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ABSTRACT

The geologic map pattern of the Qiangtang
terrane in central Tibet defines a >600-km-
long and up to 270-km-wide east-plunging
structural culmination. It is characterized by
early Mesozoic blueschist-bearing mélange
and upper Paleozoic strata in the core and
mainly Triassic-Jurassic strata along the
limbs. In the western Qiangtang terrane
(~84°E), the culmination is unconformably
overlain by weakly deformed mid-Creta-
ceous volcanic flows and tuffs. Along the
Bangong suture to the south (32°N, 84°E),
mid-Cretaceous nonmarine red beds and
volcanic rocks lie unconformably on Jurassic
suture zone rocks. These relationships dem-
onstrate that west-central Tibet was above
sea level during the mid-Cretaceous and
experienced significant denudation prior to
mid-Cretaceous time. Growth of the Qiang-
tang culmination is inferred to have initiated
during southward emplacement of a thrust
sheet of early Mesozoic mélange and upper
Paleozoic strata during the Early Cretaceous
Lhasa-Qiangtang collision. The north-south
width of the inferred thrust sheet provides a
minimum slip estimate of ~150 km at 84°FE,
decreasing eastward to ~70 km at 87°E.
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Paleogene deformation in the Qiangtang
terrane is characterized by widely distrib-
uted, mainly north-dipping thrust faults
that cut Eocene-Oligocene red beds and
volcanic rocks in their footwall. Along the
Bangong suture, the north-dipping Shiqua-
nhe-Gaize-Amdo thrust system cuts 64 and
43 m.y. old volcanic tuffs in its footwall and
accommodated >40 km of post-mid-Creta-
ceous shortening. The Tertiary south-dip-
ping Gaize-Siling Co backthrust bounds
the southern margin of the Bangong suture
and marks the northernmost limit of mid-
Cretaceous marine strata in central Tibet.
Cretaceous deformation and denudation
in central Tibet is attributed to northward
underthrusting of the Lhasa terrane beneath
the Qiangtang terrane along the Bangong
suture. This model implies that (1) Creta-
ceous strata along the Bangong suture and in
the northern Lhasa terrane were deposited in
a flexural foreland basin system and derived
at least in part from the Qiangtang terrane,
and (2) the central Tibetan crust was thick-
ened substantially prior to the Indo-Asian
collision. Although its magnitude is poorly
known, Tertiary shortening in the Qiangtang
terrane is more prevalent than in the Lhasa
terrane; this difference may be attributed to
the presence of underthrust mélange in the
deeper central Tibetan crust, which would
have made it weaker than the Lhasa terrane
during the Indo-Asian collision.

Keywords: Tibet, plateau formation, con-
tinental collision, underthrusting, suture,
shortening.

INTRODUCTION

There is growing geologic and geophysi-
cal evidence for growth of the Tibetan plateau
by northward underthrusting of India beneath
southern Tibet (e.g., Nelson et al., 1996; Owens
and Zandt, 1997; DeCelles et al., 2002), lower
crustal flow (e.g., Royden et al., 1997; Clark and
Royden, 2000; Hodges et al., 2001; Ross et al.,
2004), and major crustal shortening, basin infill-
ing, and subduction of continental lithosphere
in northern Tibet (e.g., Yin and Harrison, 2000;
Tapponnier et al., 2001; Kind et al., 2002). The
relative importance of these plateau-forming
processes in producing the vast, internally
drained part of the plateau interior remains
poorly known. Also uncertain is the time inter-
val over which the Tibetan plateau formed. A
common assumption in most models is that the
thick crust (>65 km) and high elevation (~5 km)
of Tibet are dominantly Cenozoic features
related to collision between India and Asia. The
assumption that Tibet was near sea level prior to
the Indo-Asian collision is based largely on the
presence of marine strata as young as Eocene in
age along the Indus-Yarlung suture (Fig. 1) (e.g.,
Burg and Chen, 1984; Searle et al., 1987, 1988)
and reports of Cretaceous to Paleocene marine
limestones in the Lhasa terrane (summarized in
Zhang, 2000). While shallow marine limestones
of Aptian—Albian age are well documented
in the Lhasa terrane, the reports of younger
marine strata have not been confirmed. In fact,
post-mid-Cretaceous strata documented in the
Lhasa terrane by other workers are entirely
nonmarine (Leeder et al., 1988; Yin et al., 1988;
Murphy et al., 1997; Leier et al., 2002). Further-
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Figure 1. Tectonic map of southern and central Tibet modified from Kapp et al. (2003a). Tertiary thrust faults are shown in black. Major
Mesozoic faults are shown in white: the Coqin thrust belt of Murphy et al. (1997) and early Mesozoic domal low-angle normal faults in
the central Qiangtang terrane (Kapp et al., 2000, 2003b). Abbreviations: GCT—Great Counter thrust; GT—Gangdese thrust system;

KF—Karakoram fault.

more, post-Jurassic marine strata have not been
documented in large parts of the plateau north
of the Lhasa terrane (Liu, 1988; Zhang, 2000).
Thus, it is possible that large parts of Tibet
were substantially elevated prior to Indo-Asian
collision during Cretaceous—earliest Tertiary
development of an Andean-style arc in southern
Tibet (Fig. 1, Gangdese arc) and Lhasa—Qiang-
tang continental collision (Burg et al., 1983;
England and Searle, 1986; Pan, 1993; Fielding,
1996; Murphy et al., 1997; Yin and Harrison,
2000; Ding and Lai, 2003; Kapp et al., 2003a).
Numerical models of Cenozoic orogeny in Asia
that incorporate precollisional topography in
Tibet make very different predictions regarding
the style, timing, and distribution of continen-
tal deformation from those that do not (e.g.,
England and Searle, 1986; Kong et al., 1997).
Therefore, the uncertainty in the crustal thicken-
ing history of the plateau interior limits not only
our understanding of the mechanisms and time

866

scales of continental plateau formation, but also
our ability to quantify continental deformation
during the Indo-Asian collision.

This paper presents the first comprehensive
overview of the Cretaceous—early Tertiary
geology of a large (>85,000 km?) region in the
middle of the Tibetan plateau (outlined area in
Fig. 1). It is based on ~175 days of geologic
mapping at 1:100,000 scale and geochrono-
logic studies (details of methods available as
supplementary information, see DR1') along
the Bangong suture and two traverses across
the Qiangtang terrane (Fig. 2A).> Our new data
bearing on the Cretaceous-Tertiary history of
crustal shortening, denudation, basin develop-

!GSA Data Repository item 2005099, geochrono-
logic methods and Tables DR1 and DR2, is available on
the Web at http://www.geosociety.org/pubs/{t2005.htm.
Requests may also be sent to editing@geosociety.org.

Figure 2 is on an insert accompanying this issue.

ment, and magmatism in central Tibet are inte-
grated with those existing for the Lhasa terrane
into a new tectonic model for crustal thickening
and plateau growth.

REGIONAL GEOLOGIC BACKGROUND

The Qiangtang terrane (Fig. 1) exposes
mainly Carboniferous and younger strata and
early Mesozoic blueschist-bearing mélange
of the central Qiangtang metamorphic belt
(Cheng and Xu, 1986; Liu, 1988; Kapp et al.,
2000; Kapp et al., 2003b). Cretaceous strata are
scarcely exposed, and the history of pre-Indo-
Asian collision shortening is poorly known
(Cheng and Xu, 1986; Kidd et al., 1988; Leeder
et al., 1988; Yin et al., 1988). Paleogene strata
are nonmarine and crop out within relatively
narrow (<20-km-wide) east-trending basins
that locally contain 50-29 Ma potassic volcanic
rocks (Cheng and Xu, 1986; Deng, 1989; Chung
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Cretaceous-Tertiary shortening, basin development, and volcanism in central Tibet

Figure 2. Geologic map of central Tibet. (A) Inset shows areas that have been mapped at 1:100,000 scale (Kapp et al., 2003b; this study). The geology between map areas is based on our interpretations of
satellite imagery and 1:1,000,000-scale (Cheng and Xu, 19886) and 1:1,500,000-scale (Liu, 1988) geologic maps. Structural measurements are plotted on lower hemisphere equal-area stereonets. Blue
stars show geochronologic sample localities with sample numbers and interpreted crystallization ages (in Ma and analytical uncertainties at 26). Stratigraphic age assignments, if not constrained from our
studies, were based on correlating observed lithostratigraphy with nearby biostratigraphic sections (Cheng and Xu, 19886; Li and Zheng, 1993; Li et al., 1995) and should be considered tentative.
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CRETACEOUS-TERTIARY SHORTENING IN CENTRAL TIBET

etal., 1998; Deng et al., 2000; Wang et al., 2001;
Horton et al., 2002; Ding et al., 2003; Spurlin
et al., 2005). Some exposures of Eocene-Oli-
gocene granitoids have also been documented
in the northern Qiangtang terrane (Hacker et
al., 2000; Roger et al., 2000). Minimal Ter-
tiary upper-crustal shortening characterizes
the interior of the Qiangtang terrane along the
Lhasa-Golmud Highway (Coward et al., 1988),
central Qiangtang metamorphic belt (Kapp et
al., 2003b), and Yecheng-Shiquanhe Highway
in far western Tibet (Fig. 1) (Matte et al., 1996).
By contrast, along and to the east of the Lhasa-
Golmud Highway, the northern Qiangtang ter-
rane was shortened a minimum of 40%-50% by
the Tertiary Fenghuo Shan-Hoh Xil (Fig. 1) and
Yushu—Nangian thrust systems (Coward et al.,
1988; Kidd et al., 1988; Yin and Harrison, 2000;
Liu and Wang, 2001; Liu et al., 2001; Horton et
al., 2002; Spurlin et al., 2005).

The Bangong suture zone is characterized by
a >1200-km-long east-trending belt of mainly
Jurassic flysch, mélange, marine conglomerate,
and volcanic rocks, which are associated with
scarce but widely scattered ophiolitic fragments
(Wang et al., 1983; Cheng and Xu, 1986; Liu,
1988; Yin et al., 1988; Schneider et al., 2003). It
represents remnants of an oceanic basin between
the Qiangtang and Lhasa terranes that closed by
northward subduction beneath the Qiangtang
terrane and possibly one or more oceanic island
arc terranes during Middle Jurassic to Early
Cretaceous time (Girardeau et al., 1984; Tang
and Wang, 1984; Pearce and Deng, 1988). The
trace of the suture is defined to lie along the
northernmost exposures of suture zone rocks
(Fig. 1). The Bangong suture zone was modified
by thrusting subsequent to ocean closure (Cheng
and Xu, 1986; Cheng and Xu, 1987; Coward et
al., 1988; Kidd et al., 1988; Ratschbacher et al.,
1994; Matte et al., 1996; Yin and Harrison, 2000;
Kapp et al., 2003a; Wu et al., 2004). Hindering
estimates for the timing and magnitude of short-
ening are the scarcity of structural studies and
age information on nonmarine strata that could
be either Cretaceous or Tertiary (see discussion
by Kidd et al., 1988). Recent studies of the Ban-
gong suture zone in westernmost Tibet provide
a preliminary minimum estimate of >97 km
for Late Cretaceous—early Tertiary shortening,
however, and raise the possibility for significant
reactivation before and during the Indo-Asian
collision (Kapp et al., 2003a).

Cretaceous sedimentary sequences comprise
~50% of the exposed bed rock in the Lhasa
terrane (Liu, 1988). They are >3 km thick and
consist of pre-Albian fluvial (north Lhasa ter-
rane) and marginal marine (south Lhasa ter-
rane) deposits, an overlying shallow marine
limestone-bearing unit of Aptian-Albian age
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(between ca. 121 and 99 Ma), and an upper unit
of fluvial red beds (includes the Takena Forma-
tion) (Leeder et al., 1988; Yin et al., 1988; Leier
et al., 2002; Zhang et al., 2004). It is debated
whether Cretaceous strata were deposited in
an extensional back-arc (Zhang, 2000; Zhang
et al., 2004), intra-arc (Pan, 1993), retro-arc
foreland (England and Searle, 1986), or periph-
eral foreland basin related to Lhasa-Qiangtang
continental collision (Leeder et al., 1988; Yin et
al., 1994; Kapp et al., 2003a).

Latest Cretaceous—early Tertiary rocks in
the Lhasa terrane are dominated by volcanic
sequences of the Linzizong Formation (Fig. 1),
which have been dated at 68-49 Ma near Lhasa
(Maluski et al., 1982; Xu et al., 1985; Coulon
et al., 1986; Pan, 1993; He et al., 2003) and
54-37 Ma in southwestern Tibet (Miller et al.,
2000). Exposures of Tertiary sedimentary basin
fill are scarce within the interior of the Lhasa
terrane (Liu, 1988). Intrusive igneous rocks are
widespread in the Lhasa terrane (Fig. 1) and
have been divided into two belts: a northern belt
that includes Early Cretaceous peraluminous
granites (Xu et al., 1985; Harris et al., 1990) and
the mainly dioritic Late Cretaceous—Tertiary
Gangdese belt in the southern Lhasa terrane
(e.g., Debon et al., 1986). The petrogenesis of
the northern Lhasa terrane belt has been attrib-
uted to (1) crustal anatexis during Lhasa-Qiang-
tang continental collision (Xu et al., 1985;
Pearce and Mei, 1988), (2) high-temperature
crustal anatexis related to mantle attenuation
and associated asthenospheric upwelling fol-
lowing Lhasa-Qiangtang continental collision
(Harris et al., 1990), or (3) low-angle northward
subduction of Neo-Tethys oceanic lithosphere
(Coulon et al., 1986; Ding et al., 2003; Zhang et
al., 2004). Gangdese plutonism and Linzizong
volcanism are widely attributed to northward
subduction of the Neo-Tethys Ocean along the
Indus-Yarlung suture (Fig. 1) prior to the Indo-
Asian collision (e.g., Dewey and Bird, 1970;
Tapponnier et al., 1981; Allegre et al., 1984;
Debon et al., 1986). Still unexplained, however,
is why magmatism of similar geochemistry to
precollisional batholith rocks (high-K calc-alka-
line) continued in the Gangdese belt until Late
Miocene time (D’ Andrea et al., 1999; Miller et
al., 1999; Harrison et al., 2000).

Throughout much of the Lhasa terrane, gen-
tly folded Linzizong volcanic rocks rest uncon-
formably on strongly deformed Cretaceous and
older rocks (Tapponnier et al., 1981; Burg et al.,
1983; Allegre et al., 1984; Pan, 1993; Murphy et
al., 1997; Ding and Lai, 2003). This relationship
demonstrates that major upper crustal shortening
predates the Indo-Asian collision in large areas
of the Lhasa terrane. In the Coqin area (Fig. 1),
Murphy et al. (1997) documented >180 km

of Cretaceous upper crustal shortening. In the
Lhasa area (Fig. 1), the Upper Cretaceous Tak-
ena Formation was shortened by ~40% prior to
Linzizong volcanism (Pan, 1993).

CRETACEOUS SHORTENING, BASIN
DEVELOPMENT, AND VOLCANISM

Qiangtang Terrane

Between 80°E and 89°E, the regional geo-
logic map pattern of the Qiangtang terrane can
be described as a >600-km-long and up to 270-
km-wide east-plunging structural culmination
with upper Paleozoic strata and metamorphic
rocks in its core, and Mesozoic strata along
its limbs (Fig. 1) (Qiangtang anticlinorium of
Yin and Harrison, 2000). The metamorphic
rocks consist of early Mesozoic blueschist-
bearing tectonic mélange and were exhumed
to upper crustal levels in the footwall of Late
Triassic—Early Jurassic crustal-scale normal
faults (Figs. 1 and 2; Kapp et al., 2000, 2003D).
This normal faulting structurally elevated the
metamorphic rocks with respect to hanging-
wall upper Paleozoic—early Mesozoic strata but
cannot explain the present structural elevation
of upper Paleozoic strata. Additionally, meta-
morphic rocks in the western part of the belt
were likely at deeper structural levels than those
in the east following early Mesozoic normal
faulting because hanging-wall strata become
progressively younger from west to east (Figs. 1
and 2) (Carboniferous near Gangma Co, Car-
boniferous—Permian near Rongma, and Upper
Triassic—Lower Jurassic near Shuang Hu; Kapp
et al., 2003b). This inference is supported by a
4°Ar/¥Ar step-heating experiment on muscovite
from a sample of Upper Carboniferous mica-
ceous sandstone ~25 km east of Lugu (5-26-98-
Sb; Fig. 2). The sample yields a monotonically
rising “’Ar/*’Ar age spectrum with apparent ages
ranging between 59 Ma and 215 Ma (Fig. 3A;
Table DR1 [see footnote 1]), characteristic of
slow cooling within the argon partial retention
zone (McDougall and Harrison, 1999). The total
gas date of ca. 177 Ma provides an estimate of
when the sandstone cooled to below the bulk
closure temperature of muscovite (300-350 °C;
McDougall and Harrison, 1999). It suggests
that this region of the west-central Qiangtang
terrane was significantly buried until at least
Middle Jurassic time. Subsequent exhumation
likely occurred during growth of the regional
east-plunging culmination.

Mapping and geochronologic studies along
the Lugu traverse (Fig.2A) demonstrate that
major growth of the Qiangtang culmination
occurred by mid-Cretaceous time. Approxi-
mately 30 km north of Gangma Co (Fig.2)

867



Figure 3. “Ar/¥Ar apparent age spectra.
Uncertainties for total gas dates and
weighted mean dates (WMD) are at the 1o
and 20 level, respectively, and do not include
uncertainties in the J factor or decay con-
stants. Details of the *“Ar/*Ar method and
tabulated results are available in the data
repository, DR1 [see footnote 1].

>

(Co = lake in Tibetan), Carboniferous quartzites
and strongly cleaved slates are unconformably
overlain by a >200-m-thick sequence of gen-
tly dipping subaerial volcanic flows and tuffs,
which yielded total fusion *“Ar/*Ar dates on
single sanidine crystals between ca. 95 Ma and
ca. 132 Ma(Fig. 3;Yinetal., 1999b). Nearly flat-
lying volcanic tuffs are also preserved ~130 km
to the south near Rena Co (Fig. 2), where they
lie unconformably on strongly folded Triassic-
Jurassic turbiditic sandstone and limestone. A
whole-rock sample of volcanic tuff (7-4-98-3)
yields three steps between 10 and 80 cumulative
% ¥Ar released with a weighted mean *’Ar/*°Ar
date of 111 + 2 Ma, which we interpret to be
the age of volcanism (Fig. 3B; Table DR1 [see
footnote 1]). The preservation of nearly flat-
lying mid-Cretaceous subaerial volcanic rocks
overlying older, strongly deformed rocks in the
Qiangtang terrane demonstrates that this area
of central Tibet experienced significant upper
crustal deformation and denudation prior to,
was above sea-level during, and experienced
limited denudation since, mid-Cretaceous time.

Triassic-Jurassic strata of the southern Qiang-
tang terrane are intruded by a discontinuous
east-west belt of mainly biotite-bearing granites
(Fig. 2). In the west near Rena Co (Fig. 2), the
granites are associated with andalusite-bearing
contact metamorphic aureoles. A granite sample
west of Rena Co (6-15-98-6; Fig.2) yields
concordant to slightly discordant U-Pb ion
microprobe spot dates on seven single zircons
between ca. 145Ma and ca. 160 Ma (Fig. 4,
Table DR2 [see footnote 1]). Biotite from the
same sample yields a weighted mean “°Ar/*Ar
plateau date of 145 + 1 Ma over ~80% cumula-
tive *Ar released (Fig. 3C). This age estimate
lies within uncertainty of the youngest zircon
date and is interpreted to be the crystalliza-
tion age of the granite; older zircon dates are
attributed to variable amounts of radiogenic
Pb inheritance. These results suggest that the
granite was emplaced and rapidly cooled at a
relatively shallow crustal level, placing limits on
the magnitude of post-Jurassic denudation in the
southern Qiangtang terrane. Furthermore, they
are the first to document the presence of Late
Jurassic plutonism north of the Bangong suture.
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Figure 4. U-Pb concordia plot showing results
of single spot ion-microprobe analyses on
zircon from a granite near Rena Co (Fig. 2).
Error ellipses are shown at the 26 level. Details
of the U-Pb method and tabulated results are
available in the data repository.

Bangong Suture

In the study area, the Bangong suture is
defined by an ~30-km-wide east-trending belt
of strongly cleaved and transposed rocks of
primarily Jurassic age (Fig. 2). They consist of
turbiditic graywacke, chert, sandy limestone,
volcanic rocks, and sedimentary-, metamafic-,
and serpentinite-matrix tectonic mélanges.
Metabasites exhibit greenschist-facies mineral
assemblages; no blueschists were observed.

Jurassic rocks of the Bangong suture are
unconformably overlain by sequences of fluvial
pebble conglomerate, sandstone, and siltstone,
volcanic rocks, and multi-colored lacustrine
mudstone and marl (Figs. 2, 5, and 6).3 These
rocks have been interpreted previously as Trias-
sic, Cretaceous, or Tertiary in age (Cheng and
Xu, 1986; Liu, 1988). North of Gaize (~20 km),
red beds overlie hornblende-bearing volcanic
rocks (Kv1; Fig. 5). Slightly altered hornblende
from one sample (6-9-98-4; Figs. 2 and 5) pro-
vides a stair-step-shaped “’Ar/*Ar spectrum
with an older plateau that yields a weighted
mean date of 116 + 2 Ma over the last 45% *Ar
released (Fig. 3D), which we interpret to be the
age of volcanism. The younger apparent ages
provided during the earlier stages of step heat-
ing are attributed to degassing of alteration prod-
ucts. In the same area, red beds are also overlain
by volcanic sequences, consisting of andesitic
to dacitic flows, tuffs, and volcanic breccias and
agglomerates. A whole-rock sample of andesite
directly above the red beds (6-10-98-2; Figs. 2

Figure 5 is on an insert accompanying this issue.
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and 5) yields a weighted mean “°Ar/*°Ar date of
107 = 1 Ma over ~75% *Ar released (Fig. 3E).
To the south of Gaize, red beds are overlain by
up to 300 m of purple volcanic tuffs. Biotite
from a porphyritic dacite (6-4-98-3d) and a
whole-rock sample of aphanitic tuff (6-6-98-2)
(Figs. 2 and 5) yield slightly disrupted *Ar/
3 Ar apparent age spectra with weighted mean
plateau dates of 109 = 1 Ma and 110 + 2 Ma,
respectively (Figs. 3F and 3G). Pebbles in the
underlying conglomerates include rocks that
are similar to those observed for the overlying
Cretaceous volcanic rocks. This suggests that
nonmarine sedimentation near Gaize was likely
coeval with volcanism and occurred shortly
prior to the dated volcanism. North of Gaize
(~16 km), a south-dipping thrust with Jurassic
meélange in the hanging wall cuts the lower vol-
canic unit (Kv1) and overlying red beds (Ks) in
the footwall but is buried by the upper volcanic
unit (Kv2) (Fig. 5). This relationship demon-
strates that shortening was occurring during
mid-Cretaceous basin development.

Volcanic interbeds were not observed in
nonmarine strata along the Bangong suture
east of Gaize. However, ~15 km northwest of
Nyima (Figs. 2 and 6), buff-colored volcanic
tuffs crop out as a 10-m-scale tectonic sliver
within a north-dipping thrust-fault zone that
juxtaposes strongly cleaved Jurassic strata in
the hanging wall southward against red fluvial
sandstone and conglomerate. One whole-rock
sample (7-14-98-1a; Figs. 2 and 6) yields a dis-
turbed *°Ar/°Ar age spectrum with a total gas
date of ca. 110 Ma (Fig. 3H), similar to the ages
of volcanic rocks in the Gaize area. Because the
red beds occur in the footwall of the thrust fault
and include clasts of volcanic rocks similar to
those of the tectonic sliver, we infer that they are
younger than ca. 110 Ma.

Near Nyima, a >3-km-thick section of non-
marine strata is deformed into an east-west—
trending syncline (Fig. 6). The section compris-
ing the southern limb of the syncline is well
exposed along the banks of a north-flowing river
that runs through Nyima. Its base is not exposed
because of a north-dipping thrust that cuts the
nonmarine strata to the south. The lower part
consists mainly of interbedded lacustrine marl,
mudstone, and rippled sandstone. The section
coarsens upward into fluvial-trough cross-strati-
fied sandstone and conglomerate. Immediately
west of Nyima, north dip angles decrease from
~80° to <20°, and individual beds thicken
northward toward the axis of the syncline over
a distance of ~2 km (Figs. 6 and 7A), indicating
that folding was occurring during deposition.
We do not know if these strata are Cretaceous in
age, like those near Gaize to the west, or rather
are correlative to fluvial and lacustrine deposits

of reportedly Paleocene to Oligocene age within
the Lunpola basin to the east (Fig. 1) (Yu and
Zheng, 1979; Ai et al., 1998; Luo et al., 1996).

TERTIARY SHORTENING, BASIN
DEVELOPMENT, AND VOLCANISM

Tertiary upper crustal shortening in central
Tibet is in general expressed by km-scale, upright
to south-directed folds and variably spaced (from
~2 km to >40 km) thrust faults that cut footwall
Tertiary nonmarine strata (Fig.2). The thrust
faults are predominantly north dipping. All major
east-trending ranges we studied with relief of
~1 km are composed of hanging-wall rocks that
vary in age and lithology depending on location
(Fig. 2). Most of these ranges exhibit asymmetric
north-south topographic profiles with steeper
slopes in the south than in the north; north-dip-
ping thrust faults are located near the base of the
steeper southern range fronts. Exposures of foot-
wall Tertiary strata in the Qiangtang terrane are
generally restricted to parallel valleys, where not
buried by Quaternary deposits, ubiquitously dip
northward (either upright or overturned) directly
beneath the thrust faults, and in most areas were
observed to onlap depositionally older rocks
to the south. With these relationships between
topography and geology established, analysis of
topographic and Chinese geologic maps (Cheng
and Xu, 1986; Liu, 1988) and satellite images
suggests that the major east-west—striking thrust
systems are laterally continuous over distances of
>400 km (Fig. 2).

We found excellent exposures of almost every
thrust fault mapped along the traverses shown in
Figure 2A. The thrust faults are characterized
by either discrete surfaces, zones of breccia
and gouge that range from centimeters to tens
of meters in thickness, or meter-scale thrust
fault slivers that may be of either hanging wall
or footwall affinity. Locally, thrust fault dips
range from subhorizontal to ~45°, with steeper
dips (~40°) being most prevalent. In no places
were subhorizontal thrust faults, which in a few
places underlie klippen, observed to extend
more than ~2 km from the regional thrust fault
traces. Kilometer- to mesoscopic-scale folds in
hanging-wall and footwall strata are dominantly
east-west—trending and slickenlines on major
thrust faults, and minor synthetic and antithetic
thrust fault surfaces plunge toward the north
or south, indicating a north-south direction of
transport (Fig. 2, see stereonets). Chatter marks,
small-scale drag folds, vein-filled en echelon
tension gashes, and cleavage orientations within
thrust fault zones (widely noted but not mea-
sured) and overturned synclines in footwall
strata consistently indicate upward transport of
the hanging wall relative to the footwall.
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Southwest Northeast

Southeast Northwest

Figure 7. (A) Synorogenic nonmarine strata near Nyima (Fig. 5) as indicated by the northward fanning of dips toward shallower angles
along the south limb of a syncline. The red beds are overlain by Neogene-Quaternary(?) fluvial conglomerate. (B) North-dipping thrust fault
near Zhage (Fig. 2), which juxtaposes Permian volcaniclastic sandstone and turbidites (P1) and conformably overlying limestone (P2) in the
hanging wall against Tertiary red beds in the footwall. (C) Gypsiferous Tertiary basin fill in the footwall of the Lugu-Rongma thrust system
near Zhage (Fig. 2). (D) Southeast-dipping backthrust associated with the Lugu-Rongma thrust system near Rongma (Fig. 2), which places
early Mesozoic mélange over Tertiary red beds. (E) Gently north-dipping thrust fault near Zadaona (Fig. 2) juxtaposing Permian limestone
(P) in the hanging wall against Tertiary red beds in the footwall, which are deformed into an overturned syncline. (F) North-dipping thrust
fault near Zadaona (Fig. 2) placing Permian limestone (P) on top of overturned Cretaceous-Tertiary volcanic rocks (K-Tv). (G) Imbricate
north-dipping thrust faults ~15 km northwest of Nyima (Fig. 6), which repeat Jurassic rocks (Jr) in the hanging wall and Cretaceous-Ter-
tiary(?) red beds (K-T) in the footwall. (H) Broadly folded ca. 64 Ma volcanic tuffs (Tv) unconformably overlying more steeply dipping
mid-Cretaceous red beds (Ks) near Gaize (Fig. 5).
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Qiangtang Terrane

We assign thrust faults in the Qiangtang
terrane to the Gangma Co—Shuang Hu and
Lugu—Rongma thrust systems in the north and
the Zadaona—Riganpei Co thrust system and
Southern Qiangtang thrust fault in the south
(Fig. 2). The Gangma Co—Shuang Hu thrust
system is represented by the Gangma Gangri
thrust system along the Lugu traverse, which
cuts Carboniferous sandstone and limestone,
blueschist-bearing mélange, and Tertiary red
beds (see Kapp et al., 2003b for more detailed
description). Its along-strike equivalent ~70 km
to the west (not shown on Fig. 2) is the Buer-
gahu thrust of Ding et al. (2003), which places
Carboniferous strata southward over Tertiary
red beds. About 5 km south of the Buergahu
thrust, Tertiary strata are conformably overlain
by 30 + 1 Ma potassic lavas; both the strata and
the lavas are gently folded (Ding et al., 2003),
providing evidence that shortening in central
Tibet persisted until at least Oligocene time. To
the east along the Rongma traverse (Fig. 2), two
mapped splays of the Gangma Co—Shuang Hu
thrust system involve upper Paleozoic, Trias-
sic-Jurassic, and Tertiary strata and in some
places juxtapose Triassic-Jurassic strata on top
of upper Paleozoic strata. A map and description
of the northern splay have been published previ-
ously (Taylor et al., 2003). Footwall Tertiary
strata are locally >2 km thick and characterized
by basal conglomerates with clasts derived from
underlying lithologies. These conglomerates
fine upward into variably colored (red, yellow,
and green) sandstone, siltstone, and mudstone
interpreted to be near-shore lacustrine and
lacustrine fan-delta deposits. The lacustrine
deposits are in turn unconformably overlain by
fluvial sandstone and conglomerate.

The Lugu-Rongma thrust system is repre-
sented by the Nianta-Danguo and Lugu thrust
faults (Kapp et al., 2003b) along the Lugu
traverse, which cut Tertiary landslide deposits
and fluvial red beds in the footwall. Along the
Rongma traverse, footwall Tertiary strata in the
Zhage area (Fig. 2) exceed 2 km in thickness
and consist of red and green mudstone, trough
cross-stratified sandstone, and conglomerate
with clast rock types similar to those of hang-
ing-wall Permian strata (Fig. 7B). Gypsiferous
layers and veins in the red beds (Fig. 7C) may
suggest basin deposition in an arid environment.
Sanidine separated from a sample of interbed-
ded tuff (7-3-99-1; Fig. 2) yielded a weighted
mean “Ar/*Ar plateau date of 35.0 = 0.3 Ma
(Fig. 31; Table DRI [see footnote 1]).

Between the Gangma Co-Shuang Hu and
Lugu-Rongma thrust systems along the Rongma
traverse, bedding orientations in upper Paleo-
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zoic and Tertiary strata define a >75-km-wide
east-plunging antiform (Fig. 2). The traces of
the Gangma Co—Shuang Hu and Lugu-Rongma
thrust systems also change to a more northwest-
southeast and northeast-southwest orientation,
respectively, around the hinge zone of the anti-
form. Near Rongma, the Lugu-Rongma thrust
system includes the only south-dipping thrust
faults mapped in the Qiangtang terrane, which
form antithetic faults to the north to north-
west—dipping thrusts (Fig. 7D). We infer that
these antithetic faults initiated due to buckling
stresses related to development of the antiform.
Involvement of Tertiary strata demonstrates that
the large-wavelength fold is a Cenozoic feature.
However, upper Paleozoic strata and blueschist-
bearing mélange near Rongma must have been
exhumed to the surface prior to deposition of
unconformably overlying Tertiary strata. We
infer that this exhumation occurred prior to the
Indo-Asian collision based on the preservation
of the mid-Cretaceous unconformity along the
Lugu traverse (Fig. 2).

Along much of its length, the Zadaona—Rig-
anpei Co thrust juxtaposes Permian strata in the
hanging wall against Triassic-Jurassic strata
and Tertiary fluvial sandstone and conglomer-
ate in the footwall (Fig. 2). West of the Lugu
traverse near Zadaona (Fig.2), Tertiary red
beds locally overlie andesitic volcanic rocks.
Footwall strata are deformed into an overturned
syncline (Fig. 7E), and in some places, Permian
limestone is juxtaposed directly against over-
turned andesitic volcanic rocks (Fig. 7F). One
whole-rock sample of andesite (6-16-98-1c)
yields a complicated hump-shaped “Ar/*Ar age
spectrum with apparent ages ranging from 50 to
80 Ma (Fig. 3J). The total gas date (65.0 + 0.2
Ma; 1o) and weighted mean date of a plateau
between 55 and 98% *°Ar released (67 + 1 Ma;
20) are similar to dates obtained from volcanic
rocks exposed to the south near Rena Co (59 +
2 Ma; Ding et al., 2003) and Gaize (ca. 64 Ma;
this study, see below) (Fig. 2) and therefore may
be geologically meaningful.

The Southern Qiangtang thrust (Fig.2) is
interpreted to represent an important lithotectonic
boundary. In the hanging wall are Triassic-Juras-
sic shallow marine limestone and sandstone and
marginal marine clastic rocks that were likely
deposited on older Qiangtang terrane strata.
These rocks were juxtaposed southward over
footwall Jurassic turbiditic graywacke, volcanic
rocks, chert, and limestone that were deposited
within the Bangong Ocean and interpreted to
represent remnants of an intra-arc or forearc
basin system that developed on transitional
or oceanic basement. Between the Lugu and
Rongma traverses, near Nading Co (Fig. 2), the
Southern Qiangtang thrust cuts Tertiary red beds

and ca. 31 Ma volcanic rocks in the footwall (no
uncertainty provided; Cheng and Xu, 1986).

Within the central Qiangtang terrane, early
Mesozoic low-angle normal (detachment) faults
occur in both the hanging wall and footwall of
Tertiary thrust faults (Fig. 2). Restoration of one
of these detachment faults along the Lugu tra-
verse, between Gangma Co and Lugu (Fig. 2),
provided an estimate of ~28 km (~22% over
99 km) Tertiary shortening (Kapp et al., 2003b).
Hanging-wall cutoffs are lacking for other
thrust faults in the Qiangtang terrane, hinder-
ing accurate estimates of shortening. Mapped
stratigraphic separations across the thrust faults
suggest relatively minor structural throw (gener-
ally less than ~2—3 km). We estimate that ~25%
shortening could produce the observed strati-
graphic separations across the thrust faults and
folding of Tertiary strata within their footwall.
The possibility that major additional Tertiary
shortening occurred along thrust flats deserves
further consideration; however, there is no evi-
dence at present, such as major thrust nappes or
footwall duplexes, to support this.

Bangong Suture

Between Gaize and Siling Co (Fig. 2), the
Bangong suture is modified by a system of
mainly north-dipping, south-directed thrust
faults that repeat Jurassic rocks in the hanging
wall and involve Cretaceous-Tertiary (?) strata
in the footwall (Fig. 7G). Although its initiation
age is not known, the thrust system was demon-
strably active during the Tertiary. Southeast of
Gaize (~12 km), ~100 m of volcanic tuff lies
above a slight angular unconformity with mid-
Cretaceous red beds below (Figs.5 and 7H).
The tuff is folded into a broad northwest-trend-
ing syncline and is cut to the north by a north-
dipping thrust. Biotite from a sample of the
tuff (6-8-98-3; Figs. 2 and 5) yields a weighted
mean “Ar/*Ar plateau date of 64 + 1 Ma over
60% *Ar released (Fig. 3K), which we interpret
to be the age of volcanism. These relations
demonstrate that shortening in the Gaize area
occurred both prior to and during Cenozoic
time. Northwest of Siling Co (southeasternmost
part of Fig. 2), red beds and overlying dacitic
tuffs crop out in the footwall of a north-dipping
thrust fault with Permian limestone in the hang-
ing wall. Biotite from a tuff sample (7-27-98-1;
Fig. 2) yields a weighted mean “Ar/*Ar plateau
date of 42.7 £ 0.9 Ma (Fig. 3L), providing a
minimum age for the red beds and evidence for
post-middle Eocene shortening. In fact, Tertiary
north-dipping thrust faults have modified the
entire length of the Bangong suture in Tibet,
from the Shiquanhe and Rutog areas in the west
(Cheng and Xu, 1987; Matte et al., 1996; Kapp
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et al., 2003a) to the Lunpola and Amdo areas
in the east (Yu and Zheng, 1979; Coward et al.,
1988; Kidd et al., 1988; Guo et al., 2002; Wu et
al., 2004) (Fig. 2), and are collectively referred
to as the Shiquanhe-Gaize-Amdo thrust system
(Yin and Harrison, 2000).

The Bangong suture is bounded on its south-
ern margin by a south-dipping, north-directed
thrust that can be traced continuously between
Gaize and Siling Co (Fig. 2) and is here named
the Gaize—Siling Co backthrust. The backthrust
juxtaposes Lhasa terrane rocks in the hanging
wall, which mostly consist of massive ridge-
forming Aptian-Albian limestone, against
Jurassic and mid-Cretaceous—Tertiary rocks in
the footwall. No rocks of Lhasa terrane affinity,
including mid-Cretaceous marine strata, were
observed to crop out north of the backthrust in
central Tibet. The Gaize—Siling Co backthrust
is likely the youngest thrust along the Bangong
suture because (1) it locally cuts the north—dip-
ping Shiquanhe-Gaize-Amdo thrust system,
and (2) hanging-wall Cretaceous limestone is
the dominant source for southerly derived clasts
in the youngest mapped Tertiary conglomerate
unit (Tc), which buries the Southern Qiangtang
thrust (Figs. 2, 5, and 6). Furthermore, a history
of south-directed thrusting along the Bangong
suture followed by north-directed thrusting in
the south explains why the backthrust locally
juxtaposes younger on older rocks (Figs. 2,
5, and 6). Thus, the Tertiary structure of the
Bangong suture is reminiscent of that of the
Indus-Yarlung suture to the south, having been
modified by a south-directed thrust system
(Gangdese thrust system) and a younger cross-
cutting backthrust to the south (Great Counter
Thrust) during the Indo-Asian collision (e.g.,
Yin et al., 1994; Yin et al., 1999a; Harrison et
al., 2000).

The magnitude of post-mid-Cretaceous short-
ening across the Bangong suture is significant.
In the Gaize area, a minimum of ~41 km short-
ening (47% over 46 km) is required to restore
mid-Cretaceous strata to horizontal, under the
assumptions that thrust faults root into a décol-
lement at shallow depth and Jurassic suture
zone rocks thickened homogeneously above the
décollement (Fig. 5). Cretaceous-Tertiary (?)
strata are estimated to have been shortened by a
minimum of 16 km over 21.8 km (>42%) in the
Nyima area (Fig. 6). These are minimum short-
ening estimates because hanging-wall cutoffs
have been eroded and the only slip accounted
for on the Gaize-Siling Co backthrust is that
required to bury footwall rocks. Although
thrusting along the Bangong suture occurred
during the Tertiary, the initiation age of thrust-
ing and hence the magnitude of Late Cretaceous
versus Tertiary shortening is poorly known.
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DISCUSSION

Tectonic Evolution of the Qiangtang and
Lhasa Terranes

A comprehensive tectonic model for Tibetan
plateau growth must explain (1) major denu-
dation before and minor denudation since
mid-Cretaceous time in the Qiangtang ter-
rane, (2) mid-Cretaceous, earliest Tertiary, and
middle Eocene—early Oligocene volcanism in
central Tibet, (3)mid-Cretaceous nonmarine
basin development and localization of Creta-
ceous-Tertiary shortening along the Bangong
suture, and (4) widely distributed south-directed
thrusting of Tertiary age within the Qiangtang
terrane. As for the Lhasa terrane, major features
that must be explained include: (1) major Creta-
ceous subsidence and basin infilling, (2) Early
to mid-Cretaceous magmatism in the northern
Lhasa terrane, (3) significant Cretaceous—earli-
est Tertiary and minimal post—earliest Tertiary
upper-crustal shortening, and (4) extensive
Paleocene-Eocene volcanism (Fig. 1). In the
following, we present a new tectonic model for
the Cretaceous-Tertiary history of magmatism,
deformation, and basin development in the
Qiangtang and Lhasa terranes (Fig. 8).

Early Cretaceous

The Lhasa terrane may have underthrust
a significant distance northward beneath the
Qiangtang terrane along the Bangong suture
during Early Cretaceous time, following clo-
sure of the Bangong Ocean. Jurassic strata
of the Bangong suture were likely deposited
initially on transitional or oceanic basement.
However, the suture must have been above sea
level prior to mid-Cretaceous nonmarine basin
development along it, requiring replacement
of the original basement with underthrust con-
tinental crust. The restored length of Jurassic
suture zone rocks near Gaize (Fig. 5; ~87 km)
provides a minimum estimate for the magnitude
of pre-mid-Cretaceous underthrusting. South-
directed obduction of Bangong suture zone
rocks (Girardeau et al., 1984, 1985; Coward et
al., 1988; Kapp et al., 2003a) suggests that this
underthrust crust is comprised of the northern
Lhasa terrane margin (Figs. 5 and 8A).

Following Yin and Harrison (2000), we infer
that upper Paleozoic strata and structurally
underlying early Mesozoic mélange in the cen-
tral Qiangtang terrane comprise a thrust sheet
that was displaced southward over a north-
dipping thrust ramp. As these rocks moved up
and over the thrust ramp, the thrust sheet was
deformed into a hanging-wall ramp anticlino-
rium, bounded by a monocline located above
the thrust ramp to the north (inferred present

position is along the contact between upper
Paleozoic and Mesozoic strata in the northern
Qiangtang terrane; Fig.1) and the Lugu-
Rongma thrust system in the south (Figs. 2 and
8A). This kinematic model is similar to that
which has been proposed to explain culmina-
tions in many other fold-thrust belts worldwide
(e.g., Rich, 1934; Price, 1981; Boyer and Elliott,
1982). The ramp anticline model predicts that
the width of the Qiangtang anticlinorium grew
in a north-south direction with time and pro-
vides a minimum estimate of shortening. In
the western Qiangtang terrane, the distance
between the Lugu thrust system and the mono-
cline to the north is ~150 km (Fig. 2). Along
the Rongma traverse, mid-Cretaceous volcanic
rocks lie unconformably on Carboniferous
strata, ~75 km north of the Lugu-Rongma thrust
system (Fig. 2). This relationship suggests that,
in this area, at least half of the slip required to
produce the Qiangtang anticlinorium occurred
prior to mid-Cretaceous volcanism (Fig. 8A).
The anticlinorium is east plunging and its
north-south width decreases eastward, where it
is ~90 km wide along the Rongma traverse and
not definable based on regional geologic map
patterns east of Shuang Hu (Fig. 1). These rela-
tions imply an eastward decrease in both thrust
sheet displacement and structural relief on the
thrust ramp. Interestingly, the north-south width
of the Lhasa terrane increases eastward, being
more than 100 km wider at the longitude of
Shuang Hu than in westernmost Tibet (Fig. 3).
This correlation is consistent with our interpre-
tation that growth of the Qiangtang anticlino-
rium is kinematically linked with Lhasa terrane
underthrusting, with clockwise rotation of the
underthrusting Lhasa terrane explaining the
larger magnitude of underthrusting in the west
than in the east (Fig. 8A). Alternatively, if the
correlation between the eastward decrease in
the width of the Qiangtang anticlinorium and
the eastward increase in the width of the Lhasa
terrane is coincidental, an original irregular mar-
gin configuration for the Lhasa terrane (having a
promontory in the west) is suggested.
Northward low-angle subduction of Neo-
Tethyan oceanic lithosphere along the Indus-
Yarlung suture may have provided the driving
mechanism for continental underthrusting
(Fig. 8A) and can explain the presence of Early
Cretaceous granites in the northern Lhasa ter-
rane (Fig. 1) (Coulon et al., 1986). Subsurface
loading by the excess weight of the underthrust-
ing oceanic lithosphere (Bird, 1984) and topo-
graphic loading by the overthrusting Qiangtang
terrane could have produced a broad peripheral
foreland basin in the Lhasa terrane. Sediments
shed from the growing Qiangtang anticlinorium
could have in large part filled this basin and
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may have been transported to as far south as
the Xigaze forearc (shown in Fig. 8B) (Diirr
et al., 1995; Diirr, 1996). Mid-Cretaceous red
beds along the Bangong suture may have been
deposited in basins that developed on top of
active thrust sheets along the Bangong suture
(wedge-top basins; DeCelles and Giles, 1996).
Early Cretaceous northward underthrusting of
the Lhasa terrane and growth of the Qiangtang
anticlinorium could have produced an elevated
and relatively low-relief plateau in central Tibet
(Fig. 8A), as large areas of the Qiangtang terrane
have been above sea level and experienced mini-
mal denudation since mid-Cretaceous time.

Late Cretaceous—Earliest Tertiary

The Lhasa terrane underwent major upper
crustal shortening (>40%) during Late Creta-
ceous—earliest Tertiary time, as indicated by
fold-thrust development in the Shiquanhe-Rutog
area (Fig. 1) and deformation of Upper Creta-
ceous strata in southern Tibet prior to earliest
Tertiary volcanism (Burg and Chen, 1984; Pan,
1993; Ratschbacher et al., 1994; Matte et al.,
1996; Murphy et al., 1997; Ding and Lai, 2003;
Kapp et al., 2003a). This shortening may have
been accommodated in the deeper Lhasa terrane
crust by continued northward underthrusting
beneath the Qiangtang terrane (Fig. 8B) (Kapp
et al., 2003a). Northward growth of the Qiang-
tang anticlinorium may have continued also,
as Qiangtang terrane basement was pushed
beneath it by the underthrusting Lhasa terrane
(Fig. 8B). During latest Cretaceous—earliest Ter-
tiary time, the previously low-angle-subducting
Tethyan oceanic lithosphere may have rolled
back and resulted in the voluminous and wide-
spread Linzizong volcanic “flare-up” and the
development of the Andean-style Gangdese arc
in the southernmost Lhasa terrane (Ding et al.,
2003) (Fig. 8B). A contractional setting would
have been maintained in southern Tibet during

S

slab rollback in the likely case that extremely
rapid convergence of the Indian plate at this
time (100-170 mm/yr; e.g., Lee and Lawver,
1995) exceeded the rate of Neo-Tethyan oce-
anic subduction. Early Cretaceous low-angle
subduction of Tethyan oceanic lithosphere fol-
lowed by earliest Tertiary slab rollback could
have removed significant parts of continental
mantle lithosphere beneath the Lhasa terrane
before the Indo-Asian collision, which in turn
may have facilitated India’s underthrusting
beneath southern Tibet during the Cenozoic
(Ding et al., 2003).

Eocene—Early Miocene

Under the assumption that Tertiary basin
development in the Qiangtang terrane was con-
trolled by thrusting, the Eocene-Oligocene ages
of interbedded volcanic tuffs provide an esti-
mate for the timing of shortening. The Qiang-
tang terrane deeper crust is inferred to include
large volumes of mélange and flysch that were
underthrust from the Jinsha suture to the north
(Fig. 1) during early Mesozoic time (Kapp et al.,
2000; Kapp et al., 2003b). These relatively weak
materials in the deeper central Tibetan crust may
help explain why Tertiary upper crustal shorten-
ing was more widely distributed and prevalent in
the Qiangtang terrane than in the Lhasa terrane.
Along the Rongma traverse, we suggest that
large-wavelength Tertiary folding near Rongma
(Fig. 2) amplified a preexisting hanging-wall
ramp anticline that formed during Cretaceous
emplacement of the inferred upper Paleozoic
strata—mélange thrust sheet (Fig. 8C). Tertiary
shortening by amplification of a preexisting anti-
cline as opposed to initiation of new thrust faults
could be explained by the presence of mélange
in the upper crust, which may have been weaker
and more favorable to internal deformation than
upper Paleozoic strata to the north and south.
Modification of the northern limb of a preexist-

Figure 8. Proposed tectonic evolution of the Lhasa and Qiangtang terranes during Creta-
ceous-Tertiary time. (A) Early Cretaceous growth of the Qiangtang anticlinorium may have
occurred by southward emplacement of a thrust sheet over a midcrustal ramp. Deforma-
tion, basin development, and magmatism are attributed to northward underthrusting of the
Lhasa terrane beneath the Qiangtang terrane along the Bangong suture during northward
low-angle subduction of Neo-Tethys oceanic lithosphere. Mz—Mesozoic Strata; Pz—Paleo-
zoic Strata. (B) Late Cretaceous—earliest Tertiary southward propagation of upper crustal
shortening and continued northward underthrusting of the Lhasa terrane beneath the
Qiangtang terrane. Rollback of Neo-Tethys oceanic lithosphere resulted in the development
of an Andean-style margin in southern Tibet. K—Cretaceous Strata. (C) Cenozoic inser-
tion of India into a previously thickened Tibetan crust was accommodated by additional
northward underthrusting of the Lhasa terrane beneath the Qiangtang terrane along the
Bangong suture and southward continental subduction along the Jinsha suture. GCT—
Great Counter thrust; GT—Gangdese thrust system; T—Tertiary nonmarine strata;

Moho—crust-mantle boundary.
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ing ramp anticline by the Gangma Co—Shuang
Hu thrust system can explain why the thrust
system locally places younger on top of older
rocks (Figs. 2 and 8C). It is possible that Tertiary
thrust faults in the Qiangtang terrane and along
the Bangong suture rooted into the décollement
beneath the Cretaceous thrust sheet and fed
additional slip to the north-dipping midcrustal
thrust ramp in the northern Qiangtang terrane
(Fig. 8C). Thick sections (up to 5 km) of Paleo-
cene to Oligocene nonmarine strata exposed
along the Bangong suture near Lunpola (Fig. 1)
(Yu and Zheng, 1979; Ai et al., 1998; Luo et
al., 1996) may be remnants of a foreland basin
system that developed due to regional flexural
subsidence as the Qiangtang terrane overthrust
the Lhasa terrane. Whereas Eocene-Oligocene
volcanic tuffs are locally interbedded with
or overlie red beds in the central and south-
ermn Qiangtang terrane, volcanic centers and
intrusive rocks of this age are restricted to the
northern Qiangtang terrane (Fig. 1). Following
previous workers (Roger et al., 2000; Tappon-
nier et al., 2001; Wang et al., 2001; Ding et al.,
2003; Spurlin et al., 2005), we attribute this
magmatism to southward continental subduc-
tion of the Songpan-Ganzi flysch complex
along the Jinsha suture, which was reactivated
by the early Tertiary Fenghuo Shan—Hoh Xil
thrust system (Fig. 8C). Potentially significant
northward underthrusting of the Lhasa terrane
along the Bangong suture may have occurred at
too gentle of an angle to initiate partial melting
of the mantle during the Tertiary.

Implications for Crustal Thickening

Our model for the tectonic evolution of
southern and central Tibet implies that signifi-
cant crustal thickening began in central Tibet no
later than mid-Cretaceous time and extended
southward to the Lhasa terrane during Late Cre-
taceous—earliest Tertiary time (Fig. 8). Recent
studies indicate that significant Cretaceous—ear-
liest Tertiary crustal thickening extended to the
west in the Hindu Kush, Karakoram, and Pamir
(Fraser et al., 2001; Hildebrand et al., 2001;
Robinson et al., 2004) and to the east in the
Longmen Shan (Wallis et al., 2003). Models
of Tibetan plateau formation and collisional
orogeny in Asia need to consider the growing
evidence that large parts of the southern Asian
continental margin were substantially thickened
prior to Indo-Asian collision.

We propose that the dominant mechanism of
crustal thickening in central Tibet was by north-
ward low-angle underthrusting of Lhasa terrane
lithosphere beneath the Qiangtang terrane,
analogous to underthrusting of India beneath
southern Tibet during the Cenozoic. Specific
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crustal thickness estimates for the Qiangtang
and Lhasa terranes are precluded because of
the uncertainty in the extent to which the Lhasa
terrane basement accommodated shortening by
northward underthrusting or internal thickening.
However, recent studies allow first-order mini-
mum estimates of bulk upper crustal shortening
in the Qiangtang and Lhasa terranes. Based
on 40% pre—earliest Tertiary shortening of the
Cretaceous Takena Formation near Lhasa (Pan,
1993), we assume that the southernmost 75 km
of the Lhasa terrane was shortened 50 km dur-
ing Late Cretaceous—earliest Tertiary time. To
the west, near Coqin, the central Lhasa terrane
was shortened 187 km over a present-day north-
south distance of 132 km (~59%) during the
Cretaceous (Murphy et al., 1997). It is estimated
that the northern Lhasa terrane in westernmost
Tibet was shortened >60 km over a present-day
north-south distance of 50 km (~55%) during
the Late Cretaceous—early Tertiary, with the
bulk of shortening being latest Cretaceous in
age (Kapp et al., 2003a). For west-central Tibet,
we infer (1)>41km of post-mid-Cretaceous
shortening across the present-day 46-km-wide
Bangong suture zone near Gaize (~47%),
(2)>75km of Cretaceous shortening along
the inferred Paleozoic—mélange thrust sheet
(Fig. 8A), and (3)a conservative minimum
estimate of 25% Tertiary shortening (~57 km)
across the present-day 170 km width of the
Qiangtang terrane studied (Fig. 2). Taking the
above estimates together, the Lhasa and Qiang-
tang terranes were shortened >470 km over a
present-day distance of 473 km (>50%) and
mainly prior to Indo-Asian collision. Under the
assumptions that the Lhasa and Qiangtang ter-
ranes were characterized by a 35-km-thick crust
prior to shortening and conservation of crustal
volume, this shortening could have produced
an average crustal thickness of >70 km. Tak-
ing Cretaceous and younger denudation into
account would decrease this estimate, but prob-
ably by no more than 10 km based on widely
preserved low-grade Cretaceous strata in the
Lhasa terrane and along the Bangong suture
and pre-Cretaceous “’Ar/*?Ar mica cooling ages
in the Qiangtang terrane (Kapp et al., 2000;
Kapp et al., 2003b; this study). A thick crust in
southern and central Tibet prior to Indo-Asian
collision suggests that the ~700-km-long slab of
Indian basement that underthrust the Himalaya
(DeCelles et al., 2002) was accommodated by
northward underthrusting and subduction of
Tibetan continental crust (as shown for early
Tertiary time; Fig. 8C) (Yin and Harrison, 2000;
Tapponnier et al., 2001), flow of Tibetan deeper
crust to the east to thicken the eastern margin
of the Tibetan plateau (likely during Miocene to
recent time; Royden et al., 1997; DeCelles et al.,
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2002), and/or delamination of lower crust (e.g.,
Le Pichon et al., 1997).

CONCLUSIONS

Preservation of a gently dipping angular
unconformity beneath mid-Cretaceous volcanic
flows and tuffs in the Qiangtang terrane demon-
strates that parts of central Tibet were above sea
level during and experienced major shortening
and denudation prior to mid-Cretaceous time.
Southward emplacement of an inferred thrust
sheet of upper Paleozoic strata and early Meso-
zoic mélange in the central Qiangtang terrane
initiated prior to mid-Cretaceous volcanism and
likely during Early Cretaceous Lhasa-Qiangtang
collision. The Bangong suture was characterized
by volcanism and nonmarine basin development
during mid-Cretaceous time. Tertiary deforma-
tion in central Tibet is characterized by mainly
north-dipping thrust systems with Eocene-Oligo-
cene red beds and volcanic rocks in the footwall.
The Tertiary Gaize—Siling Co backthrust defines
the surface expression of the southern boundary
of the Bangong suture and the northernmost
extent of mid-Cretaceous marine strata in central
Tibet. Cretaceous shortening, basin development,
and magmatism in central Tibet are attributed to
northward underthrusting of the Lhasa terrane
beneath the Qiangtang terrane along the Ban-
gong suture during low-angle subduction of Neo-
Tethys oceanic lithosphere. This model implies
substantial crustal thickening and perhaps plateau
formation in central Tibet prior to the Indo-Asian
collision. Tertiary shortening and basin develop-
ment in central Tibet may record continued Lhasa
terrane underthrusting along the Bangong suture,
which may have both accommodated and been
driven by insertion of Indian basement into a
previously thickened Tibetan crust.
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