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Understanding why continental deformation departs from the theory of plate tectonics requires a detailed
knowledge of three-dimensional structures at a lithospheric scale. In Tibet, the end-member models of
continental deformation make distinctively different predictions on strain distribution and contrasting
structural geometry as a function of depth. Specifically, the thin-viscous-sheet model predicts vertically
coherent deformation while channel-flow and continental-subduction models predict the presence of sub-
horizontal detachment zones within or at the base of the Tibetan crust during the Cenozoic deformation. To
differentiate the above models, we conducted a high-resolution seismic-reflection survey across the active
left-slip Kunlun fault and its nearby contractional structures. The results of this work show that the actively
deforming middle Tibetan crust is dominated by discrete sub-horizontal simple-shear zones that terminate
the sub-vertical, left-slip Kunlun fault above and mantle-cutting thrusts below. The flat shear zones appear to
act as roof and floor thrusts of large duplex structures that transfer shortening strain from locally deformed
and coupled lower crust and mantle lithosphere below to the high-strain domains of the upper crust above.
The middle-crustal strain-transfer model proposed here implies that the weak Tibetan middle crust may not
be active everywhere during the Indo-Asian collision. It also predicts that the kinematics of the activated
portions of themiddle crust, whether being deformed by simple shear or channel-flow deformation, may vary
from place to place, depending strongly on the lateral variation of mechanical strength at different depths of
the lithosphere. Our approach of establishing the kinematics of middle-crust deformation departs
significantly from the early work that emphasizes exclusively the role of vertically varying rheology in
controlling the mode of continental deformation.
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1. Introduction

Although the inability of the plate-tectonics theory to explain dif-
fuse continental deformation has long been related to continuum flow
(Molnar and Tapponnier, 1975), how such a mode of deformation
operates in three dimensions during collisional orogenesis remains
hotly debated (e.g., Harrison, 2006; Klemperer, 2006;Webb et al., 2007;
Yin, 2006) (Fig. 1). Three end-member models have been proposed to
resolve this issue: (1) the thin-viscous-sheet model (Bird and Piper,
1980; England and Houseman, 1986; England and McKenzie, 1982;
Flesch et al., 2005), (2) the continental subductionmodel and its special
case invoking strike-slip assisted oblique subduction (Argand, 1924;
Meyer et al., 1998; Tapponnier et al., 2001), and (3) the middle- or
lower-crustal channel flowmodel (Bird, 1991; Clark and Royden, 2000;
Royden et al., 1997, 2008) (Fig. 1). The three models make distinctively
different predictions on strain distribution in the map and cross section
views, leading to different lithospheric geometry via different deforma-
tion paths. The thin-viscous-sheet model requires vertically coherent
deformation and thus no major sub-horizontal detachment zones are
allowed during continental deformation (Fig. 1A and B). In addition, as
deformation is distributed via flow inmap view, the predicted faults are
closely spaced and have similar slip magnitudes. Finally, as the entire
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Fig. 1. Schematic diagrams illustrating competing models for continental deformation. Thick horizontal red lines indicate the locations of the predicted decoupling zones and the
arrows show their sense of shear. CLo and MLo represent the original and CLf and MLf represent the final thickness of the crust and mantle lithosphere before and after continental
deformation. The vertical straight red lines indicate predicted strike-slip faults in a deforming lithosphere; a circle with a dot indicates motion towards the reader while a circle with
a cross indicates motion away from the reader. (A) Continental lithosphere before deformation. (B) The thin-viscous-sheet model predicts vertically uniform strain and the absence
of decoupling zone. Faults should be lithospheric and closely-spaced. (C) The oblique continental-subduction model predicts decoupling of the deformed crust from mantle
lithosphere. Strike-slip faults root into the subduction zone, allowing continental lithosphere to move laterally. (D) and (E) The channel-flowmodel predicts lateral extrusion of the
ductile middle and/or lower crust. The channel thickness may expand or contract vertically during ductile flow in the channel. The model requires two sub-horizontal decoupling
zones with opposite senses of shear and faults in the crust do not penetrate into themantle. (F) Simplified cross section based on this study. Two detachment zones are revealed, both
having the same transport direction. Also, the mantle lithosphere and lowermost crust experienced significant shortening.
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lithosphere is deforming coherently, the predicted faults by the thin-
viscous-sheet model must cut across the entire lithosphere. The
continental-subduction model differs from the thin-viscous-sheet
model in that it requires the presence of a major detachment zone at
the base of the continental crust; the detachment zone allows
decoupling of the pervasively deformed crust above from the subduct-
ingmantle lithosphere below (Fig. 1C). Themantle-subduction zones in
this model may be linked with large strike-slip faults, allowing the
continental lithosphere to translate horizontally (i.e., lateral extrusion)
during continental subduction (Fig. 1C). In contrast to the above two
models, the channel-flow hypothesis predicts little deformation above
and below theflowchannel and that deformation of the upper crust and
the mantle is decoupled (Fig. 1D and E).

Due to the emphasis of different deformation paths, the above
models also predict very different structural fabrics in the crust and the
upper mantle. As no sub-horizontal detachment zones are required in
the thin-viscous-sheet model, there should be no sub-horizontal fabrics
developed during continental deformation. Although the oblique
continental-subduction model of Tapponnier et al. (2001) and the
middle-crustal channel flow model of Clark and Royden (2000) both
predict the presence of sub-horizontal detachment zones and thus the
development of sub-horizontal fabrics during continental deformation,
the position and kinematics of the required shear zones differ sharply
between the two. In the continental-subductionmodel, the detachment
zone has a unidirectional sense of shear and lies at the base of the crust.
In contrast, the channel-flow model requires the presence of two sub-
horizontal shear zones opposite senses of shear bounding the channel in
themiddle or lower crust (Fig. 1). As channel flow is laminar, onewould
expect continuous sub-horizontal shear foliation in the middle and/or
lower crust.

In this study, we test the above models by determining the vertical
distribution of strain and fabrics using high-resolution reflection-
seismology across the active left-slip Kunlun fault in northeastern
Tibet (Fig. 2). The survey transect consists of two nearly orthogonal
survey lines allowing the establishment of a three-dimensional view
of the lithospheric structures, Our results indicate that the Kunlun
fault zone terminates downward at a large thrust duplex system in the
middle crust. The same duplex system also bounds the mantle-cutting
thrusts that offset the Moho (Fig. 2F). This structural relationship
requires themiddle-crustal duplex system to have served as a transfer
zone linking deformation in the upper crust and the coupled lower
crust and the mantle lithosphere.

2. Geologic setting

Our seismic profile crosses the active left-slip Kunlun fault, which
is ~1000-km long and was inferred to merge downward with a
continental subduction zone (Tapponnier et al., 2001). The fault was



Fig. 2. (A) Digital topographic map of the Tibetan plateau, the trace of the Kunlun fault and nearby structures, and the location of the study area. Cenozoic faults after Taylor and Yin
(2009). (B) Simplified geologic map of the study area modified from Pan et al. (2004) with our own observations and interpretations. BLA and XBA are Bailongjiang and Xuebaoding
anticlinoria.
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initiated at 15–8 Ma, moved at a rate of 5–16 mm/year, and has a total
slip of 65–120 km (Fu and Awata, 2007; Jolivet et al., 2003; Kidd and
Molnar, 1988; Kirby et al., 2007; Van derWoerd et al., 2002). The fault
also follows a Triassic suture zone, separating the Kunlun–Qaidam
terrane in the north from the Songpan-Ganzi terrane in the south (Pan
et al., 2004; Yin and Harrison, 2000). The latter is dominated by a thick
(locally N10 km) Triassic flysch complex deposited on top of the
passive-margin sequence of the South China craton in the eastern
Tibetan plateau (Burchfiel et al., 1995; Nie et al., 1994) (Fig. 2).

Our study lies at the eastern of the Cenozoic Kunlun fault zone that
consists of two branches (Fig. 2). The southern strand is poorly defined
morphologically in the Roergai basin, as it cannot be traced via offset of
Holocenemorphologic features (Harkins et al., 2010; Harkins and Kirby,
2008). However, the continuation of this fault can be established in the
field as a contact between Triassic strata to the north and folded
Neogene strata across the northern edge of the Roergai basin (Fig. 2).
The lack ofmorphologic expression of this fault strandmay result froma
slow fault slip rate and fast sedimentation and erosion rates; the latter
may have rapidly erased or covered the offsetmorphologicmarkers and
the fault itself in places. The northern fault branch cuts bedrock and
forms the contact between Triassic strata and Neogene beds where our
seismic line is located (Gansu BGMR, 1991; Pan et al., 2004) (Fig. 2).

The Kunlun fault separates the Roergai depression in the south and
the Bailongjiang anticlinorium in the north. The Roergai depression or
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basin is tectonically controlled; it ponds sediments from the Yellow
River because of the relatively fast uplift of the northern wall of the
Kunlun fault zone. Bedrock in the Roergai basin is poorly exposed and
covered mostly grass over gentle rolling hills. Locally at river cutbanks
and roadcuts, folded Pliocene strata are exposed that dip up to 25° and
have fold axes trending west–northwest. Thia fold orientation parallels
the folds in the underlying Triassic strata, although the two units are
juxtaposed by an angular unconformity (Sichuan BGMR, 1991). It is
unclear whether (1) the Triassic strata were gently tilted andwere later
superposed by Cenozoic folds, (2) the coaxial relationship of Pliocene
and Triassic strata are just coincident, or (3) the Triassic folds were
dragged into their current orientation due tomotionon the Kunlun fault
and later Cenozoic contraction further tightenedup the folds. Regardless
of the origin of the coaxial relationships between folds in theTriassic and
Pliocene strata, it is certain that the Roergai region has experienced
Cenozoic contraction with the WNW-trending fold axes that are
consistent with left-slip faulting.

The Bailongjiang anticlinorium north of the Kunlun fault zone is
cored by Proterozoic strata that had experienced low-grade meta-
morphism and are overlain by Paleozoic strata (Gansu GBMR, 1991).
Together, these rock units are folded and duplicated by thrusts in
a large duplex system. As the thrusts in the anticlinorium involve
Cretaceous and Neogene sediments, we interpret its formation to
have been induced at least partially by the Cenozoic deformation
related tomotion along the Kunlun fault. The sub-parallel relationship
between the Bailongjiang anticlinorium and the Kunlun fault suggests
that the Kunlun fault zone is a transpressional system.

Latest Triassic andearly Jurassic plutonsarewidespread in the region
across theKunlun fault zone (Fig. 2) (Panet al., 2004).According toYuan
et al. (2010), these plutons were sourced from mantle-derived melts
and formed after the Triassic crustal thickening event. The fact that the
magmatism occurs across the Kunlun fault, whichwas a Triassic suture,
suggests that the thermal event was not controlled by the presence of
the suture. During this thermal event, the mantle expression of the
Triassic suture (i.e., offset of the Moho) may have been healed; the
deformed Moho created by Triassic closure of the Paleo–Tethys ocean
may have become a smooth and sub-horizontal contact as a result of
thermally induced viscousflow in the lower crust and the uppermantle.
This inference has important implications for the timing of mantle-
cutting structures imaged in our seismic reflection profile.

3. Seismic data acquisition and data processing

A total of 115 kmof seismic reflection data were collected across the
Kunlun fault zone (Fig. 2), of which 65 km of the seismic section is
oriented in the N52°W direction and 50 km of the section is oriented in
the N35°W direction. We aligned the seismic sections nearly perpen-
dicular to one another to best image the three-dimensional structures
induced by left-slip motion along the Kunlun fault. In order to obtain
high-resolution seismic images of the entire lithosphere across the
active Kunlun fault, we used three types of explosion sources with shot
charges of 16 kg, 40 kg and 200 kg, respectively, during our seismic
survey. The 16-kg shots were performed in single wells at depths of 20
to 24 m. The wells were with spaced at 100 m. The 40-kg shots were
executed in two-well clusters at a depth of 28 m. The spacing between
the two-well clusters is 400 m.finally, the 200-kg shotswere conducted
in singlewells or three-well clusters,which are spaced at 5 km and have
the maximum offset of 29,175 m.

SN388 seismometers with 24 bits, 600 channels and 480 receiving
traces were employed in the survey. Geophones spaced at 50 m were
arranged as a 4-serial area array, with the dominant frequency of 10 Hz
and a sampling interval of 2 ms. The recording time is 30 s, duringwhich
120 and 30 folds of CMP (common middle points) were obtained from
16 kg and 40 kg shot sources.

We used standard oil-industry packages for data processing, which
includeCGG, FOCUS,OMEGAandPROMAX.Pre-stackingprocessingwas
performed by conducting tomographic static corrections, static correc-
tions of wave-field continuation, true-amplitude recovery, frequency
analysis, filter-parameter tests, surface-consistent de-convolution and
high-precision Radon transform. An iterative procedure was taken to
obtain the optimal parameters for stacking and post-stack-noise
attenuation.

4. Interpreted seismic profile

The processed seismic profile is shown in Fig. 3A, aided by the
markings of prominent seismic reflectors shown in Fig. 3B. As the two
seismic sections are nearly perpendicular to one another, continuation
of individual reflectors across the two sections yields information on
the three-dimensional geometry of the imaged structures. Four first-
order observations can bemade from the obtained seismic profile. First,
continuous and broadly folded low-angle reflectors truncate sequences
of layered reflectors in their hanging walls in the middle crust of 20–
40 km (Fig. 3A and B). The above structural relationships mimic the
classic fault-bend fold geometry commonly seen in a thrust belt and
thus indicate the possible presence of hanging wall ramps in the likely
ductile middle crust. Second, a stack of parallel and closely spaced low-
angle strong reflectors lie discontinuously at a depth of 45–55 km and
separate strongly layered reflectors above and discontinuous and short
reflectors below. We interpret the strong-reflectivity reflector stacks as
marking the boundary between the crust and themantle. This boundary
may be transitional in composition, but for the convenience of seismic
interpretations, we designate the top of the reflector stacks as theMoho
(Fig. 3B). The discontinuity of the high-reflectivity stacks suggests that
theMoho has been tectonicallymodified. Third, layered reflectors in the
upper 20–15 kmdisplay rather evenly spaced tight folds. This structural
style contrasts to the broadly folded reflectors in the middle crust.
Fourth, the Kunlun fault, which could not be imaged directly due to its
high-angle geometry, can be traced downward from its surface trace via
truncated reflectors (white triangles in Fig. 3B). The inferred fault trace
terminates at a regionally continuous low-angle reflector in the middle
crust below (orange triangles in Fig. 3B).

Using the above first-order observations as a guide, we systemat-
ically traced out reflectors across thewhole seismic profile.We focus on
four regionswhere key structural relationshipsaredisplayed. Region (1)
in Fig. 3B displays a truncational relationship between tightly folded
reflectors above in the upper crust and a broadly folded reflector in
the middle crust below. Region (2) shows the inferred trace of the
Kunlun fault zone, which truncates shallow-dipping reflectors and itself
terminates at a flat reflector. Region (3) illustrates possible multiple
offsets of the Moho and the truncation of a sequence of north-dipping
reflectors above by a broadly warped reflector that lies immediately
above the Moho; this same reflector also truncates the inferred thrusts
offsetting the Moho from below. Region (4) exhibits complex trunca-
tional relationships among several sequences of reflectors. The close-
up views of the above key regions in our seismic profile can be found
in the Data Repository (Appendix A), together with more detailed
explanations.

The assignment of geologic units in our interpreted cross section is
based on the stratigraphic information from Gansu BGMR (1991) and
Sichuan BGM. Projection of stratigraphic units north of the Kunlun
fault can be taken directly with the map relationships, as all lithologic
units shown in the seismic section are exposed across the Bailongjiang
anticlinorium at the surface. The region south of the Kunlun fault is
mostly covered by folded Triassic and Neogene strata in the Roergai
basin (i.e., unit Tr-Cz in Fig. 2). The only information we have on the
lithology of this region at depth comes from a deep well drilled by the
Sinopec Oil Company at the southern end of our profile (Figs. 2 and 4).
This well reached a depth of ~7600 m and penetrated entirely the
Triassic flysch deposits. This observation is consistent with the
estimated thickness of N10 km for the Triassic strata in this region
(e.g., Nie et al., 1994; Sichuan BGMR, 1991).
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Fig. 3. (A) Un-interpreted seismic-reflection profile obtained from this study. (B) Seismic-reflection profile with markings of key reflectors mentioned in the text. Close-up views of
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TheTriassic strata in our study area canbe traced continuous eastward
for ~100 km to the western edge of the west-plunging Xuebaoding
anticlinorium. There, the Triassic strata lie on top of Proterozoic and
Paleozoic strata (Fig. 2).Without any other observations to contradict this
relationship, we placed Proterozoic and Paleozoic units below Triassic
strata. Because the main focus of our study is to examine the vertically
varying structural style, thuswhether theProterozoic–Paleozoic strata are
present below the Triassic strata south of the Kunlun fault zone does not
affect our conclusions reached at the end of this paper.

Our final interpreted seismic reflection profile is shown in Fig. 4 in
a three-dimensional perspective diagram. In our interpreted seismic
profile, the upper-crustal folds have a wavelength of 10–15 km and
terminate downward at folded low-angle seismic reflectors (Figs. 3B
and 4), The low-angle reflectors are interpreted to be the roof faults of
two antiformal duplex systems north and south of the Kunlun fault
zone (i.e., SD and ND in Fig. 4). Because the two duplexes lie against
the Kunlun fault zone, motion on the thrusts within the duplex
systems may also have a strike-slip component. The surface trace of
the northern Kunlun fault imaged in the seismic profile dips 30–35° to
the south and merges with the steeply (60–75°) north-dipping main
strand of the Kunlun fault at a depth of ~8 km (Fig. 3B). Although the
sub-surface antiform north of the Kunlun fault zone can be correlated
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to the Bailongjiang anticlinorium, the surface expression of the
southern anticlinorium is not obvious. This is because the strata south
of the fault are dominated by the thick Triassic flysch deposits. Due to
the lack of distinctivemarker beds in the Triassic strata, it is not clear if
the Roergai basin is underlain by a structural antiform. As implied in
our interpreted section in Fig. 4, the top part of the antiform lies
entirely within the Triassic strata and must have been eroded away. It
is unclear if the erosion had occurred in the Cenozoic or in the Early
Jurassic immediately after the closure of the Paleo-Tethyan ocean
along the Kunlun suture zone in the area. As Cenozoic strata in the
Roergain basin are folded, the formation of the southern antiform
must in part occurred during the Cenozoic Indo-Asian collision. This
interpretation is supported by the observation that the southern
Kunlun fault (the main strand) bends around the southern antiformal
duplex in the seismic section, which may be explained by the
development of the duplex that had forced an originally straight
Kunlun fault to bend laterally (Figs. 3B and 4; also see close-up views
of this relationship in the Data Repository (Appendix A)).

Themiddle crust of our seismic section is dominated by two broadly
folded low-angle reflectors that are interpreted as thrust decollements;
they probably represent the roof and floor faults of a deeper, wider, and
much larger duplex system(i.e., the LDS in Fig. 4). The interpreted upper
thrust decollement terminates the Kunlun fault above (Figs. 3B and 4;
also see detailed close-up view of this relationship in the Data
Repository (Appendix A)). As the Kunlun fault is an active structure,
the geometrically linked upper decollementmust also be active. That is,
the Kunlun fault and the low-angle upper decollement are parts of the
same transpressional system. Minor thrusts climbing up-section from
the upper decollement join the roof thrust of the southern antiformal
duplex system in the upper crust (i.e., SD in Fig. 4).

Another prominent reflector that can be traced continuously in our
seismic profile lies ~10 km below our interpreted upper thrust
decollement. We interpret this reflector also as a thrust decollement
and refer it as the lower decollement. This reflector also displays
ramp-flat geometry by truncating a sequence of parallel reflectors in
its hanging wall (i.e., in the northeast-trending segment of the profile
in Figs. 3B and 4). The lower decollement also links with several minor
flat-ramp thrusts, which we interpreted as minor linking thrusts in a
duplex system as they merge upward with the upper decollement
(Figs. 3B and 4).

Discontinuous and sub-horizontal zones of high reflectivity are
presentbelow the lowerdecollement. The large amplitudeof reflectivity
and downward fading of reflectivity are typically associated with the
crust–mantle boundary of theMohodiscontinuity (e.g., Cook, 2002).We
note that these reflector sequencesmarking the crust–mantle transition
are neither continuous nor horizontal. Rather, the reflector sequences
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are in placed overlap vertically, suggesting that they might have been
duplicated by thrust faulting. We consider the above interpretation
the simplest, which implies that the Moho, marking at the top of the
reflector sequence in this study, was originally flat. The flat Moho was
possibly induced by the latest Triassic to Early Jurassic thermal event
(Yuan et al., 2010) induced by thermally activated flow in the lower
crust and the upper mantle as mentioned above. Alternatively, the
discontinuity of the Moho, may have been induced by highly inho-
mogeneous crustal and mantle compositions at very short spatial scale
(b10 km) (Cook, 2002), which could have been induced by the tectonic
juxtaposition of various crustal andmantle fragments during the closure
of the Paleo-Tethyan ocean. From the geometric relationships imaged
in the seismic profile, we favor the first and simpler explanation. That
is, the interpreted mantle-cutting thrusts cannot be traced across the
lower decollement of themiddle crustal duplex system, but instead they
merge with the lower decollement. In addition, the undulation of the
lower decollement can be related to the positions and motion of the
inferred mantle-cutting thrusts; i.e., motion on the mantle-cutting
thrusts caused local warping of the lower thrust decollement (Figs. 3B
and 4; also see close-up view of this relationship in the Data Repository
(Appendix A)). Our interpretation requires that the lower decollement
bounding the middle crustal duplex is coeval with motion on the
mantle-cutting thrusts below. As the lower thrust decollement is
kinematically linked with the upper decollement that in turn linkswith
the active Kunlun fault zone, the lower decollement and the mantle-
cutting thrusts farther belowmust have all been active and coeval with
motion on the Kunlun fault zone.

5. Discussion

5.1. Style and timing of deformation

Thrust duplexes are traditionally regarded as ubiquitous features
in the upper-crustal thin-skinned thrust belts (e.g., Boyer and Elliott,
1982). Later work in the Himalaya and elsewhere, however, showed
that duplex structures could also have developed in the middle crust
associated with discrete ductile thrusts (e.g., DeCelles et al., 2001;
Dunlap et al., 1997; McQuarrie et al., 2008; Murphy and Yin, 2003;
Robinson et al., 2003; Srivastava and Mitra, 1994; Yin et al., 2010).
The large duplex structure interpreted in the middle crust of our
seismic profile may be a ductile duplex system generated during
crustal thickening of the region. As our study area has experienced
twophases of deformation in theTriassic andCenozoic, it is important to
determine the age of deformation leading the development of the
middle crust duplex system and mantle-offsetting thrusts.

Despite the strong evidence for Cenozoic activities of major
structures in the middle crust, shortening accommodated by the tight
folds in the upper crust could have formed in part in the Triassic during
the closure of thePaleo-Tethys ocean, asmanyof the foldswere intruded
by post-collision latest Triassic-earliest Jurassic plutons (e.g., Burchfiel
et al., 1995; Pan et al., 2004; Yuan et al., 2010). However, we speculate
that most of the deformation imaged in themiddle and lower crustmay
have occurred in the Cenozoic. This speculation is based on an inference
that the Moho was probably flattened and became laterally continuous
at the onset of the Cenozoic deformation. This is because thewidespread
occurrenceof the latest Triassic-earliest Jurassic thermal eventacross the
Kunlun fault zone, as expressed by mantle-derived magmatism (Yuan
et al., 2010), must have caused thermally activated viscous flow in the
lower crust and the upper mantle. This process should have lead to a
new equilibrium compositional boundary between the lighter crustal
materials above and heavier mantle materials below. As there had been
nomajor tectonic events since the closure of the Paleo-Tethys ocean and
particularly after thewide occurrence of latest Triassic and Early Jurassic
magmatism until the Cenozoic Indo-Asian collision, deformation of the
Moho is best explained by Cenozoic deformation. Because the inferred
Moho-cutting structures merge with the duplex system in the middle
crust, which in turn has been coevally active with the active Kunlun
fault zone based on their geometric relationship, we suggest that the
deformation of the upper mantle, its coupled lower crust, and possibly
the entire middle crust, was induced by Cenozoic deformation. The
above speculation is testable via detailed seismic surveys south of our
current seismic profile, where the predicted footwall ramps of the lower
duplex system (LDS in Fig. 4) should be located. The above structural
interpretation requires 28-km horizontal shortening in the coupled
lowermost crust and the mantle lithosphere (equal to ~35% strain) and
N30-kmslip on thenorth-directed upper and lower decollements on the
B–C seismic-reflection profile in Fig. 4.

5.2. Comparison with other seismic studies across the Kunlun range

Several early studies have revealed the offset of the Moho below
the Kunlun Range and the southern margin of the Qaidam basin near
the Kunlun fault zone (Fig. 5). Using the teleseismic receiver-function
method, Zhu and Helmberger (1998) first noticed that the Moho is
offset abruptly about 10–15 kmwithin 30 km along the southern edge
of the southern Qaidam basin abutting against the Kunlun Range near
Golmud. This finding was confirmed by later work of Vergne et al.
(2002) using much denser net of broadband stations. To the east near
Dulan, Shi et al. (2009) also showed Moho offset at the southwestern
corner of the Qaidam basin. In particular, they found that the Moho
was overlapping in the vertical section, which they interpret to be a
result of motion along a north-dipping thrust rooting into the Qaidam
mantle lithosphere. In the study by Shi et al. (2009), the Kunlun
fault was not directly imaged by receiver functions. However, these
workers found that the Moho directly beneath the Kunlun fault is
continuous and nearly flat along the section. From the surface position
of the Kunlun fault, we suggest that the Kunlun fault soles into the
north-dipping thrust (Fig. 5B).

Farther east nearMadoi, theMoho is offsetmultiple times across the
north flank of the Kunlun range north of the Kunlun fault (Vergne et al.,
2002). The most noticeable observation from the above broadband
studies across the Kunlun Range is that the Kunlun fault cannot be
projected vertically down to offset the Moho. The seismic section of
Vergneet al. (2002) andKarplus et al. (in press) nearGolmud indicates a
flat and continuous Moho directly below the Kunlun fault at a depth of
60 km. If the Kunlun fault does cut the Moho, it has to dip northward
with its dip angle decreases abruptly from ~70° to less than 30° at a
depth of 40–45 km (Fig. 5A). Similar, the Moho directly below the
Kunlun fault is also nearlyflat and continuous at depth of ~62 km.Given
the distribution of sub-horizontal reflectors in the middle crust in this
section, theKunlun faultmost likelybecomes anorth-dipping low-angle
fault mergingwith a decollement zone at depths of 38–42 km (Fig. 5B).
Although theMoho below the Kunlun fault is offset nearMadoi (Vergne
et al., 2002), the offset geometry is complex in that there appears to be a
zone of north-dipping and south-dipping thrusts that have duplicated
the Moho vertically in the cross section. The distribution of the sub-
horizontal reflectors and the offset Moho requires that the Kunlun fault
dips steeply to the north (Fig. 5C).Wide-angle reflection profiling across
theMadoi segmentof theKunlunRange also indicates possible presence
of doubleMoho below the range, whichwas explained either as a result
of thrusting in the mantle lithosphere or lateral motion of Tibetan
terranes along vertical strike-slip faults that cut the whole lithosphere
(Galve´ et al., 2002a; Jiang et al., 2006).

The results of the broadband seismic studies across the Kunlun
Range are consistent with our study in that the mantle lithosphere
below the active left-slip Kunlun fault is not offset simply by a vertical
fault zone. Instead, the mantle lithosphere appears to be dominated
by low-angle thrusts that either merge upward into a broad sub-
horizontal shear zone in themiddle crust or linkwith the Kunlun fault,
requiring the latter to have a shallow dip to the north. The north-
dipping geometry of the Kunlun fault and its geometric relationship to
the thrusts cutting the mantle is consistent with the fault being a
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component of a broad transpressional system that also includes sub-
parallel thrusts northwest of its western segment and southeast of its
eastern segment (Yin et al., 2007, 2008). The north-dipping geometry
of the Kunlun fault could also be related to an overall top-to-the-south
sense of shear across the whole lithosphere below the Kunlun Range,
causing the root zone of the originally vertical Kunlun fault zone to
bend northward. Finally, the north-dipping geometry of the Kunlun
fault and its linkage with a north-dipping thrust zone cutting through
the mantle lithosphere below the southern edge of the Qaidam basin
(Fig. 5A and B) also explains why Cenozoic strata thin towards the
Kunlun Range (Yin et al., 2008). That is, the south-directed thrusts
across the Kunlun Range and southern Qiadam basin as mapped at the
surface (Yin et al., 2007) and imaged in the seismic-reflection profiles
(Yin et al., 2008) are rooted below the Qaidam basin. This geometry
differs from the flake-tectonic model of Yin et al. (2008), who envision
that the south-directed upper crustal thrusts terminate at a hidden
south-dipping continental subduction zone.

It is also important to note that theMohobelow the highly deformed
KunlunRange nearGolmud isflat, extending over at least 100 kmbelow
and north of the Kunlun fault. This suggests that the underlying mantle
lithosphere is little deformed. This observation implies that at least
locally the crustal deformation decouples from themantle deformation,
which has important implications for how continental lithosphere had
deformed during the construction of the Tibetan lithosphere.

5.3. Vertical and lateral strain distribution in Tibetan lithosphere and
model testing

Our structural interpretation, as summarized in Fig. 1F, is consistent
with all the observed geometric relationships in the seismic reflection
profile (Figs. 3 and 4). However, our findings and our structural
interpretation differ from the existing hypotheses for continental
deformation. First, the presence of major flat decoupling zones in the
crust is inconsistent with the thin-viscous-sheet model of England and
Houseman (1986). Second, the large strain in the mantle lithosphere
and the termination of the Kunlun fault in the middle crust are
incompatible with the oblique continental-subduction model of
Tapponnier et al. (2001). Third, the presence of north-dipping reflectors
across the middle crust and thrusts in the lower crust is inconsistent
with the occurrence of channel flow in the middle and/or lower crust
(Clark and Royden, 2000), as channel flow would have produced sub-
horizontal shear foliations and thus flat reflectors. The apparent
unidirectional shear sense (i.e., top-to-the-north) onmajor decollement
zones (Fig. 3B) is also inconsistent with the prediction of the channel-
flow model that requires the channel-bounding shear zones to have
opposite senses of shear (Fig. 1D and E).

Our new observations from the seismic-reflection study across the
northeastern Tibetan plateau beg the question of why and howmajor
decollements were developed in the Tibetan middle crust during
Cenozoic deformation. An important clue for answering this question
comes from the fact that the Kunlun fault zonewas reactivated along a
pre-existing Triassic suture (Allegre et al., 1984; Dewey et al., 1988;
Pan et al., 2004). It is possible that the laterally varying mechanical
strength of the Tibetan lithosphere has created highly inhomoge-
neous, three-dimensional distribution of strain across in the Tibetan
lithosphere (Kong et al., 1997) (Fig. 6). That is, a high-strain domain in
the upper-crust may not extend vertically downward to the lower
crust and the upper mantle (Fig. 6a). Likewise, a coevally developed
high-strain domain in the lower crust andmantle lithospheremay not
extend vertically upward to the upper crust. Such a strain distribution
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requires the activation of sub-horizontal shear zones in the weak
Tibetan middle crust, commonly expressed as low seismic velocity
zones (e.g., Royden et al., 2008; Yao et al., 2008). Under a vertically
uniform horizontal-velocity boundary condition, the locally activated
shear zones serve as strain transfer structures linking the high-strain
domains above and below. The shear senses of the flat strain-transfer
zones in the middle are decided by the spatial arrangement and the
kinematic nature of the high-strain domains in the crust and the
mantle lithosphere (Fig. 6). Our middle-crust strain-transfer model
suggests that the sites of major crustal shortening may not correlate
with the sites of major lithospheric thickening during continental
deformation, which is in strong contrast to the pure-shear, thin-
viscous-sheet model (England and Houseman, 1986). It also implies
that the weakest layer of the continental lithosphere, commonly
believed to reside in the middle crust (Jackson et al., 2008; Royden
et al., 2008), may not be activated everywhere under vertically
uniform velocity-boundary conditions due to the lateral heterogene-
ity of rock strength. Thus, determination of continental rheology such
as using seismic-tomography methods alone is insufficient to
establish the mode of continental deformation. Thus, future studies
of continental tectonics must also focus on the kinematics of deep
crustal deformation so that competing models can be differentiated.
For example, our proposedmodel differs from the channel flowmodel
by emphasizing unidirectional simple shear in the middle crust rather
than paired shear-zone deformation with opposite senses of shear as
required by the channel flow model (Fig. 1D and F).

Our proposed strain-transfer model is conceptually similar to those
proposed by Davis (1988), Lister and Davis (1989) and Burchfiel et al.
(1989) in that the middle crust is the weakest part of the continental
lithosphere and thus serves as decoupling during continental extension
and contraction. This may explain the general lack of granulite-facies
metamorphic rocks in contractional and extensional orogens despite
tens to hundreds of kilometers of slip on individual thrust and normal
faults (e.g., DeCelles et al., 2002; Lister and Davis, 1989). The observed
offset geometry of theMoho below the Kunlun Range also supports the
early suggestion of Hirn et al. (1984) who envisioned that the Tibetan
mantle lithosphere is extensively faulted by discrete shear zones.
6. Conclusions

The results of our seismic-reflection study across northeastern Tibet
show that the actively deforming middle Tibetan crust is dominated by
discrete sub-horizontal simple-shear zones that terminate the sub-
vertical, left-slip Kunlun fault above. Theflat shear zones appear to act as
roof and floor thrusts of large duplex structures that transfer shortening
strain from locally deformed and coupled lower crust and mantle
lithosphere below to the high-strain domains in the upper crust above.
The middle-crustal strain-transfer-zone model proposed here implies
that the weak Tibetan middle crust may not be active everywhere
during the Indo-Asian collision. It alsopredicts that thekinematics of the
activated portions of the middle crust, whether being deformed by
simple shear or channel-flowdeformation,mayvary fromplace toplace,
depending strongly on the lateral variation of mechanical strength in
various depths of the crust andmantle lithosphere. Our new conceptual
model, based on new observations from this study and the existing
seismic work across the Kunlun Range, departs significantly from the
early approaches that tend to focus exclusively on the role of vertically
varying rheology in the deformation of continental lithosphere.
Specifically, our work highlights the important role of the laterally
varying rheology in controlling the kinematics of the middle crust
during deformation of the continental lithosphere.
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