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ABSTRACT

The tectonic evolution of the Lhasa ter-
rane (southern Tibetan Plateau) played a 
fundamental role in the formation of the 
Tibetan Plateau. However, many uncertain-
ties remain with regard to the tectonic and 
paleogeographic evolution of the Lhasa ter-
rane prior to the India-Asia collision. To 
determine the early tectonic processes that 
controlled the topographic evolution of the 
Lhasa terrane, we analyze the Cretaceous 
strata exposed in the Coqen Basin (north-
ern Lhasa subterrane), which comprises the 
Langshan and Daxiong Formations. The 
Langshan Formation unconformably over-
lies the volcanic rocks of the Lower Creta-
ceous Zelong Group and consists of ~80 m 
of Orbitolina-bearing limestones, which were 
deposited in a low-energy, shallow marine 
environment. Micropaleontological analysis 
indicates that the Langshan Formation in the 
Coqen Basin was deposited from late Aptian 
to early Cenomanian times (ca. 113–96 Ma). 
The overlying Daxiong Formation (~1700 m 
thick) consists of conglomerate, coarse sand-
stone, and siltstone with interbedded mud-
stone, and represents deposits of alluvial fans 
and braided rivers. The Daxiong Formation 
was deposited after the early Cenomanian 
(ca. 96 Ma) and accumulated until at least 
ca. 91 Ma, indicating accumulation rates 
of greater than 0.3 km m.y.–1. By combin-
ing paleo current data, sandstone petrology, 
detrital zircon U-Pb ages, and Hf isotope 
analysis, we demonstrate that the Daxiong 
Formation was derived from Lower Cre-
taceous volcanic rocks and pre-Cretaceous 
strata in the northern Lhasa subterrane. 

During Late Cretaceous time, two thrust sys-
tems with opposite vergence were responsible 
for transforming the northern Lhasa subter-
rane into an elevated mountain range. This 
process resulted in the evolution from a shal-
low marine environment (Langshan Forma-
tion) into a terrestrial depositional environ-
ment (Daxiong Formation) on the southern 
margin of the northern Lhasa subterrane. 
Given the regional paleogeographic context, 
we conclude that the Daxiong Formation in 
the Coqen Basin records local crustal short-
ening and flexure resulting in foreland basin 
development on the southern margin of the 
northern Lhasa subterrane, which implies 
early topographic growth of the northern 
Lhasa subterrane in southern Tibet prior to 
the India-Asia collision.

INTRODUCTION

The Tibetan Plateau has an average elevation 
of >5000 m and comprises the Lhasa, Qiang-
tang, Songpan-Ganzi, and Kunlun terranes from 
south to north (Fig. 1A). The formation of the 
Tibetan Plateau has exerted substantial control 
over the Asian climate, monsoon intensity, and 
ocean chemistry (Raymo and Ruddiman, 1992; 
Richter et al., 1992; An et al., 2001). However, 
the timing of the initial topographic uplift of the 
Tibetan Plateau remains an important question, 
and significant uncertainty remains (Tapponnier 
et al., 2001; Rowley and Currie, 2006; Wang 
et al. 2008; Najman et al., 2010; Dai et al., 2012, 
2013; Ding et al., 2014; Staisch et al., 2014). 
Recently, oxygen isotope–based paleoaltim-
etry studies in the northern Lhasa subterrane 
and Qiangtang terrane have revealed that the 
central Tibetan Plateau may have reached eleva-
tions greater than 4000 m, forming the pres-
ent arid environment, by late Oligocene time 

(e.g., ca. 28–26 Ma; DeCelles et al., 2007a; Xu 
et al., 2013).

Low-temperature thermochronology reveals 
that central Tibet experienced rapid to moder-
ate exhumation in the Late Cretaceous (ca. 
85–70 Ma), which was followed by slow ero-
sional exhumation during the Eocene (ca. 
55–45 Ma; Hetzel et al., 2011; Rohrmann et al., 
2012). Structural restorations imply substantial 
crustal shortening throughout the Cretaceous 
(Pan, 1993; Murphy et al., 1997; Kapp et al., 
2005, 2007a; Volkmer et al., 2007). Clearly, 
paleoaltimetry, rock exhumation, and crustal 
shortening record different processes, but these 
processes are all related to the topographic 
growth of the Tibetan Plateau. The contrasts in 
timing imply certain uncertainties in the spatial 
and temporal growth of Tibet. We address this 
problem by further examining sedimentologi-
cal evidence from the northern Lhasa subterrane 
regarding relative uplift and erosion, and place 
this evidence within the context of the early tec-
tonic history of the southern Tibetan region.

Cretaceous sedimentary basins in the Lhasa 
terrane can be divided into two domains sepa-
rated by the Gangdese magmatic arc. To the 
south of the Gangdese arc, the Xigaze forearc 
basin comprises thick marine turbidites, which 
were derived mostly from the Gangdese mag-
matic arc (Dürr, 1996; Wu et al., 2010; Wang 
et al., 2012; An et al., 2014; Orme et al., 2014). 
To the north of the Gangdese arc (the northern 
Lhasa subterrane), there are widespread Creta-
ceous sedimentary basins, such as the Linzhou 
Basin, Nima Basin, Selin Co Basin, and Coqen 
Basin (Fig. 1B; Leier et al., 2007a; DeCelles 
et al., 2007b; Kapp et al., 2007a; Zhang et al., 
2011; this study). Throughout the Cretaceous, 
the Lhasa terrane was influenced by the sub-
duction of the Neotethyan oceanic lithosphere 
along its southern border and collision with the 
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Figure 1. (A) Simplified tectonic map of the Tibetan Plateau and adjacent regions, showing the Lhasa terrane in the context of the Tibetan 
Plateau (Pan et al., 2004). JSSZ—Jinsha suture zone; BNSZ—Bangong-Nujiang suture zone; IYSZ—Indus-Yarlung suture zone. (B) Sim-
plified geological map of the Lhasa terrane modified from Kapp et al. (2005). SGAT—Shiquan-Gaize-Amdo thrust; GST—Gaize–Selin Co 
thrust; GLT—Gugu La thrust; ST—Shibaluo thrust; ELT—Emei La thrust; GT—Gangdese thrust system; GCT—Great Counter thrust. 
(C) Simplified geological map of the Coqen Basin, showing the studied sections (SE01–SE05) in the north of Coqen County, modified from 
the 1:250,000-scale regional geological survey in Tibet (Coqen area) (Liu et al., 2004).
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Qiangtang terrane along its northern flank. Dur-
ing late Aptian to Cenomanian times, the north-
ern Lhasa subterrane was close to sea level, and 
shallow marine sediments accumulated (Zhang, 
2000; Zhang et al., 2004, 2012; Leier et al., 
2007b). Subsequently, widespread continental 
sedimentation prevailed on the northern Lhasa 
subterrane (Leier et al., 2007a; DeCelles et al., 
2007b; Zhang et al., 2011, 2012). The tectonic 
type of these basins is still debated due to the 
limited analysis of the stratigraphy, sedimentol-
ogy, and provenance of the Cretaceous strata. 
The Coqen Basin, located in the interior of the 
Lhasa terrane (southern Tibetan Plateau; Fig. 
1C), provides a well-exposed succession of 
Cretaceous strata that enables the above models 
of basin formation to be further tested, thereby 
improving our understanding of the topographic 
controls at the time the basin formed.

To evaluate the origins of the Late Cretaceous 
Coqen Basin, this study initially constrains 
the timing of deposition of the Langshan and 
Daxiong Formations through micropaleontol-
ogy and U-Pb dating of a key tuff horizon. We 
then characterize the depositional history of the 
Upper Cretaceous strata through sedimentology 
and through provenance data including sand-
stone petrology, paleocurrents, detrital zircon 
U-Pb ages, and Hf isotope analysis on the Dax-
iong Formation. There are numerous published 
zircon U-Pb ages and Hf isotope data from the 
Tibetan Plateau that record distinctive signals 
from the different tectonic regions, and this 
body of work permits sediment source regions 
to be reconstructed (Leier et al., 2007c; Zhu 
et al., 2009, 2011a; Gehrels et al., 2011, and 
references therein). The stratigraphic evolution 
of the basin is then compared to other coeval 
basins in the Lhasa terrane. Based on the prove-
nance, sedimentology, and regional context, we 
suggest that the Late Cretaceous Coqen Basin is 
likely to have recorded foreland basin accumu-
lation in which the flexure subsidence was con-
trolled by thrust loading in the northern Lhasa 
subterrane.

GEOLOGIC BACKGROUND

Regional Tectonic Units

The Lhasa terrane is located on the southern 
Tibetan Plateau (Fig. 1B) and represents the last 
terrane accreted onto southern Asia before the 
India-Asia collision (Allégre et al., 1984; Dewey 
et al., 1988; Yin and Harrison, 2000). North of 
the Lhasa terrane, the Bangong-Nujiang suture 
zone separates the Lhasa and Qiangtang ter-
ranes (Fig. 1B) and represents the remains of the 
Bangong-Nujiang Ocean that closed during the 
Late Jurassic–Early Cretaceous (Allégre et al., 

1984; Dewey et al., 1988; Yin and Harrison, 
2000; Kapp et al., 2005). The Bangong-Nujiang 
suture zone continues for at least 1200 km east-
west along strike and is dominated by Jurassic 
deep-water turbidites, mélanges, and ophiolite 
fragments (Yin and Harrison, 2000; Kapp et al., 
2005). There are also Cretaceous to Cenozoic 
fluvial sandstones and conglomerates with 
interbedded volcanic rocks documented in the 
suture zone (e.g., northern Nima Basin; Kapp 
et al., 2007a; DeCelles et al., 2007b). North of 
the Bangong-Nujiang suture zone, upper Paleo-
zoic shallow marine deposits and Lower Juras-
sic blueschist-bearing mélanges are widely dis-
tributed in the central metamorphic belt of the 
Qiangtang terrane (Cheng and Xu, 1986; Liu, 
1988; Kapp et al., 2000, 2003a). Only a few 
Cretaceous strata are present in the west and 
central part (Cheng and Xu, 1987; Kapp et al., 
2005) with limited exposures of Cenozoic non-
marine rocks trending east-west (Cheng and Xu, 
1987; Kapp et al., 2005).

To the south of the Lhasa terrane, the Indus-
Yarlung suture zone separates the Lhasa terrane 
from the Tethys Himalaya and represents the 
remnants of the subducted Neotethyan oceanic 
plate (Fig. 1A) (Yin and Harrison, 2000). The 
timing of the India-Asia collision is middle 
to late Paleocene, as documented by the first 
arrival of Asia-derived siliciclastic sediments on 
the northern Tethyan shelf and by the recogni-
tion of the foreland forebulge (e.g., Wang et al., 
2011; Hu et al., 2012; DeCelles et al., 2014; Wu 
et al., 2014).

The Lhasa terrane comprises two tectonic 
domains: the southern Lhasa subterrane (Gang-
dese magmatic arc and Xigaze forearc basin) 
and the northern Lhasa subterrane (Burg et al., 
1983; England and Searle, 1986; Searle et al., 
1987). The Gangdese magmatic arc is charac-
terized by the Late Triassic–early Cenozoic 
Gangdese batholiths and Cenozoic Linzizong 
volcanic rocks (Chu et al., 2006; Mo et al., 
2007, 2008; Wen et al., 2008; Ji et al., 2009; 
Lee et al., 2009; Zhu et al., 2011a), which were 
formed by northward subduction of Neotethyan 
oceanic lithosphere beneath the Lhasa terrane 
(Yin and Harrison, 2000; Ding et al., 2003; Ji 
et al., 2009). Thick sequences of Albian–Cam-
panian deep-water turbidites were deposited in 
the Xigaze forearc basin, which was located on 
the southern margin of the Gangdese magmatic 
arc (Dürr, 1996; Wang and Liu, 1999; Wang 
et al., 2012). Provenance analysis reveals that 
the southern Lhasa subterrane (Gangdese mag-
matic arc) represented the main source for the 
Xigaze forearc basin (Wu et al., 2010; An et al., 
2014; Orme et al., 2014). Cretaceous magmatic 
rocks are also widespread in the northern Lhasa 
subterrane (e.g., Lower Cretaceous Zelong 

Group volcanic rocks; Zhu et al., 2006, 2009). 
Pre-Cretaceous strata exposed in the northern 
Lhasa subterrane are represented by Carbonifer-
ous metasedimentary rocks, Permian limestone, 
and Jurassic siliciclastic successions (Leeder 
et al., 1988; Yin et al., 1988). There is also more 
than 4 km of Cretaceous strata preserved in the 
northern Lhasa subterrane, with Lower Creta-
ceous strata present in many places, such as the 
Linzhou, Selin Co, and Coqen Basins, which 
contain marginal marine and deltaic clastic sedi-
mentary rocks interbedded with volcanic tuffs 
(Zhang et al., 2004; He et al., 2007; Leier et al., 
2007a, 2007b; Volkmer et al., 2007; Zhang et al., 
2012), and the southern Nima Basin, which con-
tains alluvial conglomerates (Kapp et al., 2007a; 
DeCelles et al., 2007b). The late Aptian to early 
Cenomanian Orbitolina-bearing Langshan For-
mation limestone is extensively exposed in the 
northern Lhasa subterrane (XZBGM, 1993; 
Zhang, 2000; Scott et al., 2010). The Upper 
Cretaceous strata record continental deposition 
and comprise the Daxiong Formation in the 
Coqen Basin (this study), the Takena Forma-
tion in the Linzhou Basin (Leier et al., 2007a), 
and the Jingzhushan Formation in the southern 
Nima and Selin Co Basins (Kapp et al., 2007a; 
DeCelles et al., 2007b; Zhang et al., 2012).

Geology of the Study Area

The study area is located between Coqen 
County and Dawa Co (lake) on the northern 
Lhasa subterrane and broadly comprises Creta-
ceous igneous and sedimentary rocks (Fig. 1C) 
(Liu et al., 2004; Zhang et al., 2004; Zhu et al., 
2006). The Lower Cretaceous Zelong Group 
volcanic rocks, with a thickness of at least 
1000 m, are widely exposed. These rocks are 
composed mainly of intermediate to felsic lavas 
with minor mafic rocks. Together with coeval 
intrusive granites, these rocks represent a mag-
matic arc in the northern Lhasa subterrane (Zhu 
et al., 2006, 2009, 2011a; Zhou et al., 2008). 
Recent zircon U-Pb studies reveal that the ages 
of Zelong Group volcanic rocks are between 
143 and 102 Ma, with a magmatic flare-up at ca. 
110 Ma (Zhu et al., 2008, 2009, 2011a).

Overlying the volcanic rocks of the Zelong 
Group, the Langshan Formation is a limestone 
unit characterized by abundant benthic forami-
nifera and bivalves (XZBGM, 1993; Scott et al., 
2010). The Daxiong Formation (referred to as 
the Upper Cretaceous conglomerate unit by 
Murphy et al. [1997], and the Jingzhushan For-
mation by XZBGM [1993], Liu et al. [2004], 
and Pan et al. [2004]) unconformably overlies 
the Langshan Formation and comprises thick 
conglomerate and sandstone beds with interbed-
ded volcanic tuffs. This formation is exposed 
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along an east-west belt that is ~100 km long 
and 10 km wide (Fig. 1C). In the Coqen Basin, 
the Daxiong Formation is deformed into an 
east-west–trending syncline cross-cut by faults 
(Fig. 2). The Cenozoic Linzizong volcanic rocks 
unconformably overlie the deformed Daxiong 
Formation in the Coqen Basin (Liu et al., 2004).

Structural Setting

Structural analyses and regional mapping of 
the Lhasa terrane demonstrate that substantial 
upper crustal deformation and shortening pre-
dated the India-Asia collision, with ~290 km of 
Cretaceous shortening over the modern north-
south distance of ~310 km (Pan, 1993; Murphy 
et al., 1997; Kapp et al., 2005, 2007a, 2007b; 
Volkmer et al., 2007; Pullen et al., 2008). In the 
study area, the main structures are parts of the 
“Northern Lhasa thrust belt” of Murphy et al. 
(1997), which include the Gugu La, Shibaluo, 
and Emei La thrusts (Fig. 1B). The Langshan 
Formation limestone was incorporated into this 
thin-skinned thrust belt, whereas the gently dip-
ping Cenozoic Linzizong volcanic tuffs locally 
overlie this thrust belt. These relationships 

reveal that crustal shortening and deformation 
occurred during the Cretaceous. Furthermore, 
the deformation documented in the Xiagang-
jiang region (~30 km north of the study area) 
revealed ~103 km of shortening (~53%) via the 
south-directed thrust system during Late Creta-
ceous to Paleocene times (Volkmer et al., 2007). 
Collectively, the Late Cretaceous deformation 
in the northern Lhasa subterrane is characterized 
by oppositely vergent thrust belts: the north-dip-
ping Gugu La thrust and south-dipping Gaize–
Selin Co thrust (Fig. 1B; Murphy et al., 1997; 
Kapp et al., 2007a). The Gugu La thrust placed 
the Lower Cretaceous Zelong volcanic rocks 
over the Upper Cretaceous Daxiong Formation 
and included south-vergent fault-bend folds in 
the hanging wall of the thrust. These structures 
are cross-cut by granitoid intrusions dated to 
ca. 92–80 Ma (Murphy et al., 1997); hence, the 
deformation must have taken place prior to this 
age. The Gaize–Selin Co thrust initiated after 
ca. 99–97 Ma, based on the syn-depositional 
strata, and placed the Langshan Formation in 
the hanging wall against the Upper Cretaceous 
Jingzhushan Formation in the footwall (Kapp 
et al., 2007a).

METHODS

Sedimentology and Paleocurrent Data

We measured stratigraphic sections in detail 
at five locations (Fig. 1C). Through the investi-
gation of lithofacies associations and sedimen-
tary features, the probable depositional envi-
ronments and sedimentary mircofacies were 
distinguished. The lithofacies analysis followed 
the methods of Miall (1978, 1996) and DeCelles 
et al. (1991). The paleocurrent data were mea-
sured in the field from cross-stratification and 
clast imbrication in sandstone and conglomer-
ate beds. All original measured data were cor-
rected to horizontal using standard stereonet 
techniques, and the average trough-axis orienta-
tion of each point was measured and determined 
statistically on a stereographic plot of 15–20 
trough limbs (method I of DeCelles et al., 1983).

Conglomerate and Sandstone 
Provenance Analysis

The conglomerate compositions were quanti-
fied by counting clast types at 10 locations in the 
field using a 10 cm grid and at least 100 clasts 
per site. A total of 36 standard petrographic 
thin sections were point-counted according to 
the Gazzi-Dickinson method (Ingersoll et al., 
1984). Approximately 400 grains were counted 
per site, and the data were normalized for plot-
ting on standard ternary diagrams.

Detrital Zircon U-Pb Dating and 
Hf Isotopes

Detrital zircons were separated from the 
medium-grained sandstones of the Daxiong 
Formation. U-Pb dating was conducted at the 
State Key Laboratory for Mineral Depos-
its Research, Nanjing University, China. The 
U-Pb ages were obtained via laser ablation 
inductively coupled plasma mass spectrometry 
(LA-ICP-MS) following the method described 
by Jackson et al. (2004). The ages described 
in this study are 206Pb/238U ages for grains with 
ages younger than 1000 Ma and 207Pb/206Pb ages 
for grains older than 1000 Ma. The results pre-
sented in this study exclude analyses with >20% 
discordance. Further details of the instrumental 
conditions and data acquisition are published 
in He et al. (2010). The age results were cal-
culated using GLITTER software (version 4.4) 
(Van Achterbergh et al., 2001), and common Pb 
corrections were conducted following Ander-
sen (2002). Weighted average age calculations, 
determination of detrital zircon age probabili-
ties, and plotting of concordia diagrams were 
performed using Isoplot software (version 2.49) 
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(Ludwig, 2001). The uncertainties in the single 
grain and weighted average ages, including all 
known analytical and systematic errors, are 
cited at the 1s and 2s levels, respectively.

Hf isotope analysis was performed on the 
detrital zircon grains with U-Pb ages and was 
conducted at the State Key Laboratory for Min-
eral Deposits Research, Nanjing University, 
China. The zircon Hf isotopic compositions 
were obtained via a Thermo Scientific Neptune 
Plus mass spectrometer Multicollector-ICP-
MS coupled to a New Wave UP193 solid-state 
laser ablation system. Zircons were ablated with 
a beam diameter of 35 mm and a laser repeti-
tion rate of 8 Hz. The results for every zircon 
were collected 200 times in one minute. For the 
calculation of the results, we applied 1.865 × 
10–11 a–1 for the decay constant of 176Lu (Scherer 
et al., 2001). The calculation of eHf(t) and Hf 
model age (TC

DM) followed the methodologies 
of Bouvier et al. (2008) and Griffin et al. (2002), 
respectively.

The youngest detrital zircon ages can com-
monly be applied to constrain the maximum 
depositional ages of stratigraphic units (Dick-
inson and Gehrels, 2009). The comparison of 
age compilations between the detrital and the 
igneous zircons of potential source areas can 
reveal remarkably similar age spectra. In addi-
tion, the zircon Hf isotopic compositions char-
acterize distinctive crustal histories, which also 
yield important information on the sedimentary 
provenance and tectonic setting of the basin in 
which the zircons accumulated (Wu et al., 2010; 
Cawood et al., 2012).

STRATIGRAPHY AND 
SEDIMENTOLOGY

In the study area, the strata from the bottom 
to the top consist of the Zelong Group volcanic 
rocks, the Langshan Formation, and the Dax-
iong Formation (Figs. 3 and 4).

Langshan Formation

In sections SE01 and SE02, the Langshan 
Formation unconformably overlies the Zelong 
volcanic rocks; in sections SE04 and SE05, the 
same boundary is marked by a fault (Murphy 
et al., 1997; Liu et al., 2004). A hardground sur-
face is observed at the top of the Langshan For-
mation (Fig. 5C), and this surface separates the 
Langshan Formation from the overlying Dax-
iong Formation. The average thickness of the 
Langshan Formation in our measured sections 
is ~80 m. The lithofacies associations in the 
Langshan Formation are dominated by wacke-
stones and packstones that consist of abundant 
benthic foraminifera throughout the entire sec-

tion (Fig. 6A). For example, the lower part con-
tains Ammobaculites sp., Vercorsella arenata, 
Cuneolina parva, Cuneolina pavonia, Mesorbi-
tolina cf. texana, Pseudocyclammina cf. rugosa, 
and Nezzazata sp., and the upper part contains 
Orbitolina qatarica, Conicorbitolina concava, 
and Conicorbitolina conica (Appendix Plate 
S1 [GSA Data Repository]1). There are several 
thin, interbedded marly siltstone and wacke-
stone in section SE01. Based on these forami-
niferal assemblages and lithofacies associations, 
we interpret the Langshan Formation to have 
been deposited in a low-energy lagoonal and 
shallow reefal environment (BouDagher-Fadel, 
2008, 2013).

Daxiong Formation

Synthesizing information from the field 
outcrops and lithofacies assemblages from the 
studied region, we identified five informal mem-
bers of the Daxiong Formation that record varia-
tions in the dominant lithofacies (Fig. 4). A sim-
ple accumulation rate calculation indicates that 
the Daxiong Formation was deposited at a rate 
of more than 0.3 km m.y.–1, based on the total 
thickness (compacted thickness of ~1.7 km) and 

depositional interval (ca. 96–91 Ma). A total of 
nine sedimentary lithofacies were identified in 
the Daxiong Formation (Table 1).

Member 1
Description. Member 1 is nearly 220 m thick 

in sections SE01 and SE05 and at least 100 m 
thick in sections SE02 and SE04. This member 
is composed mainly of red, medium- and coarse-
grained volcaniclastic sandstone beds, which 
extend laterally for tens of meters and generally 
feature lenticular geometries. Upward-fining 
packages are commonly 1.5–1.8 m thick and are 
separated from one another by abrupt erosion 
surfaces along their bases. Individual sandstone 
packages tend to have thin conglomeratic or 
very coarse-grained sandstone beds (~10–50 cm; 
lithofacies G1). These beds feature abundant silt-
stone and/or mudstone intraclasts in their lowest 
portions and commonly exhibit slight normal 
grading near their bases. The contact between 
the lowest parts of these beds and the underly-
ing siltstone is sharp. In the middle part of a 
package, the medium- and coarse-grained sand-
stone beds exhibit abundant low-angle planar 
cross-bedding of ~20–50 cm thickness (Fig. 5D; 
lithofacies S1). These beds alternate with fine- 
to medium-grained sandstones with medium- to 
small-scale (commonly decimeter-scale) high-
angle trough and planar cross-stratification and 
current ripple laminations (Fig. 5E; lithofacies 
S2 and S3). The uppermost parts of a package 
comprise thin (~10–20 cm), fine-grained, hori-
zontally and ripple-laminated siltstone or mud-
stone beds (lithofacies F1). Overall, the grains of 
these sandstones are relatively uniform and are 
dominated by the coarse grain size. The paleo-
current data from the trough cross-stratification 
in this member reveal a southward paleoflow 
direction (Fig. 7).

Interpretation. Based on the characteristics 
of the fining-upward sandstone packages (com-
monly 1.5–1.8 m thick), we interpret the litho-
facies associations of member 1 as having been 
deposited by shallow (<2 m of water depth), 
laterally unstable, sandy braided rivers (Miall, 
1978; Lunt and Bridge, 2004; Bridge and Lunt, 
2006). The low-angle cross-bedding records 
the migration of braided bar forms. The high-
angle trough and planar cross-stratification was 
deposited by the migration of subaqueous three-
dimensional and two-dimensional dunes within 
the paleochannels, respectively. The horizontally 
laminated sandstones are interpreted as having 
been deposited under upper-stage unidirectional 
flow conditions within infilled channels or bar 
tops (i.e., very shallow depths). The siltstone 
beds on top of the upward-fining packages rep-
resent deposition in abandoned channels during 
the waning stages of flow (Bristow, 1993).
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Figure 3. Generalized Cretaceous stratig-
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and this study. See Figure 4 for lithologic 
symbols.

1GSA Data Repository item 2015082, Supple-
mentary foraminiferal plate, detrital model compo-
sitions, and zircon data, is available at http:// www 
.geosociety .org /pubs /ft2015 .htm or by request to 
editing@ geosociety .org.
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underlying strata. (B) Panoramic photograph for section SE03, showing the upper part of the Daxiong Formation. (C) Unconformable 
contact between the Langshan Formation and the Daxiong Formation. The inset photo is of a bedding plane of the hardground on the 
top of the Langshan Formation, showing a depositional hiatus. (D) Coarse sandstone beds with low-angle (<20°) planar cross-stratifica-
tion (section SE01, member 1). Pen is 17 cm long. (E) Medium-coarse sandstone beds with high-angle (>20°) trough cross-stratification 
(section SE05, member 1). Pen is 15 cm long. (F) Abundant volcanic clasts in the Daxiong Formation (section SE01, member 2). 
(G) Clast-supported cobble conglomerate beds with imbricated clasts (section SE02, member 2). Hammer is 41 cm long; (H) Massive 
matrix-supported conglomerate beds, abundant in limestone clasts (section SE05, member 2). Hammer is 41 cm long.
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Member 2
Description. Member 2 is well exposed in 

the study area and has an average thickness of 
at least 500 m. The lithofacies of this member 
consist of many fining-upward sequences of red 
and gray conglomerate beds with thicknesses of 
3–5 m and minor wedges and lenses of coarse 
sandstone and siltstone interbeds (~20–50 cm in 
thickness). The clasts are predominantly angular 
to subrounded and poorly sorted. Their composi-
tions are mainly volcanic with minor limestone, 
mudstone, and quartz-rich sandstone clasts (Fig. 
5F). However, in section SE05, limestone clasts 

represent nearly 15% of the total clasts. The 
clast- and matrix-supported conglomerate litho-
facies are abundant in the conglomerate beds of 
this member.

The clast-supported conglomerate beds are 
composed of pebble- to cobble-sized clasts 
that are poorly to moderately sorted, and com-
monly exhibit crude horizontal stratification 
with imbricated clasts (Fig. 5G). Erosional basal 
surfaces are common and abruptly overlie the 
underlying siltstone beds. The average clast size 
is ~15 cm in the long dimension, with a maxi-
mum clast size of ~30 cm (lithofacies G2). The 

massive matrix-supported conglomerate beds 
(commonly ~5 m in thickness) have disorga-
nized pebble- to boulder-sized clasts (Fig. 5H), 
all of which are poorly sorted and contained 
within a muddy or sandy matrix. The clasts are 
angular, and larger clasts are located at the top 
of the bed, generating inverse grading. Several 
of these beds have a maximum clast size greater 
than 50 cm (lithofacies G3).

Lenticular or wedge-shaped beds of (very) 
coarse-grained sandstone are locally inter-
calated within the discontinuous conglomer-
ate beds. These sandstones typically exhibit 
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Figure 6. Petrography of the 
Langshan and Daxiong Forma-
tions. (A) Orbitolina-bearing 
limestone from the Langshan 
Formation (sampled at 30 m, 
section SE02). (B) Andesite 
pebble (400 m, member 2 of 
the Daxiong Formation, section 
SE02). (C) Quartz-rich sand-
stone pebble (405 m, member 2, 
section SE02). (D) Lithic sand-
stone (250 m, member 1, sec-
tion SE01), showing abundant 
volcanic fragments. (E) Lithic 
sandstone (990 m, member 3, 
section SE01), showing volca-
nic and sedimentary fragments. 
(F) Lithic sandstone (720 m, 
member 5, section SE03), in 
which lithic fragments are 
mostly sedimentary rocks. 
Q—quartz; Pl—plagioclase; 
Lv—volcanic rock fragment; 
Ls—sedimentary fragment.
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medium-scale (~0.5 m) planar and trough 
cross-stratification and planar horizontal lami-
nation (lithofacies S2 and S4). Thin-bedded red 
siltstones or mudstones are locally present in 
the uppermost portion of fining-upward pack-
ages (lithofacies F1) and are in abrupt contact 
with the overlying conglomerate beds. The 
imbricated clasts and interbedded sandstone 
cross-sets indicate an approximately south-
directed flow (Fig. 7).

Interpretation. The lithofacies associations 
of this middle conglomerate member are inter-
preted as a record of deposition in an alluvial fan 
setting (Blair and McPherson, 1994). The clast-
supported coarse pebble conglomerate lithofa-
cies (lithofacies G2) with imbricated clasts is 
interpreted as formed of deposits generated by 
stream-dominated flows with high sediment 
concentrations, perhaps during flash floods. 
The massive, disorganized, matrix-supported 
and angular to subrounded pebble conglomer-
ate with poor sorting and inverse grading (litho-
facies G3) is consistent with debris flows depos-
ited in proximity to medial fans (Naylor, 1980; 
Blair and McPherson, 1994). The interbedded 
lenticular or wedge-shaped sandstone and silt-
stone (lithofacies S2 and S4) at the upper part 
of the fining-upward sequence are interpreted as 
the results of deposition during waning flow fol-
lowing ephemeral floods. Certain fine-grained 
siltstones or mudstones (lithofacies F1) may 
represent the fine drapes following the high-
sedi ment-concentration flows in a proximal 
alluvial fan setting.
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Figure 7. Rose diagrams of paleocurrent directions and pie charts of conglomerate clast 
compositions. The stratigraphic section and position listed under each pie chart refer to 
Figure 4. An integrated stratigraphic column is shown on the left.

TABLE 1. LITHOFACIES FOUND IN THE MEASURED SECTIONS (THE DAXIONG FORMATION), COQEN BASIN, 
TIBETAN PLATEAU, AND THE INTERPRETATIONS OF THESE LITHOFACIES IN THIS STUDY

noitaterpretnissecorPnoitpircseDedocseicaF

G1 Pebble to cobble conglomerate, well sorted and clast supported, subangular to subrounded, 
slight normal grading, trough cross-stratifi ed and basal erosive boundary. Beds 0.3–1 m thick.

Deposition by bedload on gravelly low-relief bars.

G2 Pebble to very coarse cobble conglomerate, clast supported with a sandy matrix, subrounded 
gravel, poorly to moderately sorted, crude horizontal bedding, weak grading with imbricated 
clasts, poorly to moderately organized with few thick layers and basal erosive boundary. Beds 
0.5–5 m thick.

Deposition by bedload transport beneath sustained 
high-velocity, high-sediment-concentration fl ows.

G3 Medium pebble to medium boulder conglomerate, poorly to moderately sorted, angular 
to subrounded gravel, clasts randomly oriented, massive conglomerate with a mud-rich 
matrix-supported fabric, disorganized and unstratifi ed, normal grading or inverse grading. 
Beds 0.5–5 m thick.

Deposition by matrix-rich debris fl ows.

S1 Medium- to very coarse-grained sandstone beds with relatively low-angle (<20°) planar 
cross-stratifi cation and erosional basal surfaces. Beds 0.2–1 m thick.

Deposition by migration of bar bedforms under 
unidirectional fl ow.

S2 Medium- to very coarse-grained sandstone with wedge-shaped beds, poorly to moderately 
sorted, high-angle (>20°) trough cross- and planar stratifi cations with sandy layers, can be 
pebbly. Beds 0.2–1.5 m thick.

Deposition by migration of subaqueous large three-
dimensional and two-dimensional sandy dunes 
under unidirectional fl ow.

S3 Fine- to medium-grained and moderately sorted sandstone with small and asymmetric current 
ripples. Beds 0.1–1 m thick.

Deposition during migration of ripples under 
unidirectional fl ow.

S4 Massive fi ne- to coarse-grained sandstone, moderately to well sorted, parallel laminated, thin 
bedded, can be pebbly. Beds 0.2–1 m thick.

Deposition under plane bed and unidirectional fl ow 
conditions.

F1 Red mudstone and fi ne-grained siltstone beds, small current rippled and horizontally laminated, 
rare carbonate nodules. Beds thickness varies from 0.1 to 2 m.

Deposition in the waning stages of fl ow or in 
abandoned channels.

F2 Massive to laminated red, green, or gray siltstone beds bounded at the top by erosive surfaces, 
horizontally laminated, lens- or wedge-shaped interbedded siltstone and fi ne-grained 
sandstone, rare carbonate nodules. Bed thickness is commonly greater than 2 m.

Deposition by suspension fallout from fl oods on 
fl ood plains or distal alluvial plains with high rates 
of sediment accumulation and intermittent drying, 
leading to the precipitation of nodules.

Note: Modifi ed after Miall (1978, 1996) and DeCelles et al. (1991).
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Member 3
Description. The thickness of this member is 

at least 250 m in sections SE01 and SE02 and 
~330 m in section SE03. The lithofacies assem-
blage of member 3 is similar to that of mem-
ber 1 and consists of red, coarse- to medium-
grained, laterally overlapping sandstone beds 
interbedded with siltstone beds. In contrast, 
the fining-upward packages are slightly thicker 
than in member 1, typically varying between ~2 
and 3 m thick. In every sandstone package, the 
basal unit is ~10–30 cm thick and comprises 
very coarse-grained sandstones or pebbly con-
glomerates with abundant mudstone intraclasts 
from the underlying beds. This basal unit grades 
upward into much thicker, medium-grained 
sandstone beds (~1 m), which have abundant 
low- and high-angle trough cross-stratification, 
plane-parallel laminations, and rare current rip-
ples (lithofacies S1, S2, and S4). Red laminated 
siltstone or mudstone beds occur in the upper 
part of the sequence (lithofacies F1). The trough 
and planar cross-stratifications in the sandstone 
beds indicate an approximately east-southeast–
directed paleoflow (Fig. 7).

Interpretation. The middle sandstone litho-
facies associations are interpreted as the depos-
its of laterally migrating sandy braided river 
channels (Miall, 1978; Lunt and Bridge, 2004; 
Bridge and Lunt, 2006), which were, on aver-
age, deeper (2–3 m) than those of member 1 
(<2 m). This sandstone member is characterized 
by an upward-fining sequence with multilateral 
and multistory sandstone beds, which are asso-
ciated with unstable channels, such as sandy 
braided streams (Bridge and Lunt, 2006). The 
other details of the lithofacies assemblages are 
similar to those in member 1.

Member 4
Description. Member 4 is well exposed in 

section SE03 and comprises nearly 370 m of 
monotonous red siltstone and minor, lenticular, 
fine-grained sandstone beds. Cleavage is well 
developed in the siltstone beds. The sandstone 
lenses (20–50 cm in thickness) typically con-
tain cross-lamination and horizontal lamination. 
Carbonate nodules and fossil plant fragments 
are locally present in the siltstone beds (lithofa-
cies F2). The upper part of this member is char-
acterized by interbedded gray and red siltstone 
beds, with gray beds more abundant higher in 
the section (lithofacies F1). In the uppermost 
part of the succession, fine- to medium-grained 
tabular sandstone beds (~20–40 cm thick) with 
slightly erosional basal surfaces, climbing ripple 
laminations, horizontal laminations, and small-
scale (~20 cm) trough cross-stratification (litho-
facies S3 and S4) reappear. The paleocurrent 
data from the trough cross-stratifications of the 

top sandstone beds indicate a southeast-directed 
paleoflow (Fig. 7).

Interpretation. The lithofacies assemblage of 
member 4 is interpreted as a floodplain deposi-
tional environment distal from the main channel 
system. The monotonous red siltstone represents 
the floodplain with intermittent drying, leading 
to the precipitation of carbonate (Mack et al., 
1993; Kraus, 1999). The discontinuous fine 
sandstones are consistent with crevasse splays 
during bankfull levels (Bridge, 2009). The upper 
sandstone beds with climbing ripple laminations 
are interpreted as recording increased proximity 
to a channel system, possibly representing levee 
deposits (Bridge, 2009).

Member 5
Description. Member 5 is at least 100 m 

thick. The massive medium-grained, laterally 
overlapping sandstone beds (0.5–2 m) of this 
member commonly occur as faint fining-upward 
sequences. As a whole, the grain size of each 
sequence remains relatively constant from the 
bottom to the top. Trough and planar cross-strati-
fi ca tions are widespread. Very coarse and peb-
bly clasts are locally present at the base of the 
sandstone beds (lithofacies S2 and S4). Interbed-
ded fine sandstone and siltstone layers are nearly 
40–50 cm thick and have small-scale (~10–
20 cm) cross- and horizontal laminations with 
rare carbonate nodules (lithofacies F1). Com-
pared to the lower sandstone members (mem-
bers 1 and 3), member 5 has few mudstone or 
siltstone beds and much thicker medium-grained 
sandstone beds. The paleocurrent data from the 
trough and planar cross-stratifications indicate 
an approximately east-southeast–directed paleo-
flow (Fig. 7).

Interpretation. The lithofacies assemblages 
of this member are interpreted as having been 
deposited in laterally migrating fluvial channels. 
The lack of thick siltstone and relevant crevasse 
splay deposits suggests the presence of uncon-
fined shallow sandy braided streams (Lunt and 
Bridge, 2004; Bridge and Lunt, 2006).

AGE CONSTRAINTS

We use the zircon ages of interstratified tuff 
layers in the uppermost part of the Daxiong 
Formation (due to the lack of fossils) and micro-
paleon tology in the underlying Langshan For-
mation limestone to provide a probable depo-
sitional age control for the Daxiong Formation.

The Orbitolina qatarica, Conicorbitolina 
concava, Conicorbitolina conica, and Orbito-
lina sp. observed in the uppermost part of the 
Langshan Formation indicate an early Ceno-
manian age (ca. 100–96 Ma;  BouDagher-Fadel, 
2008, 2013; Appendix Plate S1 [see foot-

note 1]), which defines the maximum deposi-
tional age for the Daxiong Formation. A total 
of 30 zircon grains from interbedded tuffs 
from the uppermost portion of the succession 
yields a single population with a weighted aver-
age age of 91.5 ± 0.7 Ma (2s, MSWD [mean 
square weighted deviation] = 1.4; Fig. 8), which 
reflects the age of the upper part of the Daxiong 
Formation. In addition, the youngest detrital zir-
cons, from the bottom to the top, provide maxi-
mum depositional ages of 102 ± 2 Ma (sample 
12DX01), 94 ± 4 Ma (12DX06), 93 ± 4 Ma 
(12DX14), and 92 ± 2 Ma (13XN25), which 
are consistent with the results of the underlying 
limestone and tuff beds. Therefore, the Daxiong 
Formation was most likely deposited between 
ca. 96 Ma and ca. 91 Ma.

PROVENANCE ANALYSIS: RESULTS 
AND INTERPRETATION

Provenance Results

Conglomerate Clast Counts and Lithology
Approximately 1000 conglomerate clasts 

were counted in the measured sections (Fig. 7). 
The results reveal that the components are 
mostly volcanic and sandstone clasts, with 
minor amounts of limestone, mudstone, and 
chert. The volcanic clasts are dominated by 
andesites and dacites, in which feldspar pheno-
crysts and pilotaxitic texture in the matrix are 
very common (Fig. 6B). These volcanic clasts 
compose 70%–95% of the total clasts, with an 
average of 84%. Quartz-rich sandstones repre-
sent the other main component and compose 
an average of ~9% (Fig. 6C). In section SE05, 
Orbitolina-bearing limestone clasts repre-
sent nearly 15% of the clasts, which is much 
more than the proportions of the other sections 
(Fig. 7). Additionally, other sedimentary rock 
clasts, including mudstone and chert clasts, 
account for only a small proportion.

Sandstone Petrography
Sandstones within members 1 and 2 of the 

Daxiong Formation are poorly sorted, contain 
mud infill or calcite cement, and feature angu-
lar to subrounded grains. These sandstones 
have average modal compositions of Qt:F:L = 
18:23:59 and Qm:F:Lt = 16:23:61 (Appendix 
Table S1 [see footnote 1]; Fig. 9). Volcanic 
fragments are the primary components (~60% 
of total framework grains) and consist of inter-
mediate to felsic volcanic rocks (Figs. 6D, 6E). 
Sandstone, mudstone, chert, and limestone are 
also common in these samples. Plagioclase is 
common and usually altered. The quartz com-
ponent is dominated by angular to subrounded 
monocrystalline quartz with minor quantities of 
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polycrystalline quartz (only ~1% in total). Epi-
dote and magnetite occur as accessory minerals 
in these samples.

The sandstone modal framework grains in 
members 3, 4, and 5 are distinct and have com-
positions of Qt:F:L = 43:14:43 and Qm:F:Lt = 

41:14:45 (Appendix Table S1 [see footnote 1]; 
Fig. 9). Compared with the lower members, 
plagioclase is less common and only represents 
one-quarter of the total grains (Fig. 6F). In con-
trast, quartz content increases up-section to the 
same proportion as the lithic fragments, i.e., 

~43%. Subangular to well-rounded monocrys-
talline quartz is common, whereas polycrystal-
line quartz is rare. Among the lithic fragments, 
sedimentary fragments increase to a ratio of 
sedimentary to volcanic fragments of 2:3. The 
sedimentary fragments are primarily fine quartz 
sandstone, siltstone, and minor chert, with well- 
to subrounded textures. The intermediate to fel-
sic volcanic fragments are similar to those in the 
lower members.

Detrital Zircon U-Pb Ages
In total, 502 detrital zircons from seven sand-

stones of the Daxiong Formation (as shown in 
the sedimentary logs of Fig. 4) were dated by 
LA-ICP-MS. The results reveal that ~80% of 
the zircon ages range between 92 and 150 Ma, 
with a peak at ca. 110 Ma (Appendix Table S2 
[see footnote 1]; Figs. 10 and 11). Separately, 
among the 96 valid zircon ages from the basal 
sandstone of the sequence (sample 12DX01, 
member 1), 62 zircons yield the youngest age 
of 102 ± 2 Ma and have a large age popula-
tion between 102 and 130 Ma (peaking at ca. 
115 Ma; Fig. 10). The others (34 zircons) have 
age ranges of 480–600 Ma and 950–1200 Ma, 
with peaks at ca. 505 Ma and ca. 1100 Ma, 
respectively. The 207 zircons from samples 
12DX06, 12DX10, and 12DXA10 from mem-
ber 2 produce a large age population (188 
zircons) of 90–120 Ma, with a single peak at 
110 Ma. Only 19 zircons from the sample 
12DX06 have old ages (>250 Ma) that are simi-
lar to those from sample 12DX01, with peaks at 
ca. 500 Ma and ca. 1100 Ma (Fig. 10). Of the 
111 zircons of samples 12DX13 and 12DX14 
from member 3, 107 zircons exhibit a dominant 
age population between 100 and 120 Ma, with 
a unimodal peak at ca. 110 Ma. The 88 zircons 
of sample 13XN25 from the top of the sequence 
(member 5) yield an age distribution similar to 
that of sample 12DX01 at the bottom, includ-
ing 54 Mesozoic (age population between 105 
and 130 Ma) and 34 pre-Mesozoic ages (age 
populations of 500–600 Ma and 950–1300 Ma) 
(Fig. 10).

Detrital Zircon Hf Isotopes
In total, the 255 detrital zircon Hf isotope 

measurements (age corrected using U-Pb ages 
from individual zircons) obtained for the dated 
zircon grains include 196 Mesozoic and 59 pre-
Mesozoic ages. Among the 196 Mesozoic zircon 
Hf isotope measurements, 193 zircons yield low 
176Hf/177Hf isotopic ratios and negative eHf(t) val-
ues between –16.5 and +3.6 (average of –6.8) 
with TC

DM model ages of 2.6–0.9 Ga. The other 
three Mesozoic zircons exhibit high 176Hf/177Hf 
isotopic ratios and very positive eHf(t) values 
(+7.0 to +13.6). The 59 pre-Mesozoic zircon Hf 
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isotopes have a broad eHf(t) value range between 
–23.4 and +7.3 with TC

DM model ages of 3.5–1.3 
Ga (Appendix Table S3 [see footnote1]; Fig. 12).

Provenance Interpretation

Zircon Isotopic Properties of 
the Tibetan Plateau

A comparison of zircon U-Pb ages and Hf 
isotopes with potential source areas can pinpoint 
the likely provenance of the sediment. Leier 
et al. (2007c) compiled published detrital zircon 
ages of Carboniferous to Cretaceous strata from 
the Songpan-Ganzi and Kunlun terranes (Fig. 
1A), which have age populations of 200–500 Ma 
and 1700–2000 Ma. These populations contrast 
with those of the Lhasa terrane, which is charac-
terized by age populations of 50–200 Ma, 500–
600 Ma, and 1000–1400 Ma. Numerous zircon 
ages have been reported from the Cretaceous 
intrusive and sedimentary rocks in the Bangong-
Nujiang suture zone, which display young age 
populations similar to those of the Lhasa terrane, 
with an age range of 100–150 Ma (Kapp et al., 
2007a; DeCelles et al., 2007b; Zhu et al., 2011a). 
However, the igneous rocks from the Qiangtang 
terrane tend to be in the 190–220 Ma age range 
(Gehrels et al., 2011; Leier et al., 2007c, and ref-
erences therein), which differs from the Lhasa 
terrane. Because the southern and northern 
Lhasa subterranes have similar zircon U-Pb age 
populations (Leier et al., 2007c; Gehrels et al., 
2011), we use the zircon Hf isotopes to distin-
guish between the two subterranes.

The southern Lhasa subterrane (Gangdese 
magmatic arc) has experienced substantial 
magmatism since the Mesozoic. Based on the 

published data, the 1759 zircons from intrusive 
and volcanic rocks of the Gangdese magmatic 
arc exhibit three significant age populations: 
39–70 Ma (peaking at ca. 50 Ma), 80–110 Ma 
(peaking at ca. 90 Ma), and 180–210 Ma (peak-
ing at ca. 190 Ma) (Fig. 11; Chu et al., 2006; 
Wen et al., 2008; Ji et al., 2009; Zhu et al., 
2011a, and references therein). These ages 
have relatively high 176Hf/177Hf isotopic ratios, 
positive eHf(t) values, and TC

DM model ages of 
0.3–1.0 Ga (Fig. 12; Chu et al., 2006; Ji et al., 

2009). The Xigaze forearc basin is considered to 
be derived from the Gangdese magmatic arc and 
has detrital  zircon age populations of 75–125 Ma 
and 150–160 Ma, with age peaks of ca. 90 and 
ca. 160 Ma, respectively (Fig. 11; Wu et al., 
2010; An et al., 2014; Orme et al., 2014). Zircon 
Hf isotopes of the Xigaze forearc basin record 
mainly high 176Hf/177Hf ratios and positive eHf(t) 
values with relatively few low 176Hf/177Hf iso-
topic ratios and negative eHf(t) values (Wu et al., 
2010; An et al., 2014), which are consistent with 
the zircons from the Gangdese magmatic arc.

The northern Lhasa subterrane experienced 
magmatism during the Mesozoic as well, espe-
cially during the Early Cretaceous, when numer-
ous intrusive and volcanic rocks were generated 
(Volkmer et al., 2007; Meng et al., 2010; Zhu 
et al., 2011a, and references therein). The 761 
zircons from the magmatic rocks display Meso-
zoic ages of 110–140 Ma, with an age peak at 
ca. 110 Ma (Fig. 11). Approximately 75% of 
these zircons (572 out of 761 zircons) yield low 
176Hf/177Hf isotopic ratios, negative eHf(t) values, 
and TC

DM model ages between 1.4 and 2.1 Ga 
(Fig. 12; Chu et al., 2006; Zhu et al., 2011a), 
which are distinct from the southern Lhasa zir-
cons. Certain detrital zircons from Cretaceous 
strata in the Linzhou Basin yield a range of ages 
between 105 and 140 Ma, with a peak at ca. 
120 Ma (Leier et al., 2007b, 2007c). One Paleo-
zoic detrital sample features two age popula-
tions: 500–600 Ma (peaking at ca. 540 Ma) and 
1050–1300 Ma (peaking at ca. 1120 Ma) (Leier 
et al., 2007b).
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Provenance Interpretation of 
the Daxiong Formation

Approximately 80% of the analyzed detrital 
zircons from the Daxiong Formation yield an age 
population that ranges between 92 and 150 Ma, 
with a unimodal peak at ca. 110 Ma (Fig. 11). 
The Hf isotopes from these young zircons dis-
play low 176Hf/177Hf isotopic ratios and negative 
eHf(t) values (Fig. 12). Compared with the above 
potential sources, the age population pattern of 
the Daxiong Formation is distinctively different 
from that of the Qiangtang terrane, which tends 
to be characterized by 190–220 Ma igneous 
rocks. Similarly, the distinctive age populations 
of 200–500 Ma in the Songpan-Ganzi and Kun-
lun terranes are not observed in our data (Leier 
et al., 2007c). The southern Lhasa subterrane 
(Gangdese magmatic arc) and the Xigaze forearc 
basin have similar age populations of 80–110 Ma; 
however, their extremely high 176Hf/177Hf isotopic 
ratios and positive eHf(t) values differ from those 
of the zircons of the Daxiong Formation (Wu 
et al., 2010; An et al., 2014). In contrast, the age 
populations of the Daxiong Formation are quite 

similar to those of the northern Lhasa subterrane, 
with numerous low 176Hf/177Hf isotopic ratios, 
negative eHf(t) values, and similar TC

DM model 
ages (Fig. 12). Therefore, we conclude that the 
northern Lhasa subterrane was the source area 
for the Daxiong Formation. Geochronological 
studies indicate that the Bangong-Nujiang suture 
zone has zircon age patterns (peaking at ca. 
110 Ma) similar to our data. Based on the stud-
ies in the southern Nima Basin of the Bangong-
Nujiang suture zone, the Gaize–Selin Co thrust 
uplifted the northern Lhasa subterrane during the 
Late Cretaceous (Kapp et al., 2007a; DeCelles 
et al., 2007b). The elevated northern Lhasa sub-
terrane was eroded and provided the source for 
the southern Nima Basin to the north as well as 
the Coqen Basin to the south. According to the 
regional paleogeography during this time (see 
discussion in “Late Cretaceous paleogeography 
of the Lhasa terrane”), we believe the sediment 
from the Bangong-Nujiang suture zone could not 
have been transported across the Gaize–Selin Co 
thrust to accumulate in the Coqen Basin by Late 
Cretaceous time. Furthermore, much of the Dax-

iong Formation was deposited as debris flows on 
alluvial fans, which represent short transport dis-
tances (usually less than 15 km from the source 
area; Blair and McPherson, 1994). Approxi-
mately southward paleocurrents and intermediate 
to felsic volcanic clasts are found in our sections. 
The sandstone modal framework compositions 
from members 1 and 2 mostly plot in the mag-
matic arc provenance field. Based on the regional 
geologic setting, the Lower Cretaceous Zelong 
Group volcanic rocks, widely exposed in the 
northern Lhasa subterrane at the time, were the 
most likely source for the Daxiong Formation. 
However, there are many limestone clasts present 
in the conglomerate member (member 2) in sec-
tion SE05 (Fig. 7). This characteristic reflects the 
short transport distances of the alluvial fan depos-
its, in which limestone strata were eroded to form 
the locally abundant carbonate clasts.

Additionally, sandstone petrography records 
an increase in quartz grains and sedimentary 
clasts at the transition from members 1 and 2 to 
members 3, 4, and 5. The Qt-F-L and Qm-F-Lt 
diagrams indicate that the sandstones are domi-
nated by the “recycled orogen” fields (Fig. 9) 
(Dickinson et al., 1983; Garzanti et al., 2007), 
and the Qm-P-K and Qp-Lv-Ls diagrams indi-
cate an increase in the input of terrestrial recy-
cled rocks. The detrital zircon age patterns from 
members 3, 4, and 5 yield two additional old age 
populations (500–600 Ma and 1000–1300 Ma) 
in addition to the sharp age peak at ca. 110 Ma, 
which is similar to the published ages from upper 
Paleozoic strata in the northern Lhasa subterrane 
(Leier et al., 2007b; Zhu et al., 2011b). There-
fore, during this time interval, the source of the 
deposits was likely recycled debris from a dis-
sected source area and the underlying Paleozoic 
strata of the northern Lhasa subterrane.

DISCUSSION

Depositional Model for the 
Daxiong Formation

The sedimentary characteristics of the Dax-
iong Formation suggest relatively limited trans-
port distances and rapid deposition (greater 
than 0.3 km m.y.–1) in alluvial fans and braided 
streams. The sandstone petrology, paleoflow 
directions, and detrital zircon ages and Hf iso-
topes indicate that the deposition of the Dax-
iong Formation was related to the erosion of 
volcanic rocks exposed in proximal areas of the 
northern Lhasa subterrane. This local sediment 
source is further supported by the conglomer-
ate clast population, which features abundant 
poorly sorted, large, subangular volcanic clasts. 
In the Coqen Basin, thrust deformation exerted 
an important influence on the deposition of 
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the Daxiong Formation. The Gugu La thrust 
elevated the Lower Cretaceous Zelong volcanic 
rocks in the hanging wall, forming the regional 
high topography. In this deformational setting, 
the Daxiong Formation was syn-tectonically 
deposited at the footwall and received sediment 
from the overthrust hanging wall. It is possible 
that a reduction in the thrust activity may have 
caused the depositional system to evolve from 
alluvial fans into more discrete channels and 
floodplains. Therefore, we suggest that the syn-
tectonic depositional processes of the Daxiong 
Formation can be summarized as follows.

The first stage (member 1) was the result of 
initial deformation and thrusting, which drove the 
transition from the shallow marine environment 
(Langshan Formation) to continental sedimen-
tation in braided rivers. Shallow (<2 m of water 
depth), laterally migrating, and roughly south-
ward-flowing braided channels developed in the 
proximal region of the local highlands (Fig. 13A).

The second stage (member 2) features nearly 
800 m of conglomerate beds that were deposited 
in alluvial fans (Fig. 13B). As displacement on 
the Gugu La thrust increased, the Zelong volcanic 
rocks in the north of the study area were displaced 
upward to form the topographically high source 
area. The low textural maturity and composition 
(>85% volcanic pebbles) and the unimodal zircon 
age peak of the sandstones in member 2 indicate 
that this member was dominantly derived from 
the elevated Zelong Group volcanic rocks in the 
hanging wall of the Gugu La thrust.

During the third stage (members 3, 4, and 
5), sediment routing became axial relative to 
the thrust-related topographic high (Fig. 13C), 
as recorded by the roughly eastward paleoflow 

directions. Laterally overlapping and lenticular 
sandstone beds with much thicker sandstone 
packages indicate deeper (~2–3 m of water 
depth) migrating fluvial channels, whereas the 
thick siltstone beds were deposited in the distal 
floodplain areas of a braided river system.

Late Cretaceous Paleogeography of 
the Lhasa Terrane

Due to the northward subduction of the 
Neotethyan oceanic slab and Lhasa-Qiangtang 
terrane collision, several sedimentary basins 
developed in the Lhasa terrane during the Late 
Cretaceous. Here, we compare the contempo-
raneous basins of the Lhasa terrane in order to 
restore the Late Cretaceous paleogeography and 
depositional framework of the region (Fig. 13D; 
Fig. 14).

The Xigaze forearc basin was located between 
the Indus-Yarlung suture zone and the Gangdese 
magmatic arc and accumulated thousands of 
meters of a range of Albian–Campanian deep-
water submarine fan turbidites to delta deposits 
(Dürr, 1996; Wang et al., 2012; An et al., 2014; 
Orme et al., 2014). The Gangdese magmatic arc 
was the dominant source area for this basin (Wu 
et al., 2010; Orme et al., 2014). Recently, detrital  
zircon Hf isotopes from the Xigaze forearc 
basin have revealed that the northern Lhasa 
subterrane could also have provided sediments 
after ca. 88 Ma, which implies that the northern 
Lhasa subterrane would have been an erosional 
landscape by ca. 88 Ma. This condition would 
also imply that the southward-flowing rivers 
cut across the Gangdese arc to link the northern 
Lhasa subterrane to the Xigaze forearc basin (An 

et al., 2014). In the north of the Gangdese mag-
matic arc, the Late Cretaceous Linzhou Basin 
accumulated >2000 m of the Takena Formation. 
The lower part (Penbo member of the Takena 
Formation) is interpreted to have been deposited 
in a shallow marine seaway and is overlain by 
multistory-multilateral braided streams (Lhun-
zhub member of the Takena Formation) in the 
upper part (Leier et al., 2007a). Through the 
integration of the provenance analysis, basin 
subsidence, and the location of the regional 
fold-and-thrust belt (Kapp et al., 2007b), the 
Linzhou Basin has been interpreted as a retroarc 
foreland basin north of the Gangdese magmatic 
arc (Leier et al., 2007a). The southern Nima and 
Selin Co Basins, located on the northern margin 
of the northern Lhasa subterrane, were strongly 
influenced by the activity of the Gaize–Selin Co 
thrust during Late Cretaceous time (Kapp et al., 
2007a). The Upper Cretaceous Jingzhushan 
conglomerate was mostly derived from the 
Langshan limestone in the hanging wall of the 
Gaize–Selin Co thrust (DeCelles et al., 2007b; 
Zhang et al., 2012).

Based on previous work and the results of 
this study, the northern Lhasa subterrane accu-
mulated the widespread, shallow, Orbitolina-
rich Langshan limestone during Aptian–early 
Cenomanian time (Zhang, 2000; Zhang et al., 
2004). The formation of this limestone may 
record large-wavelength subsidence associated 
with oceanic slab subduction and mantle flow 
comparable to the Western Interior Seaway 
of North America (Murphy et al., 1997; Leier 
et al., 2007a). Subsequently, the northern Lhasa 
subterrane accumulated the terrestrial clastic 
rocks of the Daxiong Formation. In the Coqen 
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Basin, a roughly southward and eastward fluvial 
system developed and was sourced from the 
northern Lhasa subterrane. Simultaneously, the 
southern Lhasa subterrane (Gangdese magmatic 
arc) served as a source for both the Linzhou 
retro arc foreland basin to the north and the 
Xigaze forearc basin to the south (Leier et al., 
2007a; Wu et al., 2010; An et al., 2014). The 
Xigaze forearc basin was still close to sea level 
and received sediment from the northern Lhasa 
subterrane at ca. 88 Ma (Dürr 1996; Wang et al., 
2012; An et al., 2014). Therefore, during Late 
Cretaceous time (approximately post–88 Ma), 
there must have been a southward-flowing river 
that cut across the Gangdese magmatic arc and 
that originated from the northern Lhasa sub-
terrane, which fed both the Daxiong Forma-
tion and the Xigaze forearc basin (Fig. 13D). 
This scenario can be compared to the Rocky 
Mountain area in the Cordilleran orogen belt of 
North America, in which the westward “Tyee” 
paleoriver cut across the Cordilleran magmatic 
arc to reach the Pacific Ocean during the mid-
Eocene (Dickinson et al., 1988).

Tectonic Controls on the Coqen Basin

As previously outlined, at least two tectonic 
models have been proposed for Late Cretaceous 
basin evolution in the northern Lhasa subter-

rane. A peripheral foreland basin was proposed 
to be the result of crustal loading along the 
accretionary suture during Lhasa-Qiangtang 
collision (Leeder et al., 1988; Murphy et al., 
1997). Another model was proposed by Leier 
et al. (2007a), who suggested that the contem-
poraneous Takena Formation in the Linzhou 
Basin records a retroarc foreland basin devel-
oped to the north of Cretaceous Gangdese fold-
and-thrust belt (e.g., GTB in Fig. 13E; Kapp 
et al., 2007b).

Any tectonic model of the tectonic evolu-
tion of the Late Cretaceous Coqen Basin in the 
northern Lhasa subterrane must account for 
the following: (1) the Langshan and Daxiong 
Formations may have been influenced by the 
subduction of Neotethyan oceanic slab to the 
south and the Lhasa-Qiangtang collision to the 
north; (2) the Daxiong Formation unconform-
ably overlies the widespread upper Aptian to 
lower Cenomanian Langshan limestone; (3) the 
Daxiong Formation records syn-tectonic depo-
sition linked to a south-directed thrust (Gugu 
La thrust); (4) the terrestrial alluvial fan and 
braided river environments of the Daxiong For-
mation suggest short transport distances, rapid 
accumulation, and localized source areas; and 
(5) the Daxiong Formation was mostly sourced 
from the Lower Cretaceous Zelong volcanic 
rocks and pre-Cretaceous strata in the northern 

Lhasa subterrane instead of the southern Gang-
dese magmatic arc.

The provenance derived from the northern 
Lhasa subterrane indicates that the Coqen Basin 
is inconsistent with a retroarc foreland basin 
related to the Gangdese magmatic arc (Leier 
et al., 2007a). Therefore, synthesizing the obser-
vations in this study, we present a new tectonic 
model for the Late Cretaceous Coqen Basin in 
the northern Lhasa subterrane.

During the late Aptian to early Cenomanian 
(ca. 113–96 Ma), the northward subduction of 
the Neotethyan oceanic slab commenced along 
the southern margin of the Lhasa terrane, and an 
“Andean-style” convergent margin developed 
(e.g., Allégre et al., 1984; England and Searle, 
1986; Fielding, 1996). The Langshan Formation 
stretched from the Gaize–Selin Co thrust in the 
north to the Gangdese magmatic arc in the south 
(Kapp et al., 2005). The Langshan limestone is 
proposed to record a widespread marine incur-
sion driven by the northward subduction of the 
Neotethyan oceanic slab (Leier et al., 2007a; 
DeCelles et al., 2007b).

During the Late Cretaceous (Cenomanian 
to Turonian, ca. 96–91 Ma), the Coqen Basin 
developed between the Gangdese magmatic arc 
to the south and the northern Lhasa subterrane 
to the north. The Daxiong Formation contains 
sediment sourced from the local topography of 
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the northern Lhasa subterrane and was influ-
enced by syn-depositional deformation. Based 
on our current understanding of the Late Creta-
ceous Coqen Basin, we suggest that it should be 
described as a foreland basin without assigning 
any specific controls other than flexure during 
thrusting on the Gugu La thrust and loading by 
the northern Lhasa subterrane (Fig. 13E).

Although sediment delivery to the Coqen 
Basin was locally derived from the northern 
Lhasa subterrane, this does not exclude the pos-
sibility that the deformation was linked to the 
growth of the fold-and-thrust belt that resulted 
from the Lhasa-Qiangtang collision along the 
Bangong-Nujiang suture zone. In this situation, 
the Nima Basin can be considered a wedge-top 
depocenters, and the Coqen Basin would have 
been the foredeep to a peripheral foreland basin 
system (DeCelles and Giles, 1996) associated 
with the Lhasa-Qiangtang collision (Leeder 
et al., 1988; Murphy et al., 1997).

The tectonic framework for the Coqen Basin 
is comparable with many intramontane basins in 
the Central Andes, such as the Altiplano Basin 
in Bolivia. During mid-Paleocene to early Oligo-
cene times, the Altiplano region was a retro arc 
foreland basin that was principally sourced from 
the Western Cordillera magmatic arc (Horton 
et al., 2001, 2002; DeCelles and Horton, 2003). 
In the late Oligocene, the Pacific plate subducted 
more rapidly eastward beneath the Andes range, 
causing back-thrusts to the east of the Altiplano 
(Leier et al., 2013; Garzione et al., 2014) and 
resulting in a north-south–trending plateau char-
acterized by an internal drainage system. This 
basin accumulated ~3 km of upper Oligocene 
conglomerate beds, which were mostly sourced 
from the thrust belt to the east (Horton et al., 
2002; Leier et al., 2010). These depositional and 
tectonic setting characteristics of the late Oligo-
cene Altiplano Basin have been referred to as a 
“hinterland basin” (Horton et al., 2002; Horton, 
2012; Leier et al., 2010).

The Daxiong Formation in the Coqen Basin 
is broadly similar to the late Oligocene Alti-
plano Basin in its tectonic framework. However, 
by Late Cretaceous time, the Coqen Basin was 
influenced not only by subduction from the 
south but also by the Lhasa-Qiangtang collision 
to the north. If the deformation front (the Gugu 
La thrust) that controlled the northern margin 
of the Coqen Basin was mechanically linked 
to the Neotethyan oceanic slab subduction, the 
likely drivers of subsidence may have been 
comparable to those of the Altiplano Basin. 
Alternatively, if the deformation was related to 
the Lhasa-Qiangtang collision to the north, the 
Coqen Basin could be considered a peripheral 
foreland basin driven by the growth of the fold-
and-thrust belt.

Implications for the Early Uplift of 
the Northern Lhasa Subterrane

Many interpretations attempting to constrain 
the early uplift of the Tibetan Plateau have been 
published, and these interpretations vary in time 
and space (Harrison et al., 1992; Murphy et al., 
1997; Chung et al., 1998; Rowley and Currie , 
2006; DeCelles et al., 2007a; Wang et al., 
2008, 2014a; Dai et al., 2012, 2013; Xu et al., 
2013; Ding et al., 2014; Staisch et al., 2014). 
Throughout the Cretaceous, the Lhasa terrane 
was influenced by Neotethyan oceanic slab sub-
duction prior to the India-Asia collision (Ding 
et al., 2003; Zhang et al., 2004; Kapp et al., 
2005). Furthermore, the Neotethyan slab may 
have experienced flat-slab subduction beneath 
the Lhasa terrane, thereby initiating substan-
tial crustal thickening, elevation gain, and the 
development of related sedimentary basins in 
the northern Lhasa subterrane (Murphy et al., 
1997; Kapp et al., 2005, 2007a; Volkmer et al., 
2007; DeCelles et al., 2007b; Ma et al., 2013a, 
2013b, 2013c). In this tectonic framework, Late 
Cretaceous contractional deformation devel-
oped in the northern Lhasa subterrane (Murphy 
et al., 1997; Volkmer et al., 2007; Kapp et al., 
2007a), resulting in the growth of topography 
in the interior region, which was drained by 
alluvial fans and braided rivers to the north and 
south (e.g., Jingzhushan Formation in the Selin 
Co Basin; Zhang et al., 2012). Detritus in the 
Xigaze forearc basin is confirmed to have been 
partially derived from the northern Lhasa sub-
terrane after ca. 88 Ma (An et al., 2014), imply-
ing a broad distribution of sediment routing in 
the region.

The Late Cretaceous uplift of the northern 
Lhasa subterrane is also supported by petrologi-
cal studies. Several Mg-rich and adakitic vol-
canic rocks with ages of ca. 93–86 Ma exist in 
the northern Lhasa subterrane. These volcanics 
are related to crustal thickening and lower litho-
spheric delamination following the Early Cre-
taceous Lhasa-Qiangtang terrane amalgamation 
(Ma and Yue, 2010; Yu et al., 2011; Yao et al., 
2013; Wang et al., 2013; Li et al., 2013; Wang 
et al., 2014b).

No sedimentary rocks between the upper-
most Daxiong Formation and the overlying 
Cenozoic Linzizong volcanic rocks (e.g., ca. 
65–44 Ma; Liu et al., 2004; Mo et al., 2008; Lee 
et al., 2009) have been preserved. It is unknown 
whether this ~30 m.y. time gap is related to a 
depositional hiatus or post-depositional erosion. 
However, both possibilities suggest that the Late 
Cretaceous Coqen Basin was post-deposition-
ally uplifted relative to the topographic growth 
of northern Lhasa subterrane to the north, which 
further implies the early uplift of southern Tibet. 

Similarly, there is a ~50 m.y. gap (from ca. 90 
to ca. 40 Ma) documented in the southern Nima 
Basin (DeCelles et al., 2007b). Furthermore, 
in the Linzhou Basin, the undeformed Ceno-
zoic Linzizong volcanic rocks unconformably 
overlie the deformed Upper Cretaceous strata, 
which reflects ~40% upper crustal shorten-
ing and thickening during the Late Cretaceous 
(England and Searle, 1986; Pan, 1993). Actu-
ally, this unconformity is apparently widespread 
from west to east in the southern-central Lhasa 
subterrane (Murphy et al., 1997; Leier et al., 
2007a; Kapp et al., 2007a). Collectively, we 
conclude that the deposition of the Daxiong 
Formation was accompanied by crustal thick-
ening and shortening that reflects the initial 
uplift and growth of the northern Lhasa subter-
rane in southern Tibet. Paleoaltimetry studies 
in the Nima Basin (DeCelles et al., 2007a) and 
southern Qiangtang terrane (Xu et al., 2013) 
indicate that the central Tibetan Plateau reached 
elevations of at least 4000 m by the late Oligo-
cene (ca. 28–26 Ma). However, further paleo-
altimetry is required to quantify how much of 
the present elevation of the Tibetan Plateau was 
reached prior to the India-Asia collision.

CONCLUSIONS

The Langshan and Daxiong Formations in 
the Coqen Basin in the southern part of the 
northern Lhasa subterrane record the evolution 
of the Lhasa terrane during the Late Cretaceous. 
Based on this study, we have reached the follow-
ing conclusions.

(1) The Langshan limestone was deposited 
in a shallow marine setting during ca. 113–96 Ma. 
The Daxiong Formation was deposited by 
alluvial fans and braided river systems from ca. 
96 Ma to at least ca. 91 Ma, and this formation 
records the transition from a shallow sea (Lang-
shan Formation) to a terrestrial environment on 
the northern Lhasa subterrane.

(2) Detrital zircon U-Pb ages, Hf isotopes, 
and paleocurrent data indicate that the Daxiong 
Formation was derived from the northern Lhasa 
subterrane rather than the southern Lhasa sub-
terrane (Gangdese magmatic arc).

(3) The Daxiong Formation was bounded by 
the Gangdese magmatic arc to the south and 
the northern Lhasa thrust ridges to the north. 
The basin setting for the Daxiong Formation 
was likely a local foreland basin linked to the 
south-directed thrusting of the northern Lhasa 
subterrane during the Late Cretaceous. The 
syn-depositional Gugu La thrust that bounds 
the northern margin of the basin resulted 
from crustal stresses generated by Neotethyan 
oceanic  slab subduction and/or Lhasa-Qiang-
tang collision.
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(4) During Late Cretaceous time, the northern 
Lhasa subterrane experienced crustal shortening 
and thickening and provided sediment to both 
sides of the range (e.g., the Coqen Basin and 
southern Nima Basin). The Upper Cretaceous 
Daxiong Formation records the initial uplift of 
the northern Lhasa subterrane.
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