BIROn - Birkbeck Institutional Research Online
Tian, Y. and Kohn, B.P. and Phillips, D. and Hu, S. and Gleadow, A.J.W.
and Carter, Andrew (2016) Late Cretaceous–earliest Paleogene deformation
in the Longmen Shan fold-and-thrust belt, eastern Tibetan Plateau margin:
pre-Cenozoic thickened crust? Tectonics 35 (10), pp. 2293-2312. ISSN
0278-7407.
Downloaded from:

Usage Guidelines:
Please refer to usage guidelines at
contact lib-eprints@bbk.ac.uk.

or alternatively

PUBLICATIONS
Tectonics
RESEARCH ARTICLE
10.1002/2016TC004182
Key Points:
• Late Cretaceous-earliest Paleogene
hinterland deformation
• Contemporaneous shortening in the
foreland side
• Pre-Cenozoic thickened crust in the
eastern Tibetan Plateau margin

Late Cretaceous–earliest Paleogene deformation
in the Longmen Shan fold-and-thrust
belt, eastern Tibetan Plateau margin:
Pre-Cenozoic thickened crust?
Yuntao Tian1,2,3, Barry P. Kohn1, David Phillips1, Shengbiao Hu4, Andrew J. W. Gleadow1,
and Andrew Carter5
1

Supporting Information:
• Supporting Information S1
• Table S1
• Table S2
• Table S3
Correspondence to:
Y. Tian,
y.t.tian@ucl.ac.uk

Citation:
Tian, Y., B. P. Kohn, D. Phillips, S. Hu,
A. J. W. Gleadow, and A. Carter (2016),
Late Cretaceous–earliest Paleogene
deformation in the Longmen Shan foldand-thrust belt, eastern Tibetan Plateau
margin: Pre-Cenozoic thickened crust?,
Tectonics, 35, 2293–2312 doi:10.1002/
2016TC004182.
Received 7 AUG 2015
Accepted 1 SEP 2016
Accepted article online 10 SEP 2016
Published online 6 OCT 2016

School of Earth Sciences, University of Melbourne, Melbourne, Victoria, Australia, 2Department of Earth Sciences,
University College London, London, UK, 3Department of Earth Sciences and Geological Engineering, Sun Yat-sen University,
Guangzhou, China, 4State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy
of Sciences, Beijing, China, 5Department of Earth and Planetary Sciences, Birkbeck, University of London, London, UK

Abstract This study presents structural and 40Ar/39Ar geochronological data from the southern part of the
Longmen Shan fold-and-thrust belt that forms the eastern margin of the Tibetan Plateau. Investigations
focused on hinterland ductile top-to-the-WNW shear deformation, which has been linked previously to late
Cenozoic lower crustal ﬂow. Consistent with previous studies, the sense of deformation is mapped as
top-to-the-WNW in the Longmen Shan hinterland. The timing of the deformation is constrained by 40Ar/39Ar
geochronological data of recrystallized minerals aligned along the shear foliation as Late Cretaceous–earliest
Paleogene, thus predating the inferred late Cenozoic crustal ﬂow. This deformation is contemporaneous with
SE verging thrusting and loading along the Longmen Shan front, which formed a coeval ~2–3 km thick
foredeep sequence along the southwestern margin of the Sichuan Basin. In the context of the regional
geology, this tectonic conﬁguration could result from either extrusion of a crustal wedge or back thrust in a
duplex. Compared to other orogens, where similar crustal conﬁgurations have been reported, it is speculated
that the eastern Tibetan Plateau margin acquired thickened crust and highly elevated topography in Late
Cretaceous–earliest Paleogene time.

1. Introduction
Numerous studies have sought to explain the formation of the thickened crust and elevated topography of
the Tibetan Plateau (see reviews by Molnar [1988], Harrison et al. [1992], and Yin and Harrison [2000]), with a
focus on the role of crustal and/or mantle processes following the onset of early Cenozoic Indo-Asia collision
[e.g., England and Houseman, 1986; Tapponnier et al., 2001; Royden et al., 2008]. By contrast, a growing number
of studies in the central and southern Tibetan Plateau have pointed out that by the end of the Cretaceous,
some parts of the central Tibetan Plateau already had thickened crust and elevated topography in response
to Mesozoic orogenesis associated with terrane and arc collisions [e.g., England and Searle, 1986; Murphy et al.,
1997; Kapp et al., 2003; Robinson et al., 2004; Kapp et al., 2007].
The eastern Tibetan Plateau margin, which is deﬁned by the NE striking Longmen Shan fold-and-thrust belt,
has a thick crust (~60 km) and high topographic relief and has experienced multiple phases of deformation.
These include early Mesozoic and late Cenozoic phases of intracontinental orogenesis [Sichuan Bureau of
Geology and Mineral Resources (SBGMR), 1991; Burchﬁel et al., 1995; Chen et al., 1995; Tian et al., 2013; Wang
et al., 2014] and a period of top-to-the-WNW sense of shear, whose timing is a matter of debate [e.g.,
Burchﬁel et al., 1995; Xu et al., 2008; Zhou et al., 2008]. Despite a long history of deformation, the various
models that have been proposed to explain the formation of the thickened crust in the Longmen Shan, such
as lower crustal ﬂow [e.g., Clark et al., 2005; Royden et al., 2008] or crustal shortening and extrusion [e.g.,
Hubbard and Shaw, 2009; Tian et al., 2013], have not considered possible contributions from pre-Cenozoic
deformation, in part because the timing of these deformation events is poorly constrained.
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Given that an explanation for the top-to-the-WNW shear zone has been a key element of previous tectonic
models, it is crucial to determine the timing of shearing. Unfortunately, current constraints on the timing
are poor. Shearing has been identiﬁed on the hinterland side of the Longmen Shan and the Danba
Antiform immediately south of the Longmen Shan [SBGMR, 1991; Burchﬁel et al., 1995; Xu et al., 2008; Zhou
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et al., 2008]. Studies of the Danba Antiform interpreted the top-to-the-WNW shearing as resulting from mid
Jurassic–early Paleogene (173–160 Ma and 81–47 Ma) postorogenic progressive extension of the Late Triassic
orogen [Zhou et al., 2008], or Early Cretaceous (~120 Ma) deep crustal extrusion [Xu et al., 2008]. Other studies
speculated that the shearing in the Longmen Shan hinterland might represent a phase of late Cenozoic
extension [Burchﬁel et al., 1995; Meng et al., 2006; Cook et al., 2013], driven by outward extrusion of the lower
crust [Burchﬁel et al., 1995, 2008; Clark et al., 2005; Royden et al., 2008]. To address this question, we conducted a detailed structural and 40Ar/39Ar geochronological study on shear structures preserved in the southern Longmen Shan (Figures 1 and 2). The results are interpreted in the context of previous low-temperature
thermochronology data in the Longmen Shan, as well as sedimentary and seismic survey data from the foreland Sichuan Basin immediately east of the Longmen Shan.

2. Geological Setting
The regional structural geometry of the Longmen Shan fold-thrust belt is deﬁned by three parallel NW dipping fault zones (Figure 1); from the hinterland (northwest) to the foreland (southeast), these include the
Wenchuan-Maowen Fault (WMF), the Yingxiu-Beichuan Fault (YBF), and the Guanxian-Anxian Fault (GAF).
Neoproterozoic basement rocks, surrounded by Paleozoic sedimentary strata, outcrop in the core part of
the Longmen Shan. To the west of the Longmen Shan lies the Songpan Gaze terrane, which is covered by
a thick (>8–10 km) sequence of strongly folded Triassic ﬂysch deposits [Chang, 2000; Roger et al., 2008;
Ding et al., 2013]. The Songpan-Ganze terrane was intruded by Late Triassic–Jurassic granitoids and a few
Miocene plutons developed along the deep seated Xianshuihe fault, probably in relation to left-lateral slip
of the fault (Figure 1) [Roger et al., 1995]. Except for Pliocene-Quaternary glacial and ﬂuvial sediments, late
Jurassic–Cenozoic strata are absent from this terrane. To the east, the terrestrial Sichuan Basin accommodated >6 km of Late Triassic–Quaternary deposits [SBGMR, 1991; Guo et al., 1996; Li et al., 2003].
In the study area (the southern Longmen Shan), lithological units with different deformation characteristics
are separated by several faults (Figure 2a). West of the Longdong fault zone, upper Paleozoic marine
limestone-sandstone-mudstone, and Triassic Songpan-Ganze ﬂysch are strongly folded (Figure 2b). The fault
zone juxtaposed Ordovician strata over Devonian sequences. Ordovician–Devonian strata within the fault
zone are strongly attenuated, forming a tectonic window where the underlying schistose Neoproterozoic
rocks crop out (Figure 2a). To the east, in the footwall of the fault zone, Neoproterozoic basement and
Paleozoic rocks are strongly mylonitized, schistosed, and faulted. Detailed mapping within this domain suggests a phase of top-to-the-WNW shearing (see section 3 for details). Farther east, Neoproterozoic basement
rocks exposed between the Wulong and Xiaoguanzi faults, which are southern extensions of the WMF and
YBF, respectively [Burchﬁel et al., 1995; Tao, 1999], are less deformed, or undeformed (Figure 2). Note that
the Xiaoguanzi fault is also locally named as the Erwangmiao fault [e.g., Cook et al., 2013]. East of the
Xiaoguanzi fault, terrestrial Triassic to Quaternary sediments are folded and faulted. In following sections,
local fault nomenclature (Wulong and Xiaoguanzi faults) in the southern LMS will be replaced by the YBF
and WMF, which have been more widely used in previous literature.
The Longmen Shan fold-thrust belt experienced two phases of orogenic shortening in the early Mesozoic and
later Cenozoic, respectively [e.g., Burchﬁel et al., 1995; Yan et al., 2011]. The ﬁrst shortening phase is SE-SSE
verging, as expressed by structures at different scales. Kilometer-scale klippe structures developed in both
the Longmen Shan front and hinterland (Figure 2a). Along the Longmen Shan front, Neoproterozoic basement and Paleozoic rocks tectonically overlie Late Triassic–Cretaceous sedimentary rocks; and on the western, hinterland side of the Longmen Shan strongly folded Triassic ﬂysch sediments tectonically overlie
Permian rocks. These allochthonous blocks were formed by SSE verging thrusting of the Longmen Shan
fold-thrust belt and the Songpan-Ganze terrane. At a meter scale, tight folds (F1) in the Triassic ﬂysch and
Paleozoic rocks indicate NNW-SSE shortening of the Longmen Shan hinterland (Figure 2b). Within the early
Paleozoic and Precambrian rocks on the hinterland side, structures such as boudinaged sandstone and/or
quartz vein and S-C fabrics indicate SE directed thrusting.
The timing of the ﬁrst phase of shortening is well constrained. First, the presence of klippen of Paleozoic and
Precambrian rocks over Triassic sediments in the Longmen Shan front indicates that these structures were
formed during the Late Triassic or later (Figures 2a and 2d). Second, geochronological data suggest that deformation had initiated before or at 237–190 Ma [Huang et al., 2003; Weller et al., 2013]: (i) the oldest U–Th–Pb
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Figure 1. (a) Tectonic map showing the main structures of the Tibetan Plateau and location of the study area (shaded square). Abbreviations: ATF = Altyn Tagh Fault,
DA = Danba Antiform, GXF = Ganzi-Xianshuihe Fault, HF = Haiyuan Fault, JF = Jiali Fault, KLF = Kunlun Fault, KF = Karakorum Fault, RRF = Red River Fault, SF = Sagaing
fault, SGT = Songpan-Ganze terrane, TB = Tarim Basin, and TP = Tibetan Plateau. (b) Generalized geological map of the Longmen Shan, modiﬁed after SBGMR [1991],
Burchﬁel et al. [1995], and Tian et al. [2013]. Also shown is the location of Figure 2. F1 = Guanxian-Anxian Fault, F2 = Yingxiu-Beichuan Fault, F3 = Wenchuan-Maowen
Fault, BM = Baoxing massif, PM = Pengguan massif, and XM = Xuelongbao massif.

monazite and Sm–Nd garnet ages (204–190 Ma), derived from metamorphosed rocks in the Danba Antiform,
immediately south of the Longmen Shan, were interpreted as dating the timing of Barrovian metamorphism
associated with the deformation [Huang et al., 2003; Weller et al., 2013] and (ii) 40Ar/39Ar dating of early
Paleozoic schistose rocks from the northern Longmen Shan yielded ages between 237 and 208 Ma, which were
interpreted as minimum age constraints for Mesozoic shortening [Yan et al., 2011]. Third, Late Triassic ﬂexural
subsidence of the western Sichuan Basin, which accommodated > 4 km thick sediments in the foredeep,
achieved the eastward loading and shortening along the Longmen Shan.
In late Cenozoic time, the Longmen Shan fold-thrust belt was reactivated [e.g., Burchﬁel et al., 1995; Wang
et al., 2012; Tian et al., 2013]. This latest shortening is brittle and SE-SSE verging, forming numbers of brittle
faults, slickenlines, and widely developed fractures in the basement and Paleozoic rocks in the Longmen
Shan. In the Longmen Shan front and southwestern Sichuan Basin, Eocene, Oligocene, and Quaternary strata
were folded and faulted [e.g., SBGMR, 1991; Burchﬁel et al., 1995; Jia et al., 2006]. These structures and the
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Figure 2. (a) Detailed geological map of the southern Longmen Shan that combines our mapping results with the geological map of the Baoxing area (scale: 1:200,000)
[SBGMR, 1976]. Labels for lithological units are explained in the legend. (b) View to the west of an overturned fold (F1) in Triassic ﬂysch with stereographic
projection of the F1 fold axial planes representative of the folding in Triassic ﬂysch in the southern Longmen Shan hinterland. This indicates that D1 deformation
results from NNW-SSE shortening. (c) Southwestward view of early Paleozoic sandstone that outcrops west of the WMF fault zone. (d) S-C-C’ fabrics showing a
top-to-the-NW sense of shear. (e) Geological section (X-X’ in Figure 2a) across the southern Longmen Shan.
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Figure 3. Two cross sections (a1 and b1), showing detailed geology of the mylonite belt with locations of samples collected
40
39
for Ar/ Ar geochronology. Also shown are the (a2 and b2) stereographic projections of the top-to-the-WNW shear
foliation and lineation measured at sites along the (a1 and b1) cross sections, respectively. The locations of these cross
sections are shown in Figure 2. For clearer illustration of the proﬁles, the horizontal axes of panel a1 and b1 have been
exaggerated by ~8 and ~40 times, respectively.

evidence for active faulting [e.g., Densmore et al., 2007; Zhang et al., 2010] have been interpreted as a
response to Cenozoic intracontinental shortening [e.g., Tian et al., 2013]. Further, several low-temperature
thermochronology studies suggest that the Longmen Shan experienced a phase of enhanced exhumation
in the late Cenozoic [Kirby et al., 2002; Godard et al., 2009; Wang et al., 2012; Cook et al., 2013; Guenthner
et al., 2014] and that the pattern of exhumation is controlled by the main faults [Tian et al., 2013]. Worth noting is that Late Cenozoic sediments are absent along the Longmen Shan front. This may indicate that the
shortening is not signiﬁcant [Burchﬁel et al., 1995]. It is also possible that the sediments were once deposited
and later removed by regional denudation in the Sichuan Basin, which experienced ~1–5 km unrooﬁng since
Oligocene time, as indicated by thermal history modeling of low-temperature thermochronological data
[Richardson et al., 2008; Tian et al., 2012a, 2012b].

3. Top-to-the-Hinterland Shear and Coeval top-to-the-Foreland Shortening
Except for early Mesozoic and late Cenozoic phases of foreland-verging shortening, summarized above, a
further set of deformation features characterized by top-to-the-hinterland shear has been brieﬂy reported
in the southern Longmen Shan by previous studies [Burchﬁel et al., 1995; Xu et al., 2008]. We expand on this
observation through detailed structural mapping along two ﬂuvial valleys (Figure 2a), presented below.
3.1. Top-to-the-Hinterland Shear
A belt of top-to-the-WNW shear deformation is mapped within Precambrian and Paleozoic rocks exposed east
of the Paleozoic cover sediments (Figures 1–3), as shown by various features at different scales in different rocks.
On a regional scale, the deformation may have extended more than 200 km from the southern Longmen Shan
to the Danba Antiform, forming a continuous ductile top-to-the-WNW detachment fault (Figure 1). At a local
scale, top-to-the-WNW shear foliations, mineral stretching lineations, quartz boudinage features, and a variety
of deformation fabrics (e.g., S-C-C’ fabrics, asymmetric folds) are observed in mylonized and/or schistose
Neoproterozoic basement and early Paleozoic rocks east of the Longdong fault zone (Figure 4).
The strongest deformation related to the shear was developed in the mylonitized and schistose
Neoproterozoic basement rocks exposed immediately west of the WMF (Figures 2–4). Within these rocks,
mylonites with different matrix-to-porphyroblast ratios were developed (Figures 4a and 4d). Aspect ratios
of elongated minerals range between 2 and 10. Kinematic indicators (e.g., asymmetric fold, S-C-C’ fabrics,
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Figure 4. Characteristic kinematic indicators for top-to-the-WNW shearing. (a) Block view showing top-to-the-WNW shear
foliation and stretching lineation on the foliation surface (sample BX118) and kinematic indicators on the facet parallel to
the lineation and normal to the foliation. (b) Close-up view of the left-lateral sigmoidal granitic porphyroblast shown in
Figure 4a. (c) Sigmoidal quartz porphyroblast showing top-to-the-WNW-ward sense of shear (sample BX118). (d) Polished
surface showing contact between mylonite with different matrix-to-porphyroclast ratios. S(C)-C’ fabric in the relatively
coarser mylonite shows top-to-the-WNW sense of shear (sample BX104). Southwestward view of boudinaged sandstone
interbedded with mudstone (outcropping immediately east of the WMF fault zone), showing top-to-the-NW-ward shear
(e1 and e2). Panel e2 is schematic of e1. (f) left-lateral sigmoidal feldspar porphyroblast in mylonitized Neoproterozoic
volcanic rock. See Figure 3 and Table 1 for sample locations.
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a

Table 1. Locality, Petrographic, and Microstructural Data of Dated Samples
Sample No.

Lithology

Location (°E/°N)

Mineral Assemblage

Dated Minerals

Grain Size (μm)

BX100
BX102

Undeformed granite
Granitic mylonite

102.886/30.559
102.762/30.414

Q + Fds + Bt + Wm + Chl
Q + Fds + Agg + Hb + Chl

Bt
Agg

>300
<5

BX118

Granitic mylonite

102.880/30.574

Q + Fds + Bt + Wm + Chl

Bt, Wm

180–250

BX120

Biotite schist

102.878/30.579

Bt + Q + Wm + Chl

Bt

180–250

BX127

Granitic mylonite

102.883/30.566

Q + Fds + Bt + Wm + Chl

Bt, Wm

180–250

Microdeformation Features in
Quartz (Q) and Feldspar (Fds)
Tapering deformation twins and kink
bend for fds; Undulose extinction and
recrystallized subgrain for Q
Brittle fracture for Fds; Undulose
extinction and recrystallized
subgrain for Q
Undulose extinction and recrystallized
subgrain for Q
Brittle fracture for Fds; Undulose
extinction and recrystallized
subgrain for Q

a

Mineral abbreviations: Agg = aggregate, a mixture of ﬁne-grained white mica, quartz, and feldspar; Bt = Biotite; Chl = Chlorite; Fds = Feldspar; Hb = Hornblende;
Wm = white mica; and Q = Quartz.

and sigmoidal objects) suggest a top-to-the-WNW sense of deformation (Figures 4a and 4b). These observations, on an outcrop scale, are consistent with those microstructures at both millimeter (Figure 4c) and micrometer scales (lattice preferred orientation of quartz) [Xu et al., 2008]. Furthermore, within the mylonite zone,
undeformed Neoproterozoic basement rocks are also observed (Figures 3a1).
West of the mylonite zone, in the interbedded limestone-sandstone-mudstone Paleozoic cover rocks, the topto-the-WNW shear foliation is parallel with the bedding (Figure 2). In these layers brittle-ductile deformation
features, such as boudinaged sandstone layers and S-C-C’ fabrics, showing top-to-the-WNW directed shear,
were developed (Figure 2c). Early Paleozoic strata immediately west of the mylonitized pre-Cambrian rocks
are considerably thinner than those exposed in areas to the south and north (Figures 2a and 2e). This attenuation zone has been named as the Longdong fault [e.g., Tao, 1999].
Within the Paleozoic cover rocks, exposed immediately east of the WMF, boudinaged sandstone layers
showing top-to-the-NW shear features are also observed (Figures 4e1 and 4e2). These deformed Paleozoic
rocks are thought to be allochthonous in nature and were juxtaposed above the eastern sheet of the
basement rocks during late Cenozoic SE verging thrusting (see section 5.2 for details).
The shear foliation and mineral stretching lineations dip and plunge mostly W-NW (Figures 3 and 4a), but
occasionally toward the E-SE, and probably formed by tilting of the original foliation during late Cenozoic
faulting (Figure 3).
Mylonitization associated with shearing occurred under greenschist-facies conditions. The mineral assemblages deﬁning the foliation and/or lineation fabrics within the mylonitized basement rocks include
quartz + feldspar + biotite + white mica + chlorite (Table 1), i.e., no high-grade metamorphic minerals were
observed. Further, brittle-ductile deformation is common in most minerals (Figure 5). For example, feldspar
deformation is dominantly brittle, forming structures such as tapering deformation twins, kink bends, and
grain breakage (Figures 5a and 5c). However, quartz in the mylonite was deformed ductily, as indicated
by sigmoidal structures, undulose extinction in remnant quartz, and recrystallized quartz produced by
subgrain rotation (SGR) (Figures 5b–5e).
Previous temperature calibrations on quartz and feldspar deformation suggest that recrystallized quartz is
formed by subgrain rotation (SGR) under low–medium-grade conditions with deformation temperatures
between 400 and 500°C whereas undulose extinction in remnant quartz forms at lower temperatures
(<300–400°C) [e.g., Stipp et al., 2002; Passchier and Trouw, 2005]. Tapering deformation twins and kink bends
in feldspar occur at similar deformation temperatures (400–500°C) [e.g., Ji et al., 1998; Passchier and Trouw,
2005]. Therefore, the mineral assemblages and microdeformation features described above suggest that
deformation temperatures of the top-to-the-WNW shear may have reached a maximum temperature of
400–500°C and most likely occurred at 300–450°C. This suggests that shear deformation occurred at a crustal
depth of ~15–20 km, assuming a typical geothermal gradient of 20–30°C/km for an orogenic belt [Pollack
et al., 1993; Hu et al., 2000; Xu et al., 2011].
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The timing of top-to-the-WNW shear is Late Cretaceous–early Paleogene, as constrained by new
data presented in section 4 below.

40

Ar/39Ar

3.2. Coeval top-to-the-Foreland Shortening
On the foreland side, a phase of SE directed Late Cretaceous–early Paleogene shortening can be inferred
from previously reported seismic proﬁles and the depositional history of the southwestern Sichuan Basin
[Guo et al., 1996; Jia et al., 2006]. In the southwestern Sichuan Basin and areas farther south, a belt of Late
Cretaceous–early Paleogene depocenters, running parallel to the Longmen Shan strike, developed
(Figure 6). The coeval paleocurrent direction was eastward, indicating that the Longmen Shan and
Songpan-Ganze terrane were the main sediment sources. The Late Cretaceous–early Paleogene basins are
interpreted as foreland basins, formed by crustal overloading along frontal thrusts of the Longmen Shan
fold-thrust belt [SBGMR, 1991; Guo et al., 1996].
Evidence for this phase of shortening along the Longmen Shan front is strongly supported by coeval growth
strata revealed by seismic studies [Jia et al., 2006] (Figure 7). The Late Cretaceous–early Paleogene age of sediments in the southwestern Sichuan Basin is well constrained by both paleomagnetic [Zhuang et al., 1988;
Enkin et al., 1991; Huang and Opdyke, 1992] and paleontological data [SBGMR, 1991; Guo et al., 1996]. This
evidence suggests that the Late Cretaceous–early Paleogene shortening is contemporaneous with the topto-the-WNW shear the Longmen Shan hinterland side.

4. Sampling and Analytical Strategies
40

Ar/39Ar geochronology has been used to constrain the timing of the deformation. The dated samples cover
the two main kinds of deformed rocks in the shear zone, namely, mylonite and schist. One undeformed
granite sample from the zone was also dated for comparison. All samples were collected from two transects
in the southern and northern portions of the shear zone (Figures 2 and 3), where outcrops are fresh and
deformation indicators are clear. Detailed location information and petrographic features for the samples
are listed in Table 1.

Biotite and white mica in the sheared samples are elongated and aligned along the foliation. Their dimensions are about 100–300 μm wide by > 300 μm long (Figures 5c–5e). No inherited euhedral grains were
observed. Biotite in the undeformed sample (BX100) is subhedral and coarse grained, ~400 μm in both width
and length. Biotite in both deformed and undeformed samples is brown to green in color and has been
partly chloritized.
White mica and biotite separates as well as a ﬁne-grained mineral aggregate (sample BX102 only) were prepared for 40Ar/39Ar geochronology using standard crushing, sieving, electromagnetic, and heavy liquid
mineral separation techniques. Each separate was then handpicked to the highest level of purity possible.
Electron microprobe analyses (EMPA) were carried out on representative grains to quantify the composition
of minerals used for 40Ar/39Ar analysis. Analyses were made on both grain margin and interior, and because
no chemical zoning was observed, data from different grain areas are not distinguished.
Analytical methods for EMPA and 40Ar/39Ar analyses are detailed in Texts S1 and S2 in the supporting information, respectively, and the resulting data are listed in the supporting information Tables S1, S2 and
S3, respectively.

5. Results and Interpretation
5.1. EMPA Results
The K2O versus SiO2 plot differentiates the mineral aggregate, white mica, and biotite samples (Figure 8 and
Table S1). The mineral aggregate of sample BX102 shows signiﬁcant variation in SiO2 and K2O, ranging from
25 to 98 wt % and from 0 to 11 wt %, respectively (Figure 8a). These results are consistent with petrographic
observations that the aggregate consists of a mixture of mica, feldspar, and quartz. White mica in samples
BX118 and BX127 has SiO2 and K2O content of 46–58 wt % and 10–12 wt %, respectively, whereas biotite
shows relatively lower SiO2 and K2O content of 32–42 wt % and 7–10.3 wt %, respectively (Figure 8b and
Table S1).
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Figure 5. Microscopic features of dated samples. (a) Brittle kink bands and tapering deformation twins in feldspar, surrounded by quartz subgrains and mineral aggregates formed by ﬁne-grained mica, quartz, and feldspar (sample BX102).
(b) Undulose extinction in remnant quartz core, surrounded by elongated and recrystallized quartz subgrains in sample
BX102. (c) Feldspar surrounded by elongated and recrystallized quartz subgrains (BX118). (d) Dynamically recrystallized
quartz formed by subgrain rotation recrystallization (BX120). Biotite in this sample is elongated and aligned along the shear
foliation. (e) Elongated white mica and biotite, distributed in the pressure shadow around a porphyroclast in sample BX127.
The subhorizontally distributed mineral aggregate (Figures 5a and 5b), biotite (Figures 5c–5e), and white mica (Figure 5d)
deﬁne the shear foliation. See Figure 3 and Table 1 for sample locations. (f) Microscope photo of undeformed sample
BX100. Biotite in the sample is subhedral.

Biotite microprobe results show evident compositional differences between deformed and undeformed
samples (Figure 9). Biotite from the undeformed sample BX100 has higher FeO (27–35 wt %) and TiO2
(2.1–3.2 wt %) contents and lower MgO content (1–3 wt %) compared to mylonitized samples (BX118,
BX120, and BX127), whose FeO, TiO2, and MgO content is10–29 wt %, 0.9–2.0 wt %, and 5–17 wt %, respectively (Figures 9b and 9c). In the Al–Mg–Fe ternary plot, the undeformed biotite of BX100 falls on the
boundary between the peraluminous (P) and alkaline (A) ﬁelds, whereas all deformed biotite fall into the
calc-alkaline (C) ﬁeld, or onto the calc-alkaline (C) and peraluminous (P) boundary (Figure 9d). These results
indicate that biotite composition may have changed signiﬁcantly during mylonitization by recrystallization,
consistent with the petrographic observations that these biotite grains are elongated and aligned along the
shear foliation (Figures 5c–5e). Furthermore, the K2O content (7–10.3 wt %) in all biotite samples is lower
than that of pure biotite (11%); this may be related to partial chloritization observed in all samples
(Table 1).
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Figure 6. Isopach map (m) for Late Cretaceous–early Paleogene sedimentation in the southwestern Sichuan Basin, modiﬁed after Guo et al. [1996].
Development of the foredeep in front of the southern Longmen Shan
required signiﬁcant thrust loading along the southwestern margin of the
Sichuan Basin. The approximate location of Figure 2 is marked for
comparison.

Figure 7. A seismic proﬁle oriented across the Longmen Shan front, modiﬁed from Jia et al. [2006]. See Figure 2 for location. Note the Late
Cretaceous–Paleogene growth strata in the forelimb of an anticline, indicating coeval crustal shortening at the Longmen Shan front, which is inter2
preted here as D2 . Abbreviations (from young to old): OL = base of
Oligocene (Lushan Formation), EM = base of Eocene and Paleocene
(Mingshan Formation), KG = base of uppermost Cretaceous (Guankou
Formation), KJ = base of Lower Cretaceous (Jiaguan Formation), J = base
Jurassic, and TX = base of Upper Triassic (Xujiahe Formation).
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White mica from samples BX118 and
BX127 have similar chemistry, except
for Ti (Figure 10 and Table S1). These
white mica occurrences show an
evident deviation from the endmember muscovite. They are phengitic and Si4+ varies between 6.60 and
6.75, as calculated based on 22 oxygens (Figure 10a). The white mica
compositions also deviate from the
ideal muscovite-phengite tie line,
and this may result from the increase
of Fe and Mg replacing Al and to
partial alteration (chloritization), as
shown by the negative relationship
between the Mg + Fe (atu) and Al
(atu) (Figure 10b). The compositional
deviation from muscovite is consistent with petrographic observations
that they are elongated and form
the mylonite foliation (Figure 5e).
Therefore, similar to biotite in the
mylonite, the phengitic white mica
was formed by recrystallization
during mylonitization.
5.2. 40Ar/39Ar
Geochronological Results
In samples, except for sample BX102,
the biotite and white mica separates
yield reasonably concordant age
spectra, although sufﬁcient discordance exists in some samples (BX120
and BX127) to preclude the calculation of plateau ages. White mica and
biotite from the mylonite samples
(BX102, BX118, BX120, and BX127)
yield plateau and/or weighted mean
ages ranging between 58 and 75 Ma
(Figures 11a–11f and Table 2). The biotite 40Ar/39Ar age (61.0 ± 0.2 (2σ, if not
speciﬁed) Ma) from the mylonite sample BX127 is slightly older by ~2% than
the white mica age (59.4 ± 0.5) from
the same sample. The inverse isochron plot of the biotite data indicates
an initial 40Ar/36Ar ratio of 304 ± 24
(Figure S1), close to the atmospheric
ratio (295.5), suggesting the absence
of excess 40Ar in the biotite sample.
Staircase age spectra are observed for
the mineral aggregate sample BX102
(Figure 11e), white mica samples
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Figure 8. (a) SiO2 versus K2O plots for all samples. The plot shows that the mineral aggregate of sample BX102 has signiﬁcant variations in SiO2 and K2O content. (b) A close-up view of SiO2 versus K2O plot of white mica and biotite samples.
White mica has higher SiO2 and K2O content than biotite.

BX118 and BX127 (Figures 11a and 11c), and biotite sample BX120 (Figure 11f). This pattern is most evident for
the ﬁne-grained mineral aggregate, which exhibits ages increasing from ~40–30 Ma to ~69–65 Ma from low- to
high-temperature steps (Figure 11e). Other age spectra include relatively young ages (75–40 Ma) from initial
low-temperature steps, representing <20% of the total 39Ar released but older and more consistent ages
(73–59 Ma) for intermediate and high-temperature steps (Figures 8a, 8c, and 8f). Biotite age spectra of samples
BX118 and BX127 are relatively ﬂat, yielding plateau ages of 61–58 Ma (Figures 11b and 11d).
Compared to ages from the mylonite sample, biotite from the undeformed granite sample BX100 yields an
older age, with the age spectrum characterized by an initial age increase from ~119 Ma to ~124 Ma followed
by a decrease to ~115 Ma from low- to high-temperature steps (Figure 11g and Table 2). The low- to
intermediate-temperature steps of the age spectrum yield an age plateau at 119.8 ± 1.6 Ma.
To summarize, the 40Ar/39Ar analyses show that (1) white mica and mineral aggregates have staircase age spectra, whereas the biotite age spectra are ﬂat and (2) the mylonite samples have younger ages (~75–58 Ma) than
the undeformed granite (~120 Ma).

Figure 9. (a) Al2O3 versus K2O, (b) MgO versus FeO (total Fe as FeO), and (c) MgO versus TiO2 scatterplots for all biotite
samples. (d) Ternary plot of Al2O3, MgO, and FeO content of all biotite samples. Fields for alkaline (A), calc-alkaline (C)
ﬁeld, and peraluminous (P) as deﬁned by Abdel-Rahman [1994].
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Figure 10. (a) Al (atu) versus Si (atu), (b) Al (atu) versus Mg + Fe (atu), (c) Ti (atu) versus Si (atu), and (d) Fe (atu) versus Mg
(atu) plots for white mica samples. Most elements are similar in content in the two samples, except for Ti and Al.

5.3.

40

Ar/39Ar Data Interpretation

The biotite age of sample BX100 is evidently older than white mica and biotite ages from other samples, even
though they are geographically close to each other (within 1.5 km). This age is unlikely to have resulted from
the presence of excess 40Ar for the following reasons. (1) The age spectra of this sample are ﬂat, whereas
those with excess 40Ar are often irregular [e.g., McDougall and Harrison, 1999]. (2) The inverse isochron plot
of the sample indicates an initial 40Ar/36Ar ratio of 288 ± 30 (Figure S1), close to the atmospheric ratio
(295.5), suggesting the absence of excess 40Ar in the biotite sample. The 40Ar/39Ar age is signiﬁcantly younger
than the Precambrian rock crystallization age, indicating signiﬁcant loss of radiogenic 40Ar after emplacement. Considering that the dated biotite grains are undeformed (Figure 5f), the loss of 40Ar is likely to have
resulted from hydrothermal alteration or thermal diffusion. On the basis of these results, the Early Cretaceous
age of the sample BX100 is interpreted as resulting from the partial resetting of Precambrian biotite 40Ar/39Ar
system during the Late Cretaceous.
There are several possibilities that might account for the presence of younger ages in the initial steps of the
white mica age spectra (Figures 11a and 11c). First, chemical alteration of white mica has been suggested as a
possible mechanism to cause loss of 40Ar and younger ages [e.g., Hames and Cheney, 1997; Allaz et al., 2011;
Verdel et al., 2012]. Petrographic observations and EMPA results indicate partial alteration of the white mica
and biotite. Interestingly, in our samples the form of the mylonite biotite age spectra does not appear to have
been adversely inﬂuenced by the effects of alteration (Figures 11b, 11d and 11f), in contrast to studies from
other areas [e.g., Di Vincenzo et al., 2003; Allaz et al., 2011]. Furthermore, it is also likely that the younger ages
in the initial degassing steps were caused by thermally induced diffusive loss of 40Ar during Cenozoic exhumation, given that similar to K-feldspars, muscovite may contain a distribution of 40Ar diffusion domains [e.g.,
McDougall and Harrison, 1999; Harrison et al., 2009]. The above interpretations are supported by the presence
of the Cenozoic deformation phase (see above) and Miocene zircon (U-Th)/He cooling ages that record signiﬁcant late Cenozoic exhumation of the mylonite [Tian et al., 2013].
The staircase age spectrum of the mineral aggregate in sample BX102 (consisting of a mixture of micas, feldspar
and quartz; Figure 8a) is commonly observed in ﬁne-grained mineral mixes [e.g., Kirschner et al., 1996; Fergusson
and Phillips, 2001]. The obviously younger middle–early Cenozoic ages (30–60 Ma) observed in the ﬁrst degassing steps suggest partial loss of 40Ar during the Cenozoic. This loss most likely results from the complex
composition of the aggregate, as shown by both petrographic and EMPA results (Table 1 and Figure 8a).

TIAN ET AL.

LONGMEN SHAN FOLD-AND-THRUST BELT

2304

Tectonics

10.1002/2016TC004182

40

39

Figure 11. Ar/ Ar spectra plots. Steps ﬁlled in black are those fulﬁlling requirements for calculating plateau ages. Results
and statistics related to plateau age calculations are summarized in the lower panel of relevant plots. Arrows above the age
spectra show the range of steps used for calculating weighted mean ages (above the arrows). Age calculation results are
summarized in Table 2, and detailed step-heating results are presented in the supporting information Text S2.

Other mechanisms, such as chemical alteration (see above) or diffusive loss during Cenozoic cooling, may also
be possible. Furthermore, recoil loss and redistribution (between high- and low-potassium phases) of 39Ar during irradiation of ﬁned-grained minerals in a nuclear reactor may result in apparently older ages and negatively
stepped age spectra [e.g., McDougall and Harrison, 1999; Fergusson and Phillips, 2001]. The total gas age of sample BX102 (58.6 ± 1.4 Ma) is slightly younger than those of other mylonite samples (75–58 Ma), consistent with
predominant partial loss of 40Ar, as discussed above, and more limited 39Ar recoil effects.

Table 2. Summary of
Sample
No.
BX100
BX102
BX118
BX118
BX120
BX127
BX127
a

TIAN ET AL.

40

39

Ar/ Ar Dating Results
a

Mineral
Biotite
Aggregate
Biotite
White
mica
Biotite
Biotite
White
mica

Plateau Age
(Ma ± 2σ)

a

Weighted Mean
Age (Ma ± 2σ)

%

39

Ar in Plateau or Weighted
Mean Age (Ma ± 2σ)

Total Gas Age
(Ma ± 2σ)

119.8 ± 0.8
57.8 ± 0.5
73.3 ± 0.4

119.8 ± 1.3
67.3 ± 2.6
57.8 ± 0.5
73.3 ± 0.4

55%
38%
63%
68%

120.5 ± 2.4
58.6 ± 1.4
59.2 ± 0.8
72.7 ± 1.0

61.0 ± 0.2
-

75.1 ± 1.4
61.0 ± 0.2
59.4 ± 0.5

85%
100%
85%

73.9 ± 0.4
61.1 ± 0.6
58.8 ± 0.4

Calculated using Isoplot [Ludwig, 1991].
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Nonetheless, a process is required to explain the presence of the consistent Late Cretaceous–earliest
Paleogene plateau or weighted mean ages (for the intermediate and high temperature steps) in all
deformed samples. Dynamic recrystallization, intragrain deformation, and thermal resetting are two
mechanisms for resetting Ar isotopic systematics [e.g., Kirschner et al., 1996; McDougall and Harrison,
1999; Mulch and Cosca, 2004; Cosca et al., 2011]. Biotite and white mica in the mylonite samples are strongly
deformed and aligned along the shear foliation (Figures 4 and 5), suggesting that dynamic recrystallization
during shearing probably reset the Ar isotopic systematics, as reported from other foliated rocks [e.g.,
Kirschner et al., 1996; Dunlap, 1997; Mulch and Cosca, 2004], and experimentally sheared samples [Cosca
et al., 2011]. This interpretation is supported by the petrographic and EMPA results, showing signiﬁcant differences in biotite texture and composition between deformed and undeformed samples. Recrystallization
during mylonitization appears to have completely reset the Ar systematics. From this perspective, these
Late Cretaceous–earliest Paleogene 40Ar/39Ar ages are interpreted as the time of recrystallization and
thus mylonitization.
Alternatively, argon systematics can be reset at high temperatures, in which case the mineral 40Ar/39Ar ages
could be interpreted as cooling ages [e.g., McDougall and Harrison, 1999]. In this scenario, we would expect
that 40Ar/39Ar ages from the narrow mylonite zone (~2 km wide) to be comparable, considering that they
were exhumed from a similar depth. However, this is inconsistent with the observation that the undeformed
granite sample BX100 from the mylonite zone yields a signiﬁcantly older biotite age (119.8 ± 1.6 Ma) than the
nearby mylonite samples. Thus, we argue that thermal overprinting was not the main process for resetting
the 40Ar/39Ar systematics of the current samples. Similar ﬁndings have been reported in low-grade mylonites
from other deformation belts [e.g., Dunlap, 1997; Mulch and Cosca, 2004; Kellett et al., 2016].

6. Discussion
6.1. Lateral Comparison of Top-to-the-WNW Shear Deformation
Similar Late Cretaceous–earliest Paleogene top-to-the-WNW shear has been reported in the Danba
Antiform, immediately south of the area (Figure 1b) [Xu et al., 2008; Zhou et al., 2008]. In that area, shearing
was found to be associated with lower greenschist facies metamorphism, as indicated by a chlorite-biotitemuscovite-quartz mineral assemblage. 40Ar/39Ar biotite and muscovite ages from the deformation domain
are 81–47 Ma [Zhou et al., 2008]. The characteristics of the top-to-the-WNW shear in the Danba Antiform are
similar to those observed in the study area of this work. Considering the adjacent location of the two areas,
it is likely that the Late Cretaceous–earliest Paleogene top-to-the-WNW shear may have extended ~200 km
from the Longmen Shan to the Danba Antiform.
On the basis of a rapid phase of cooling between 65 and 50 Ma, Wallis et al. [2003] argued for an early
Cenozoic phase of Barrovian metamorphism and N-S crustal shortening in the Danba Antiform. These
geochronology results are similar to those reported from other studies [Huang et al., 2003; Xu et al., 2008;
Zhou et al., 2008]. However, the structural results and interpretations are at odds with other detailed
structural, petrological, and geochronological studies, which support Late Triassic–Early Jurassic Barrovian
metamorphism and shortening [Huang et al., 2003; Weller et al., 2013], followed by a phase of top-to-theWNW shearing, which is interpreted as resulting from Late Cretaceous–earliest Paleogene extension [Xu
et al., 2008; Zhou et al., 2008].
In areas to the north of the study area, no evidence for Late Cretaceous–earliest Paleogene top-to-the-WNW
shearing has been reported. Detailed structural studies by Yan et al. [2011] identiﬁed a phase of top-to-the-SE
normal faulting in the northern Longmen Shan based on several lines of evidence: (i) juxtaposition of Silurian
strata over the Precambrian basement, (ii) ductile deformation zones containing a 10–50 cm thick phyllonite
and mylonite, showing top-to-the-SE normal faulting, and (iii) presence of a high angle normal fault between
Jurassic sediments and older strata. Yan et al. [2011] also reported three early Jurassic 40Ar/39Ar muscovite ages
(193–159 Ma) from the ductile normal faulting domain that may constrain the timing of this deformation. The
early Jurassic normal faulting in the northern Longmen Shan differs in both the timing and sense of shear from
the Late Cretaceous–earliest Paleogene deformation in the southern Longmen Shan and Danba Antiform. If the
difference in sense of shear was caused by reorientation during the late Cenozoic shortening, a massive clockwise rotation by 90–120° would be required, predicting a signiﬁcant rotation of the Sichuan Basin. However,
such rotation is not observed from paleomagnetic studies [Enkin et al., 1991; Huang and Opdyke, 1992].
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6.2. Late Cenozoic Tectonic Imprint
Within the WMF fault zone, where unambiguous top-to-the-WNW shear features are preserved, structural
indicators showing SE verging reverse faulting are also observed. These structures are mostly brittle or
brittle-ductile, and coplanar with top-to-the-WNW shear. These features are interpreted as resulting from
the late Cenozoic crustal shortening, shown by late Cenozoic structures in the basin front and signiﬁcant
(~7–10 km) rock exhumation inferred from thermochronological data (see section 2 for details). Based on this
interpretation, it is speculated that Paleozoic strata, exposed between the two sheets of Neoproterozoic
basement rocks (Figure 2a), which show evidence of top-to-the-WNW shear (Figures 4e1 and e2), are
allochthonous and were juxtaposed above the eastern sheet of the basement rocks during late Cenozoic
SE verging thrusting (Figure 2e). This explanation differs from that given by Burchﬁel et al. [1995] and Cook
et al. [2013], which interpreted the shear in those Paleozoic strata as indicating a Cenozoic normal fault penetrating through the Paleozoic sequence down to basement rocks at depth.
6.3. Dynamics of Late Cretaceous–Earliest Paleogene Shear
Several geological and geophysical studies suggest that the Longmen Shan fold-and-thrust belt is thin
skinned, characterized by a set of listric reverse faults that merge into a detachment at depths of ~20–
30 km [Tian et al., 2013, and references therein]. Such a crustal geometry is considered to have been inherited
from early Mesozoic intracontinental shortening between the Songpan-Ganze terrane and the Sichuan Basin
[e.g., SBGMR, 1991; Burchﬁel et al., 1995; Chen et al., 1995; Tian et al., 2013].
The Late Cretaceous–earliest Paleogene structural architecture, including contemporaneous top-to-thehinterland shearing and top-to-the-foreland shortening in the hinterland and foreland sides, respectively,
is also thin skinned. No high-pressure-temperature metamorphic minerals and no Late Cretaceous–earliest
Paleogene magmatism have been reported in the study area. The deformation is therefore considered to
have occurred under low-pressure-temperature conditions (greenschist metamorphic grade).
Previous studies interpreted the top-to-the-WNW shear as resulting from crustal extension [e.g., Burchﬁel
et al., 1995; Xu et al., 2008; Zhou et al., 2008]. In this case, a normal fault would be expected in areas west
of the mylonite zone. The signiﬁcantly attenuated Ordovician-Devonian cover rocks, which are mechanically
weak shale and salt, may have hosted the normal fault. If the above interpretation is correct, the Late
Cretaceous–earliest Paleogene crustal conﬁguration would be characterized by extension in the hinterland
and shortening in the foreland. Such a deformation pattern would indicate that the Late Cretaceous–earliest
Paleogene Longmen Shan tectonics was controlled by crustal wedge extrusion (Figure 12a). This tectonic model
has been used for explaining similar structural conﬁgurations in other regions [e.g., Burchﬁel et al., 1992] and
implies that under conditions of compression, extrusion of a hinterland-tapering crustal wedge forms an
extruded crustal wedge, bounded by a thrust on the foreland side and a normal fault on the hinterland side.
This interpretation would predict an extensional basin in the hanging wall side of the extensional zone.
However, Late Cretaceous–earliest Paleogene sediments have not been mapped in the hinterland areas
(Figure 2a). It is also possible that the extensional basin might have been removed by signiﬁcant Cenozoic denudation [e.g., Arne et al., 1997; Kirby et al., 2002; Tian et al., 2013].
Alternatively, top-to-the-hinterland shearing could also be formed by crustal duplexing (Figure 12b). This
model infers that a crustal wedge, bounded by a forelandward ﬂoor thrust and a hinterlandward roof thrust,
is formed by numerous imbricate thrust faults branching off from a ﬂoor thrust and curve upward to join a
roof thrust. The roof thrust can have an opposite sense-of-shear to the ﬂoor thrust [Price, 1986; Webb et al.,
2007, 2011]. The top-to-the-hinterland shear observed in the hinterland areas of the Longmen Shan may
correspond to the deformation along the roof thrust in the model. This model is consistent with the regional
W-E contraction stress ﬁeld and the development of the coeval foreland basin east of the Longmen Shan.
A third model, channel ﬂow of middle and/or lower crust, can also produce a crustal conﬁguration characterized by contemporaneous hinterlandward shear and forelandward shortening [e.g., Beaumont et al., 2001,
and references therein]. The model involves melt-weakened middle and/or lower crust, driven by topographic loading in an orogen interior and surface erosion at the orogen front, that decouples from the upper
crust and ﬂows outward toward the orogen front. Decoupling between the ﬂowing middle and/or lower crust
and upper crust forms a ductile hinterlandward shear zone on the backside of the ﬂow channel and a thrust
fault on the frontal side (Figure 12c). One of the many features of this model is the presence of molten material
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(e.g., leucogranitic magmatism).
However, such magmatism is
absent from the Cretaceous–
Cenozoic Longmen Shan. The youngest granitic intrusion in the Longmen
Shan is late Jurassic, whereas younger
plutons occur in areas along and
south of the Xianshuihe fault [e.g.,
Roger et al., 2008].
6.4. Inherited Topographic Relief
and Crustal Thickness
Contemporaneous intracontinental
hinterlandward shear and foreland
shortening has been recognized in
other orogenic belts, such as the
Miocene Himalayas (introduced
above), Late Devonian Quebec
Appalachians [e.g., Pinet et al.,
1996; Castonguay et al., 2007],
Scandinavian Caledonides [e.g.,
Hartz and Andresen, 1997; Grimmer
et al., 2015], central East Greenland
Caledonides [e.g., White and Hodges,
2002; Johnston et al., 2010], and the
Alpine orogen [e.g., Tavarnelli, 1999;
Schmid et al., 2004; Selverstone, 2005].
Figure 12. Possible models for explaining contemporaneous Late
This kind of intracontinental deformaCretaceous–earliest Paleogene top-to-the-hinterland shear and foreland
thrusting in the Longmen Shan. (a) Crustal wedge extrusion model. Extrusion tion has been recognized during both
of a crustal wedge forms a crustal conﬁguration with extensional zone and a synorogenic and postorogenic perishortening zone in the hinterland and foreland, respectively. (b) Duplex
ods in these orogens. Although the
model. This model infers that a crustal wedge, bounded by a forelandward
detailed processes and mechanisms
ﬂoor thrust and a hinterlandward roof thrust, is formed by numerous imbrifor forming the structural combinacate thrust faults branching off from a ﬂoor thrust, which curve upward to
tion vary fundamentally from one
join a roof thrust. The roof thrust can have a top-to-the-hinterland sense of
shear, opposite sense-of-shear to the ﬂoor thrust. (c) Lower crustal ﬂow
case to another, a common feature is
model. Outward extrusion of melt-weakened lower crust forms a normal
that it occurs in regions with thickfault and a thrust at the back and front of the ﬂow channel, respectively
ened crust [e.g., Hartz and Andresen,
(modiﬁed from Beaumont et al. [2001]).
1997; Yin and Harrison, 2000; Schmid
et al., 2004; Grimmer et al., 2015]. It is
therefore reasonable to suggest that Longmen Shan crust had reached a considerable thickness by the Late
Cretaceous–earliest Paleogene. This inference is consistent with the development of (1) a Late Triassic–early
Jurassic thickened crust as indicated by the coeval Barrovian metamorphism and shortening [Huang et al.,
2003; Weller et al., 2013] and (2) a Late Cretaceous–early Paleogene ~2–3 km foredeep in the southwestern
Sichuan Basin (Figure 6), indicating a high topographic load above the western margin.
6.5. Implications for Regional Cenozoic Tectonics
If correct, the interpretation of a pre-Cenozoic thickened crust in the Longen Shan region would have
important implications for the Cenozoic paleoaltimetry and tectonics of the eastern Tibetan Plateau. This
interpretation is consistent with paleoaltimetric studies using oxygen isotopes by Hoke et al. [2014], which
suggested that the southeastern Tibetan Plateau had reached its present high elevation by as early as late
Eocene time. Further, it is likely that some of the present crustal thickness (~60 km) is inherited from the
Mesozoic, highlighting the role of late Mesozoic tectonics in forming the thickened crust in the present
eastern Tibetan Plateau, as proposed for other areas of the Tibetan Plateau [e.g., England and Searle,
1986; Murphy et al., 1997; Kapp et al., 2003; Robinson et al., 2004].
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Furthermore, possible pre-Cenozoic thickened crust has implications for geodynamic models proposed for
explaining the Cenozoic deformation and the formation of the present thickened crust in the eastern
Tibetan Plateau. The models can be categorized into two end-member models—the upper crustal shortening
model [e.g., Tapponnier et al., 2001; Hubbard and Shaw, 2009; Tian et al., 2013] and the lower crustal ﬂow
model [e.g., Burchﬁel et al., 1995, 2008; Clark et al., 2005; Royden et al., 2008]. The ﬁrst model argues that shortening in the Longmen Shan was triggered by eastward movement of the upper crust of the Songpan-Ganze
terrane along a detachment fault at a depth of ~20–30 km. The thrust rocks were backstopped, piled up, and
thrust upward by steeply NW dipping, out-of-sequence reverse faults beneath the Longmen Shan, thus building up the thickened crust and high elevations in the eastern Tibetan Plateau [Tian et al., 2013]. The other
end-member model, the lower crustal ﬂow model, infers that the ﬂow of ductile lower crustal material away
from the central Tibetan Plateau, impeded by the strong crust of the Yangtze Craton beneath the Sichuan
Basin, would increase topographic relief in the Longmen Shan by inﬂating its lower crust [e.g., Burchﬁel
et al., 1995, 2008; Clark et al., 2005; Royden et al., 2008]. In this model, the upper crust responds passively
to the extrusion of deeper materials; thus, late Cenozoic normal faulting is predicted along the backside of
the “channel,” which is regarded as the WMF [e.g., Burchﬁel et al., 2008; Royden et al., 2008].
As to the upper crustal shortening model, the pre-Cenozoic thickened crust explains the formation of the present eastern Tibetan Plateau margin under limited upper crustal convergence. Interseismic GPS observations
indicate that upper crustal NW-SE shortening along the Longmen Shan is no more than 2–3 mm/yr [e.g.,
Zhang et al., 2004]. Further, on the foreland side, no apparent deep late Cenozoic ﬂexural basins were developed, suggesting that total crustal shortening across the Longmen Shan was perhaps limited [Burchﬁel et al.,
1995]. Such restricted convergence would be difﬁcult to reconcile with a scenario for the formation of the
thickened crust of the Longmen Shan. However, since the Longmen Shan probably gained considerable crustal thickness in pre-Cenozoic time, signiﬁcant convergence involving an upper crustal mechanism may not be
required, even though it cannot be ruled out [Tian et al., 2013, and references therein].
Concerning the lower crustal ﬂow model, as pointed out by Rey et al. [2010], a weak lower crust develops to
allow lateral ﬂow when a critical crustal thickness (~50 km) is reached, indicating that lower crustal ﬂow is a
consequence of crustal thickening, rather than its cause. If lower crustal ﬂow did exist in the eastern Tibetan
Plateau, it should be considered as a response to crustal thickening in both Cenozoic and pre-Cenozoic time,
and its role in forming the thickened crustal should be minor and cannot be invoked to account for all the
crustal thickening in this region of the plateau. Further, the timing of ductile hinterlandward shear in the
Longmen Shan hinterland as reported here precludes it from being a response to late Cenozoic lower crustal
ﬂow, as proposed by previous studies [e.g., Burchﬁel et al., 1995, 2008; Clark et al., 2005; Royden et al., 2008].
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Structural, petrographic, mineral composition, and 40Ar/39Ar geochronological results reported in this work
identify a phase of Late Cretaceous–earliest Paleogene (58–75 Ma) top-to-the-hinterland shearing on the hinterland (western) side of the Longmen Shan. This deformation is contemporaneous with SE verging thrusting
on the foreland side. In the context of the regional geology, such a tectonic conﬁguration could result either
from extrusion of a crustal wedge or back thrust in a duplex.
The development of intensive intracontinental deformation and a deep foreland basin in the southwestern
Sichuan Basin suggest that a thickened crust likely already existed in the Longmen Shan by Late
Cretaceous–earliest Paleogene time. We therefore conclude that it is likely that the present overthickened
crust in the eastern Tibetan Plateau is partly inherited from Mesozoic deformation events.
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