ~10% shorten-
ing strain estimated by a previous study directly

west of our study area based on constraints from
surface geology alone. We attribute this discrep-
ancy to both spatial variability of strain in the
region and the inability to recognize blind struc-
tures by surface mapping alone.

(5) Major transpressional structures (i.e., the
Haiyuan and Tianjing faults) display complex
geometry in the seismic profile, characterized
by multiple strands cutting through the middle
crust. The lack of continuous reflectors >3 km in
the lower crust and locally large thickness varia-
tions of the Moho zone (up to 6 km) make it
uncertain if the transpressional faults cut across
the lower crust and offset the Moho, or termi-
nate at a subhorizontal décollement zone at the
base of the middle crust.
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