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A B S T R A C T

The first arrival of sedimentary material from Asia onto the Indian continental margin provides a minimum constraint
on the timing of initial India-Asia collision. A combination of petrology, detrital Cr-spinel geochemistry, and zircon
U-Pb dating of the Upper Cretaceous to Eocene deep-water succession at the Sangdanlin section, southern Tibet,
provides evidence for major provenance change within the strata. The Upper Cretaceous–Paleocene Denggang For-
mation quartzarenites contain zircons with dominant Proterozoic-Ordovician U-Pb ages, with an additional age peak
of Early Cretaceous, which we interpret to be derived from the northern Indian margin. By contrast, the lithic
sandstones of the Early to Middle Eocene Sangdanlin and Zheya formations are dominated by zircons younger than
200 Ma, showing one major peak at ∼80–125 Ma and two subdominant peaks at ∼54–70 and ∼180–196 Ma, comparable
to those from the Gangdese magmatic arc. Cr-spinels in the Sangdanlin and Zheya formations are abundant and
characterized by extremely low TiO2 wt%, indicating an ophiolitic source. We consider the Sangdanlin and Zheya
formations syncollisional, deposited in a foredeep basin, with the provenance being the Gangdese arc and the Yarlung
Zangbo suture zone. The abrupt sedimentary provenance change between the Denggang and Sangdanlin formations
denotes the onset of India-Asia continental collision occurring before the late Ypresian (∼50 Ma). Comparison of our
data with those from coeval strata along the Himalaya suggests limited diachroneity in the India-Asia continental
collision process.

Online enhancements: appendixes.

Introduction

Timing of the initial India-Asia collision is critical
for our understanding of the Himalayan orogenic
process and construction of models for crustal
shortening and deformation. During past decades,
a variety of approaches and techniques have been
used to constrain the timing of initial India-Asia
collision (e.g., Jaeger et al. 1989; Beck et al. 1995;
Rowley 1996; Mo et al. 2003; Leech et al. 2005;
Zhu et al. 2005). Nevertheless, a precise age of the
collision remains disputed, as suggested ages vary
between ∼70 and 34 Ma (Yin and Harrison 2000;
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Najman 2006; Aitchison et al. 2007; Chen et al.
2010; Najman et al. 2010a).

A variety of indicators have been used to con-
strain the timing of the initial India-Asia conti-
nental collision. Sedimentary indicators such as
cessation of marine facies deposition, the first ar-
rival of material derived from the Asian plate onto
the Indian margin, and the earliest strata to contain
mixed India- and Asia-sourced detritus have been
used to provide minimum constraints on the tim-
ing of the initial collision (Garzanti et al. 1987,
1996; Najman 2006). In the western Himalaya, the
timing of India-Asia collision is constrained by ces-
sation of marine deposition and inception of the
continental sedimentation of the Indus Group in



294 J . W A N G E T A L .

Figure 1. a, Simplified geological map of southern Tibet. b, Geological map of the Sangdanlin locality near Saga,
showing the location of the Sangdanlin section. Figures are modified after Pan et al. (2004).

the Indus suture. The youngest marine sediments
are composed of Nummulitic limestone of latest
Ypresian age (Green et al. 2008; Henderson et al.
2010). The coeval foreland basin sediments in Pak-
istan and north India show evidence of being
sourced from a “recycled orogen” provenance (Gar-
zanti et al. 1987; Critelli and Garzanti 1994; Naj-
man and Garzanti 2000). By contrast, in the east-
central regions of the Himalayan orogen, the timing
of the initial India-Asia collision is not as well doc-
umented. The Lower Eocene foreland sediments
(Bhainskati Formation) in Nepal, composed of pure
quartzarenites, are considered to be of an orogenic
provenance (DeCelles et al. 2004; Najman et al.
2005), but Asian-derived detritus is scant. Several
Paleogene sedimentary units containing volcanic
clasts have been reported recently from the Teth-
yan Himalaya in southern Tibet (Wang et al. 2002;
Ding et al. 2005; Li et al. 2005), but detailed strat-
igraphic and provenance studies are lacking. The
only reliable evidence is from the Qumiba section
in Tingri, where the Early Eocene Youxia Forma-
tion (Zhu et al. 2005; the Enba Member of the
Pengqu Formation in Wang et al. 2002) shows clear
evidence of detrital input from the Gangdese arc
and the Yarlung Zangbo ophiolites (Zhu et al. 2005;
Najman et al. 2010a).

In this article we present results of a study of the
Upper Cretaceous–Eocene deep-water sedimentary

sequence outcropped in the Sangdanlin area, near
Saga, southern Tibet (fig. 1). Sandstone petrologic
compositions together with detrital zircon U-Pb
isotopic age dating and Cr-spinel geochemical anal-
yses provide evidence for abrupt provenance change
in sediments deposited on the northern Indian con-
tinental margin, denoting a constraint on the tim-
ing of the initial India-Asia collision.

Geological Setting

The Himalayan orogenic belt consists of a series of
east-west or northwest-oriented lithotectonic units
(fig. 1a). From north to south, these units include
(1) the Gangdese magmatic arc, composed of Late
Triassic–Paleogene calc-alkaline granitic batho-
liths (Chung et al. 2005; Chu et al. 2006; Wen et
al. 2008; Ji et al. 2009), intruding Paleozoic and Me-
sozoic sedimentary strata and unconformably over-
lain by the Paleogene Linzizong volcanic succes-
sions (Lee et al. 2007, 2009; Mo et al. 2008); (2) the
Xigaze forearc basin, filled mainly by Cretaceous
(Albian-Santonian) clastic, deep-water turbidites
and minor marly carbonates (Einsele et al. 1994;
Dürr 1996; Wan et al. 1998); (3) the Yarlung Zangbo
suture zone, which marks the contact between In-
dian and Asian continental plates, composed of
ophiolitic rocks and tectonic mélange with serpen-
tinite or mud matrix (Hébert et al. 2003; Dubois-



Journal of Geology S A N G D A N L I N P R O V E N A N C E I N S O U T H E R N T I B E T 295

Côté et al. 2005; Dupuis et al. 2005; Bédard et al.
2009), with post–early Eocene molasse-type sedi-
ments unconformably overlying the suture zone
(e.g., Wang et al. 2010); and (4) the Tethyan Him-
alayan sedimentary sequence, deposited on the
northern Greater India continental margin, com-
posed of Paleozoic to Eocene carbonates and clastic
rocks (Jadoul et al. 1998; Garzanti 1999; Hu et al.
2008). Farther to the south, the Greater Himalaya
metamorphic rocks are separated from the Tethyan
Himalaya to the north by the South Tibetan De-
tachment Zone and by the Main Central Thrust
from the Lesser Himalaya at the south (Hodges et
al. 1996).

The Sangdanlin section (GPS: N29�15′17′′,
E85�14′52.42′′) consists of a subaerially exposed tec-
tonic block of sedimentary strata embedded within
a mud matrix tectonic mélange zone. The mélange
zone is located immediately south of the Yarlung
Zangbo ophiolitic belt and therefore tectonically
belongs to the Greater India continental plate (fig.
1b). The Sangdanlin sedimentary strata are covered
by modern fluvial sediments on the valley floor and
are in fault contact with the surrounding tectonic
mélange. This section was first noted during the
integrated scientific expedition of the Qinghai-
Tibet Plateau by the Chinese Academy of Sciences
(Yin et al. 1988). Sedimentary geochemistry of sed-
iments was reported by Wang et al. (2008). Paleo-
gene radiolarian fauna were reported from inter-
calated cherts by Ding (2003) and Li et al. (2007;
fig. 2).

Analytical Methods

The Sangdanlin section was logged and described
in detail during several field seasons. More than 60
samples were collected for laboratory study. Thin
sections were prepared from all samples, from
which 18 less altered and coarse-grained sandstones
were selected for detrital modal analysis. For con-
sistency and accuracy, ∼400 points were counted
per sample, following the Gazzi-Dickinson point-
counting method (Dickinson and Suczek 1979; In-
gersoll et al. 1984). Heavy minerals were separated
by elutriation and magnetic methods, from which
zircons and Cr-spinels were collected, and mounted
in epoxy and polished for analyses. All analyses
were conducted at State Key Laboratory for Mineral
Deposits Research, Nanjing University. Data are
listed in tables B1–B3, available in the online edi-
tion or from the Journal of Geology office.

Zircon U-Pb ages were measured by LA-ICP-MS,
following methods described by Jackson et al.
(2004). Details on instrumental conditions and data

acquisition can be found in work by He et al. (2010).
Analyses of Mud Tank zircon as an unknown
yielded a weighted 206Pb/238U age of Ma (2j;731 � 6

), which is in good agreement with the rec-n p 49
ommended value ( Ma; BlackTIMS age p 732 � 5
and Gulson 1978). Analytical results and relevant
isotopic rates were calculated using GLITTER 4.4
(Van Achterbergh et al. 2001). Common Pb correc-
tions were carried out using the method described
by Andersen (2002). Age calculations and plotting
of concordia diagrams were performed using
Isoplot 2.49 (Ludwig 2001). Zircon ages older than
200 Ma with 110% (or less than �10%) discordance
or younger than 200 Ma with 140% (or less than
�20%) discordance are not considered further. The
zircon age statistics (fig. 2) were conducted using
the Age Pick program of the University of Arizona
(http://www.geo.arizona.edu/alc/Analysis%20Tools
.htm). In this study, interpretations of zircon ages
are based on 206Pb/238U ages for grains younger than
1000 Ma and 207Pb/206Pb ages for grains older than
1000 Ma, as 206Pb/238U ages are generally precise for
younger ages, whereas 207Pb/206Pb ages are more pre-
cise for older ages.

Cr-spinel geochemical composition was deter-
mined using a JEOL JXA-8100M electron micro-
probe. Analysis was conducted under the following
conditions: accelerating voltage 15 kV, beam cur-
rent 20 nA, beam diameter 1 mm, ZAF correction
model. Detecting time was 10 s for Al, Fe, and Mg;
20 s for Ti, Mn, Cr, V, and Ni; and 30 s for Zn.
Detection limits were about 200 ppm for all ele-
ments. All Fe was expressed as FeO, and the ferric
iron content of each analysis was calculated fol-
lowing the methods provided by Barnes and Roeder
(2001).

Stratigraphy and Sedimentology

The sedimentary strata outcropping at the Sang-
danlin section can be subdivided into three litho-
logic units, which from the bottom to the top are
the Denggang Formation, the Sangdanlin Forma-
tion, and the Zheya Formation (figs. 2, 3a). The
Denggang Formation (fig. 2, units 1–13) consists in
its lower part of ∼185-m-thick yellowish fine- to
pebbly-grained quartzarenites, intercalated with
light greenish gray siltstone and silty shales. Its up-
per part consists of ∼45-m-thick red siliceous shales
and radiolarian chert intercalated with quartz sand-
stone interbeds (fig. 3b, 3c). In addition, a ∼60-cm-
thick bed of green litharenites with abundant ba-
saltic grains was observed within unit 10 of the
Denggang Formation (fig. 2). The boundary be-
tween the Sangdanlin and Denggang formations in



Figure 2. Stratigraphic column of the Sangdanlin section, showing sample locations, radiolarian fauna (Ding 2003;
Li et al. 2007), zircon U-Pb ages, and sandstone detrital modes.
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the field is not clearly exposed and could be either
sedimentary or tectonic.

Ding (2003) has described the lower part of quartz
sandstones at the Sangdanlin section as the Zong-
zhuo Formation. We disagree with the use of the
name “Zongzhuo Formation” for these strata be-
cause the name was formerly used at the Gyangze
area, about 400 km east of Saga, for a suite of Upper
Cretaceous–Paleogene tectonic mélange (e.g., Wu
et al. 1977; Liu and Einsele 1996). In an addition,
the latter strata are lithostratigraphically very dif-
ferent from the lower part of the Sangdanlin sec-
tion. According to the International Stratigraphic
Guide (Salvador 1994), we therefore introduce a
new stratigraphic name, the “Denggang Forma-
tion,” as Denggang is the name of a nearby village
(fig. 1b). Sandstone beds in the Denggang Forma-
tion are several centimeters to several meters thick
and are in sharp contact with the surrounding silty
shales. Cross-bedding, parallel lamination, normal
grading, and flute casts are present in the sandstone
beds (fig. 3b). The orientation of cross-beds indi-
cates a northward paleocurrent flow. We suggest
that the Denggang Formation was deposited at the
toe of the Greater Indian continental margin, with
the sandstones being deposited by turbidites. De-
position on the deeper continental margin is sup-
ported by the occurrence of red siliceous shales
overlying the sandstone turbiditic beds in the upper
part of the formation. Such shales are known from
several areas in southern Tibet, where they were
interpreted as marine abyssal deposits, deposited
below the carbonate compensation depth (Hu et al.
2005). Ding et al. (2005) assigned a Maastrichtian
age (70–68 Ma) to the Denggang Formation on the
basis of planktonic foraminifera identification from
carbonate layers in the lower part of this formation.
However, in the field we did not find any carbonate
beds in this part of the sequence. Instead, radiolar-
ian fauna discovered from cherts of unit 11 and in
reddish siliceous shales at the top of the Denggang
Formation indicate a Late Campanian (Li et al.
2007) and Paleocene (65–55 Ma; radiolarian zone
RP1–RP6 of Hollis 1997; Ding 2003) age.

The Sangdanlin Formation (units 14–25) over-
lying the Denggang Formation is lithologically dis-
tinct and consists of ∼125-m-thick dominantly
greenish gray litharenites intercalated with red and
light green siliceous shales and cherts. It is impor-
tant to point out that few intercalated quartz sand-
stone beds present within units 16, 17, and 20 (fig.
2) have the same petrologic composition as the
sandstones in the underlying Denggang Formation.
Some of the litharenitic beds are lensoid in shape,

with disconformable contact with the surrounding
shales, which we suggest were deposited as sub-
marine olistoliths or slides.

The Zheya Formation (units 26–49, 1400 m; fig.
2) conformably overlies the Sangdanlin Formation
and consists of dark gray silty shales interbedded
with lithic sandstones (fig. 3d) and minor varie-
gated cherts. Various exotic blocks, including con-
glomerate, sandstone, and carbonate rocks, are em-
bedded within the silty shales in the upper part of
the Zheya Formation (fig. 2; fig. 3e, units 30, 41,
44). Sandstone beds from the Sangdanlin and Zheya
formations display thickening and coarsening-
upward trends, with several thick-bedded pebbly
sandstones present at the top of the outcrop (fig.
2). Sedimentary structures in the sandstone beds
include normal grading, flute casts, and slump
structures. The Sangdanlin and Zheya formations
are interpreted to be deposited in a deep marine
environment with interbedded sandstones depos-
ited by turbidites.

Radiolarian fauna reported from cherts in the
lower part of the Sangdanlin Formation (unit 16)
include Amphisphaera coronata (Ehrenberg), Bur-
yella hannae Bak and Barwicz-Piskorz, Buryella
clinata Foreman, Buryella tetradica Foreman, Cal-
ocycloma ampulla (Ehrenberg), Lamptonium fa-
baeforme constrictum Riedel and Sanfilippo,
Lamptonium pennatum Foreman, Lithomespilus
coronatus Squinabol, and Lamptonium (?) colym-
bus Foreman (Li et al. 2007). Although the index
species are not present, the co-occurrence of the
above-mentioned radiolarian species suggests that
the assemblage could be assigned to the Phormo-
cyrtis striata striata radiolarian zone (RP9, 49–50.3
Ma; Sanfilippo and Nigrini 1998). Considered to-
gether with the youngest detrital zircon U-Pb ages
of ∼54 Ma from the base of the Sangdanlin For-
mation, deposition of the Sangdanlin Formation
should begin during the Late Ypresian. No fossils
have been reported from the Zheya Formation, but
according to the youngest zircon age (49.1 � 0.7
Ma) from the topmost part of the formation, its age
may extend up to the early Middle Eocene, or it
may be even younger.

Results

Sandstone Petrology. Quartz sandstones within
the Denggang Formation and in the lower part of
the Sangdanlin Formation are composed of ∼98%
quartz grains with trace amounts of feldspars and
lithic fragments (fig. 3f). Quartz grains are poorly
to well sorted, subangular to well rounded, and ce-



Figure 3. a, Panoramic photograph of the Sangdanlin section, looking northwestward, with apparent stratigraphic
units signed. b, Flute casts at the bottom of a quartz sandstone bed (unit 13). c, Siliceous shale and chert in the upper
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part of the Denggang Formation. d, Clastic turbidites from the lower part of the Zheya Formation. e, Exotic con-
glomerate blocks within the Zheya Formation (unit 30). f, Quartz sandstone from the Denggang Formation (sample
06SDL08-1). g, Litharenite from the Denggang Formation (sample 09SDL10-A, unit 10), in which lithic fragments are
mostly basaltic. h, Lithic sandstone from the Sangdanlin Formation (sample 05SDL15-1), showing abundant volcanic
fragments. i, Lithic sandstone from the upper part of the Zheya Formation (sample 06SDL47-1), showing recycled
shale fragments. Q, quartz; Pl, plagioclase; KF, K-feldspar; Lm, metamorphic rock fragment; Lv, volcanic rock fragment;
Ls, sedimentary rock fragment.

mented by silica. Accessory minerals include zir-
con, rutile, tourmaline, minor muscovite, epidote,
leucoxene, apatite, and Cr-spinel.

Litharenites within the Denggang Formation
(unit 10) have a composition of Qm : F : Lt p
40 : 6 : 54 and Qt : F : L p 41 : 6 : 53 (fig. 4a).
Quartz grains are subangular to subrounded and
poorly sorted. Lithic fragments are almost all ba-
saltic and moderately altered as a result of chlori-
tization (fig. 3g). Feldspar is a minor component,
consisting mainly of plagioclase.

Lithic sandstones from the Sangdanlin and Zheya
formations have average modal compositions of
Qm : F : Lt p 41 : 9 : 50 and Qt : F : L p 42 : 9 : 49
(fig. 4a). Angular to subangular poorly sorted mono-
crystalline quartz is the primary constituent of to-
tal quartz grains within the samples (fig. 3h). Most
of the quartz grains are clear and have uniform ex-
tinction, while some grains have an embayed tex-
ture, suggesting volcanic origin. Lithic fragments
are abundant and constitute, on average, 49% of
total framework grains. Volcanic fragments are the
predominant lithic component of the sandstones
(fig. 4b) and are composed of moderately to highly
altered andesite, trachyte, and minor dacite and ba-
salt. In addition to volcanic grains, the sandstones
contain lithic grains derived from sedimentary and
metamorphic strata, including chert, shale, silt-
stone, and phyllite. Feldspar is a minor constituent
in the sandstones, with approximately equal
amounts of plagioclase and potassic feldspars. A
few pebbly sandstone beds occur at the top of the
Zheya Formation, with gravel being dominated by
dark gray shales and siltstones (fig. 3i). These
coarse-grained intraclasts are generally 2–10 mm in
size and angular in shape. They are similar in com-
position and texture to dark shales and siltstones
occurring within the section; thus, we suggest that
these detritus may be derived from erosion of the
underlying strata. Accessory minerals in the Sang-
danlin and Zheya formations include zircon, mag-
netite, tourmaline, Cr-spinel, and less commonly
rutile, apatite, and ilmenite.

Exotic conglomerates (fig. 3f, units 30, 44) in the
Zheya Formation consist of moderately sorted, sub-
rounded to rounded chert, serpentinite, quartzite,

siltstone, and carbonate pebbles within a sand-size
matrix. Exotic litharenites (mostly within unit 30)
are composed of quartz, chert, plagioclase, volcanic
fragments with minor serpentinite, K-feldspar, and
some sedimentary fragments. Carbonate clasts are
rare and observed mostly in units 41 and 42, where
they are composed of bioclastic limestone and
dolomite.

On the QFL ternary diagram (Dickinson 1985),
the quartz-rich sandstones of the Denggang For-
mation plot in the continental block provenance
field (fig. 4a), indicating that they were ultimately
derived from a cratonic interior, which is consistent
with the presence of an ultrastable accessory min-
eral assemblage (zircon, rutile, tourmaline; fig. 2).
In contrast, the lithic-rich sandstones of the Sang-
danlin and Zheya formations plot in the recycled
orogen provenance field (fig. 4a). Recently, Garzanti
et al. (2007) subdivided the orogenic provenance
into five primary domains (magmatic arc, obducted
or accreted ophiolite, neometamorphic axial belt,
accreted paleomargin remnants, and accreted oro-
genic clastic wedge) based on a provenance study
of modern orogenic belts. Abundant volcanic
grains, including basalt, andesite, trachyte, and da-
cite, within the lithic sandstones of the Sangdanlin
and Zheya formations would point to an undis-
sected magmatic arc source. However, comparing
the data with modern undissected arc provenance
settings (fig. 4a; Garzanti et al. 2007), we find that
the detrital composition of the Sangdanlin and
Zheya sandstones has relatively less feldspar but
more quartz. Thus, most probably an additional
quartzose sedimentary source of the paleomargin
remnants of Garzanti et al. (2007) contributed to
the detrital composition of the Sangdanlin and
Zheya sandstones.

Detrital Cr-Spinel Geochemical Composition. Cr-
spinel is a widespread heavy mineral in the sand-
stones. It has been used often as a provenance in-
dicator for the occurrence of mafic and ultramafic
rocks. Most of the spinels from residual mantle pe-
ridotites can be readily differentiated from those
hosted in volcanic rocks by their chemical com-
position. The former tend to have lower TiO2 con-
tents (less than 0.2%) and higher Fe2�/Fe3� ratios
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Figure 4. Detrital modes of sandstones from the Sangdanlin section, southern Tibet. Provenance fields are from
Dickinson (1985). a, QFL ternary plot; gray fields show detrital modes from the modern arc settings (Garzanti et al.
2007). b, LmLvLs ternary diagram shows that lithic detritus in the Sangdanlin and Zheya formations comprise
dominant volcanic rock fragments (Lv) and subordinate sedimentary rock fragments (Ls). Q, quartz grains; F, Feldspar
(K-feldspar � plagioclase); L, lithic detritus; Lm, metamorphic rock fragment; Lv, volcanic rock fragment; Ls, sedi-
mentary rock fragment; CB, continental block provenance; RO, recycled orogen provenance; MA, magmatic arc
provenance.

(12; Lenaz et al. 2000; Kamenetsky et al. 2001).
Only trace amounts of detrital Cr-spinels were
found in the quartz sandstones of the Denggang
Formation. Cr-spinels are dark in color and sub-
rounded to rounded in shape. Geochemical analy-
ses indicate that these spinels have a TiO2 content
between 0.05% and 1.04% (0.48% on average) and
Fe2�/Fe3� ratios of 1.48, on average, indicating vol-
canic origin (fig. 5a; Kamenetsky et al. 2001). Mg#
(Mg/(Mg � Fe2�)) of these spinels is between 0.39
and 0.68, with a corresponding Cr# varying from
0.57 to 0.78, which is similar to that for spinels
from stratiform complexes (fig. 5b; Irvine 1974;
Dick and Bullen 1984). On the TiO2 versus Al2O3

plot (fig. 5a), Cr-spinels from the Denggang For-
mation significantly overlap with spinels from the
Tethyan Himalayan pre-Cretaceous strata (Sciun-
nach and Garzanti 1997; Hu et al. 2010).

Lithic sandstones from the Sangdanlin and Zheya
formations have a relatively high content of Cr-
spinels, which are dark brown to dark reddish
brown in color and euhedral to subhedral in shape.
These spinels are characterized by extremely low
TiO2 contents (commonly !0.2 wt%) and relatively
high Fe2�/Fe3� ratios (3.41 on average). Mg# is
mostly between 0.34 and 0.60, and corresponding
Cr# ranges from 0.53 to 0.97. On the tectonic di-
agrams, these spinels plot into the suprasubduction
zone peridotite field (fig. 5a) and significantly over-

lap with spinels from the Yarlung Zangbo ophiolite
(Wang et al. 2000; Hébert et al. 2003; Bédard et al.
2009; fig. 5b). Detrital spinels with similar geo-
chemical compositions have been reported from
the Eocene Youxia and Shenkeza formations in Tin-
gri, southern Tibet. They were interpreted to be
derived from the arc and ophiolitic igneous se-
quences of the Yarlung Zangbo suture zone and
from the Gangdese arc (Zhu et al. 2005).

Detrital Zircon U-Pb Age. Three sandstone sam-
ples from the Denggang Formation were collected
for detrital zircon age analyses. Ninety-six zircon
grains from sample 06SDL03-1 (quartzarenite), 111
grains from sample 06SDL08-1 (quartzarenite), and
85 grains from sample 09SDL10-A (litharenite)
were dated by the U-Pb method, of which 268 ages
are of sufficient concordance and precision for prov-
enance interpretation (fig. 6). All three samples
show similar zircon age patterns, with most zircons
(94%) of Precambrian-Ordovician age and only 6%
of Mesozoic age. The young zircons are clustered
at the Early Cretaceous, with ages ranging from

to Ma, with a peak at ∼127 Ma.117 � 3 148 � 3
Proterozoic-Ordovician zircons show a broad clus-
ter of ages between ∼450 and ∼1400 Ma, with age
peaks at ∼510, ∼900, and ∼1130 Ma. Another small
cluster of zircon ages occurs between ∼1500 and
1750 Ma (fig. 7).

Lithic sandstone samples 06SDL14-1 and
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Figure 5. Tectonic setting discrimination plots for Cr-spinels from the Sangdanlin section, southern Tibet. a, TiO2

versus Al2O3 diagram; tectonic fields are after Kamenetsky et al. (2001). b, Cr# versus Mg# diagram; tectonic fields
are after Irvine (1974) and Dick and Bullen (1984). Data from the Tethyan Himalayan strata, the Youxia and Shenkeza
formations from Tingri, southern Tibet, and the Yarlung Zangbo ophiolite are plotted for comparison. CFB, continental
flood basalt; MORB, mid-ocean ridge basalt; OIB, ocean island basalt; SSZP, suprasubduction zone peridotite. Data
sources: Youxia Formation p Zhu et al. 2005; Tethyan Himalayan Cretaceous p Zhu et al. 2004, Hu et al. 2010;
pre-Cretaceous p Sciunnach and Garzanti 1997, Hu et al. 2010; Yarlung Zangbo ophiolite p Wang et al. 2000, Hébert
et al. 2003, Bédard et al. 2009.

06SDL24-1, collected from the base and the top of
the Sangdanlin Formation, yielded 79 and 98 con-
cordant ages, respectively (fig. 6). These zircons are
predominantly of Mesozoic to Cenozoic age (85%),
with a small amount of zircons of Paleozoic and
Precambrian age (15%). Most of the Mesozoic and
Cenozoic zircons cluster around the Cretaceous,
ranging from 80 to 125 Ma, with the main age peak
at ∼88 Ma. Other young zircons fall mostly into
two age groups at ∼54–70 and ∼180–196 Ma (fig. 7).
The youngest age obtained from sample 06SDL14-
1 is Ma, with discordance of �2%, and53.9 � 0.8
other younger ages include , ,54.2 � 0.9 55 � 2

, and Ma, with discordance of 5%,56 � 1 57 � 2
�4%, 0%, and 0%, respectively. These young ages
form an age peak at ∼54 Ma, providing reasonable
constraint on the maximum depositional age of the
Sangdanlin Formation (e.g., Dickinson and Gehrels
2009).

Lithic sandstone sample 06SDL43-2 from the up-
per part of the Zheya Formation yielded 72 usable
zircon ages. The age pattern is broadly similar to
that from the Sangdanlin Formation (fig. 7). The
youngest age of Ma (2% discordance) and49.1 � 0.7
other younger ages of , , and56 � 1 59 � 1 59 � 3
Ma indicate that the deposition of the Zheya For-
mation could have persisted into the early Middle
Eocene or could be even younger.

Provenance Interpretations

Overview of Zircon Ages from the Lhasa Terrane and
Himalayas. The basement of the Lhasa terrane in-
cludes 850- and 530-Ma orthogneiss overlain by
Ordovician-Cenozoic sedimentary and volcanic se-
quences (Yin and Harrison 2000; Guynn et al. 2006).
Late Triassic–Eocene granitoids of the Gangdese
batholith are widespread in the southern part of the
Lhasa terrane. Detailed geochronologic studies in-
dicate that the Gangdese magmatism occurred
mostly during three episodes: the latest Triassic–
Jurassic (∼205–152 Ma), Cretaceous (∼109–80 Ma),
and Paleogene (∼65–41 Ma; fig. 8; Chu et al. 2006;
Wen et al. 2008; Ji et al. 2009). The Gangdese bath-
olith is overlain by the 65–43-Ma Linzizong vol-
canic sequence (e.g., Zhou et al. 2004; Mo et al.
2008; Lee et al. 2009). Detrital zircons from the
sedimentary rocks in the Lhasa terrane show wide
age ranges at ∼2000–1700, 1400–1000, 600–200, and
160–100 Ma (Leier et al. 2007).

Zircon ages from the Tethyan Himalaya differ
significantly from those of the Lhasa terrane. De-
trital zircons from clastic strata in the Tethyan
Himalaya are characterized by Cambrian-Ordovi-
cian age peaks at ∼550–470 Ma (Gehrels et al. 2003,
2006). Precambrian ages are mostly within the
range of ∼570–1200 Ma, with another peak at ∼1500
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Figure 6. Panel a and the lower part of its Y-axis are expanded in b, showing U-Pb concordia for detrital zircons
from the Lower Cretaceous–Eocene sandstones in the Sangdanlin section, southern Tibet. Ages are shown (Ma), and
ellipses show 1j errors. Analyses in gray are highly discordant and hence are not included in the discussion.

Ma (Gehrels et al. 2003; Myrow et al. 2003). In ad-
dition, an Early Cretaceous age group of zircons is
present (∼145–100 Ma) within the Cretaceous
strata (Hu et al. 2010; fig. 7). Greater Himalayan
detrital zircon ages are broadly clustered at ∼1100
Ma, with lesser peaks at ∼1500–1700 and ∼2500
Ma. Lesser Himalayan detrital zircons have age dis-
tribution peaks centered at ∼1850 and ∼2500 Ma
(DeCelles et al. 2004).

Provenance of the Denggang Formation. Detrital
zircon ages from the Denggang Formation are iden-
tical to those obtained from the Early Cretaceous
Wölong volcaniclastics in the Tingri area (fig. 7; Hu
et al. 2010) and show a typical Tethyan Himalayan
age pattern. The Early Cretaceous zircons with ages
from 117 to 148 Ma (peak at ∼127 Ma) could be
attributed to the Early Cretaceous volcanic event
that occurred at the northern Indian margin when
the Indian continent began to separate from the
Australia-Antarctica supercontinent (Hu et al.
2010). The age peak at ∼450–540 Ma previously

documented in the Tethyan Himalaya sedimentary
sequences (DeCelles et al. 2000) and northern In-
dian granites (Gehrels et al. 2003, 2006; Cawood et
al. 2007) was assigned to the Cambrian-Ordovician
orogenic event after Gondwanan assembly by Ca-
wood et al. (2007). Zircon ages ranging from Ar-
chaean to early Paleozoic are also common in the
northern Indian and Tethyan sedimentary strata.

The detrital zircons from the litharenite within
unit 10 of the Denggang Formation have the same
U-Pb age pattern as those from quartzarenites de-
rived from the northern Indian continent. The co-
existence of quartzarenites and volcanic arenites in
the upper Denggang Formation can be explained in
several ways. One possibility is by hydraulic sort-
ing, with a current example being the modern Nile
River deposits (Garzanti et al. 2006). The second is
that abrupt changes in source areas or in weath-
ering conditions at the Indian margin may also lead
to a significant influx of volcanic detritus present
in the upper Denggang Formation. Widely distrib-



Figure 7. Relative U-Pb age probability of detrital zircons from the Sangdanlin section, southern Tibet. Data from
the Xigaze forearc basin (Wu et al. 2010), the Tethyan Himalayan Lower Cretaceous Wölong volcaniclastics (Hu et
al. 2010), and the Gangdese arc (Ji et al. 2009 and references therein) are shown for comparison.
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Figure 8. Schematic cross sections showing the tectonic
settings for the evolution of sediment provenance in the
Sangdanlin section, southern Tibet.

uted Early Cretaceous volcanic rocks at the north-
ern Indian margin, which contribute sources to the
Wölong volcaniclastics (Jadoul et al. 1998; Hu et
al. 2010), Tianba flysch (Zhu et al. 2004), and Giu-
mal sandstones (Garzanti 1991), may have supplied
volcanic detritus for the litharenites of the Deng-
gang Formation.

Cr-spinels from the Denggang Formation have a
relatively high TiO2 content (0.48% on average),
indicating a volcanic origin. On the tectonic dia-
gram (fig. 5a), these spinels plot mostly into arc
field, overlapping with spinels from the pre-Cre-
taceous Tethyan Himalayan strata (Sciunnach and
Garzanti 1997; Hu et al. 2010). As the northern
Indian continent represented a tectonically stable
environment and igneous activity was rare, we sug-
gest that Cr-spinels from the Denggang Formation
have a similar/same source or are recycled from the
older Tethyan sedimentary rocks (e.g., Sciunnach
and Garzanti 1997; Hu et al. 2010).

Provenance of the Sangdanlin and Zheya Forma-
tions. Abundant volcanic fragments including an-
desite, trachyte, dacite, and basalt in the Sangdan-
lin and Zheya formations indicate significant input
of sedimentary material derived from an undis-
sected magmatic arc. The source had to be located
north of the Sangdanlin area, since the cross-
bedding in the sandstones shows southward-
directed paleocurrent flows (Ding et al. 2005).

Therefore, the Gangdese arc located to the north of
the study area and composed of Late Triassic–
Eocene granitic batholith and widespread volcanics
is the most probable source area for those detritus.
As discussed above, the detrital mode with less
feldspar and more quartz when compared to mod-
ern arc provenance (Garzanti et al. 2007) requires
an additional quartz-rich source. We suggest that
the Lhasa block was the most probable such source
providing additional quartzose detritus to the sand-
stones of the Sangdanlin and Zheya formations.

A comparison of zircon ages from the Sangdanlin
and Zheya formations with published zircon U-Pb
ages from the Gangdese magmatic rocks shows that
three young age groups in the Sangdanlin and
Zheya formations (∼196–180, ∼125–80, and ∼70–54
Ma) match well with the three stages of Gangdese
arc magmatism, which occurred at ∼205–152,
∼109–80, and ∼65–41 Ma (fig. 7; Chung et al. 2005;
Chu et al. 2006; Wen et al. 2008; Ji et al. 2009). A
few old zircon grains in the litharenite are inter-
preted to have been recycled from the Lhasa ter-
rane. Detrital zircon age spectra from the Sangdan-
lin and Zheya formations are also similar to those
from the Xigaze forearc basin successions (fig. 7;
Wu et al. 2010), which were interpreted to be de-
rived from the Gangdese magmatic arc and the
Lhasa terrane.

Cr-spinels from the Sangdanlin and Zheya for-
mations are characterized by extremely low TiO2

contents, suggesting an origin from a residual man-
tle source (Lenaz et al. 2000; Kamenetsky et al.
2001). On the tectonic diagram, these spinels plot
in the suprasubduction zone field (fig. 5a; Kame-
netsky et al. 2001) and significantly overlap with
Cr-spinels from the Yarlung Zangbo ophiolite (fig.
5b). Their nearby position on a tectonic plot and
their geochemical similarity suggest that the Yar-
lung Zangbo suture zone ophiolite is the most
likely source for the Cr-spinels. Considered to-
gether, detritus that comprise the sandstones of the
Sangdanlin and Zheya formations were derived
mostly from the Gangdese arc, with subordinate
input from the Lhasa terrane and the Yarlung
Zangbo ophiolites.

Discussion

Tectonic Types of Sedimentary Basins. The Late
Cretaceous–Paleogene quartz sandstones of the
Denggang Formation have a southern provenance
from the Indian continent and were deposited at
the toe of the continental slope. We interpret the
Denggang Formation as having been deposited on
the continental slope of the northern Indian passive
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margin (fig. 8). Sedimentary rocks of the Sangdanlin
and Zheya formations are considered to be syncol-
lisional, deposited in the Himalayan foredeep basin
(fig. 8). The supporting evidence includes the fol-
lowing: (1) sediments of the Sangdanlin and Zheya
formations were derived mainly from the Gangdese
arc and the Yarlung Zangbo suture zone to the
north; (2) deep-marine turbidites, lithic-rich detri-
tal composition, and a coarsening-upward trend
within the Sangdanlin and Zheya formations are
typical features of the foredeep basin deposits (Sin-
clair 1997); and (3) the Sangdanlin and Zheya for-
mations were deposited directly above the Indian
passive continental margin rocks, which rules out
the possibility of the existence of a remnant oce-
anic basin (Graham et al. 1975).

Timing and Diachroneity of the India-Asia Colli-
sion. Abrupt changes in provenance and tectonic
setting between the Denggang Formation and the
overlying Sangdanlin Formation provide a mini-
mum age constraint for the timing of India-Asia
continental collision. The youngest zircon age clus-
ter (unit 14, ∼54 Ma) combined with the occurrence
of radiolarias in unit 16 and belonging to the Phor-
mocyrtis striata striata radiolarian zone (RP9, 49–
50.3 Ma; according to Sanfilippo and Nigrini 1998)
constrain the age of the base of the Sangdanlin For-
mation to ∼49–54 Ma.

In the Tingri area of the Tethyan Himalaya,
southern Tibet, the Early Eocene terrigenous strata
of the Youxia Formation (the Enba Member of the
Pengqu Formation in Wang et al. 2002) overlies the
Indian plate shallow-water limestone of the Zhe-
pure Shan Formation, with the contact being de-
positional. Detailed provenance analyses indicate
significant sediment contributions from the Asian
continent and the Yarlung Zangbo ophiolite to
these rocks (Wang et al. 2002; Zhu et al. 2005; Naj-
man et al. 2010a; see also X. Hu, H. D. Sinclair, J.
Wang, H. Jiang, and F. Wu, unpub. manuscript),
hence constraining the timing of the India-Asian
collision. The inception of the Youxia Formation
sedimentation is further constrained by calcareous
nannofossils belonging to zones NP11–12 (50.6–
53.5 Ma) and planktonic foraminifera of zones P7–
8 (∼50.4–52.3 Ma; Zhu et al. 2005; Najman et al.
2010a). These biostratigraphic age data agree well
with our isotopic dating results from the sedimen-
tary strata of the Sangdanlin section in the Saga
area.

Our result from east-central Himalaya, southern
Tibet, is also consistent with the data obtained
from the western Himalayas. In the Indus suture
zone, the Lower Tertiary Chogdo Formation has
been considered the first to show evidence of mixed

Indian and Asian provenance and the oldest strata
that contains Asian-derived provenance deposited
on the Indian plate (Clift et al. 2001). However,
recent studies by Wu et al. (2007) and Henderson
et al. (2010) documented that there is no unequiv-
ocal evidence of Indian-derived material in the
Chogdo Formation and that the Chogdo Formation
is not in sedimentary contact with the underlying
Indian plate. Despite of this, the cessation of ma-
rine facies still provides a time constraint for the
India-Asia collision, as defined by the youngest ma-
rine facies of the Nummulitic limestone, dated at
50.5 Ma (Green et al. 2008).

In Ladakh, Indian plate passive margin lime-
stones of the Paleocene Dibling Formation are over-
lain by the youngest marine facies of the region,
the marine Kong Formation and the fluvio-deltaic
Chulung La Formation (Garzanti et al. 1987).
Planktic foraminifers in the Kong Formation in-
dicate a middle to early P6 age (54–56 Ma), while
larger benthic foraminifers give a middle SBZ8 age
(53–54 Ma; Najman et al. 2010b). U-Pb dating of
detrital zircons indicates significant Asian contri-
bution to the rocks of the Kong and Chulung La
formations. Thus, collision is constrained to occur
before 54 Ma (Najman et al. 2010b). In the foreland
basin in Pakistan, arc, ophiolitic, and low-grade
metamorphic detritus has been observed in the up-
per part of the Patala Formation, within zone P6
(53–55 Ma; Critelli and Garzanti 1994). In the
Subathu subbasin of the foreland basin in India,
petrographic composition and spinel geochemistry
indicate significant detrital input from the Indus
suture zone. The age of the Subathu Formation is
considered Late Paleocene to early Middle Eocene
(Najman and Garzanti 2000). Such stratigraphic
data indicate that the collision between the Indian
and Asian continents was nearly synchronous from
the west to the east, along the Indus–Yarlung
Zangbo suture zone, with a possible minor degree
of diachronism in the collisional process.

Conclusions

Stratigraphic and provenance studies of Upper Cre-
taceous–Eocene strata in the Sangdanlin section,
southern Tibet, allow the following conclusions.

1. Sedimentary strata at the Sangdanlin locality
can be separated into three lithologic formations.
The Upper Cretaceous–Paleocene Denggang For-
mation is dominated by quartzarenites and silty
shales, with red siliceous beds and chert occurring
near the top. The Early Eocene Sangdanlin For-
mation overlying the Denggang Formation is com-
posed of litharenite, red siliceous shale, chert, and
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minor quartz sandstone. The Zheya Formation,
which with conformable contact overlies the Sang-
danlin Formation, is characterized by the presence
of dark gray shales interbeded with light green lith-
arenites and minor variegated cherts occurring near
the base of the formation. This formation is of mid-
dle Eocene age; however, the top could be even
younger, as documented by the zircon isotopic
analyses.

2. The Upper Cretaceous–Paleocene Denggang
Formation was deposited on the passive Greater
Indian continental margin, with the detritus de-
rived entirely from the Indian continent. The over-
lying Eocene Sangdanlin and Zheya formations rep-
resent syncollisional sedimentary strata deposited
in a foredeep basin. The sediment for the latter sed-
imentary sequence was mainly derived by erosion
of the Gangdese arc, with subordinate input from
the Yarlung Zangbo suture ophiolites.

3. Major changes in provenance between the
Denggang Formation and the Sangdanlin Forma-
tion constrain the initial stage of the India-Asia

collision, occurring before ∼50 Ma. Comparison of
our data with those from coeval strata along the
Himalaya suggests limited diachroneity in the
India-Asia continental collision process.

A C K N O W L E D G M E N T S

We thank Y. Li, L. Chen, J. Wang, T. Sun, and H.
Han for their help in the field. This work benefited
through the years from numerous fruitful discus-
sions with C. Wang, F. Wu, Y. Li, X. Li, and D. Zhu.
We are grateful to F. Thomas and Y. Najman for
English language corrections. F. Wu, Y. Najman,
and J. Aitchison provided constructive comments
on the earlier version of this manuscript. The
manuscript benefited from careful reviews and
comments from D. Rowley and E. Garzanti. This
study was supported by the National Science
Foundation of China (grant 40772070), the Sino-
Probe Project (grant 08-1-1), and the Ministry of
Science and Technology, China, 973 Project (grant
2006CB701402).

R E F E R E N C E S C I T E D

Aitchison, J. C.; Ali, J. R.; and Davis, A. M. 2007. When
and where did India and Asia collide? J. Geophys. Res.
112:B05423, doi:10.1029/2006JB004706.

Andersen, T. 2002. Correction of common lead in U-Pb
analyses that do not report 204Pb. Chem. Geol. 192:
59–79.

Barnes, S. J., and Roeder, P. L. 2001. The range of spinel
compositions in terrestrial mafic and ultramafic
rocks. J. Petrol. 42:2279–2302.

Beck, R. A.; Burbank, D. W.; Sercombe, W. J.; Riley, G.
W.; Barndt, J. K.; Berry, J. R.; Afzal, J.; et al. 1995.
Stratigraphic evidence for an early collision between
northwest India and Asia. Nature 373:55–58.

Bédard, É.; Hébert, R.; Guilmette, C.; Lesage, G.; Wang,
C. S.; and Dostal, J. 2009. Petrology and geochemistry
of the Saga and Sangsang ophiolitic massifs, Yarlung
Zangbo suture zone, southern Tibet: evidence for an
arc-back-arc origin. Lithos 113:48–67.

Black, L. P., and Gulson, B. L. 1978. The age of the Mud
Tank carbonatite, Strangways Range, Northern Ter-
ritory. BMR J. Aust. Geol. Geophys. 3:227–232.

Cawood, P. A.; Johnson, M. R. W.; and Nemchin, A. A.
2007. Early Palaeozoic orogenesis along the Indian
margin of Gondwana: tectonic response to Gondwana
assembly. Earth Planet. Sci. Lett. 255:70–84.

Chen, J.; Huang, B.; and Sun, L. 2010. New constraints
to the onset of the India-Asia collision: paleomagnetic
reconnaissance on the Linzizong Group in the Lhasa
Block, China. Tectonophysics 489:189–209.

Chu, M. F.; Chung, S. L.; Song, B. A.; Liu, D. Y.; O’Reilly,
S. Y.; Pearson, N. J.; Ji, J. Q.; and Wen, D. J. 2006.
Zircon U-Pb and Hf isotope constraints on the Me-

sozoic tectonics and crustal evolution of southern Ti-
bet. Geology 34:745–748.

Chung, S. L.; Chu, M. F.; Zhang, Y.; Xie, Y.; Lo, C. H.;
Lee, T. Y.; Lan, C. Y.; Li, X.; Zhang, Q.; and Wang, Y.
2005. Tibetan tectonic evolution inferred from spatial
and temporal variations in post-collisional magma-
tism. Earth-Sci. Rev. 68:173–196.

Clift, P. D.; Shimizu, N.; Layne, G. D.; and Blusztajn, J.
2001. Tracing patterns of erosion and drainage in the
Paleogene Himalaya through ion probe Pb isotope
analysis of detrital K-feldspars in the Indus Molasse,
India. Earth Planet. Sci. Lett. 188:475–491.

Critelli, S., and Garzanti, E. 1994. Provenance of the
Lower Tertiary Murree redbeds (Hazara-Kashmir Syn-
taxis, Pakistan) and initial rising of the Himalayas.
Sediment. Geol. 89:265–284.

DeCelles, P. G.; Gehrels, G. E.; Najman, Y.; Martin, A.
J.; Carter, A.; and Garzanti, E. 2004. Detrital geochro-
nology and geochemistry of Cretaceous–Early Mio-
cene strata of Nepal: implications for timing and
diachroneity of initial Himalayan orogenesis. Earth
Planet. Sci. Lett. 227:313–330.

DeCelles, P. G.; Gehrels, G. E.; Quade, J.; LaReau, B.; and
Spurlin, M. 2000. Tectonic implications of U-Pb zir-
con ages of the Himalayan orogenic belt in Nepal.
Science 288:497–499.

Dick, H. J. B., and Bullen, T. 1984. Chromian spinel as
a petrogenetic indicator in abyssal and alpine-type pe-
ridotites and spatially associated lavas. Contrib. Min-
eral. Petrol. 86:54–76.

Dickinson, W. R. 1985. Interpreting provenance relations
from detrital modes of sandstones. In Zuffa, G., ed.



Journal of Geology S A N G D A N L I N P R O V E N A N C E I N S O U T H E R N T I B E T 307

Provenance of arenites. NATO Advanced Study Insti-
tute Series 148. Dordrecht, Reidel, p. 333–361.

Dickinson, W. R., and Gehrels, G. E. 2009. Use of U-Pb
ages of detrital zircons to infer maximum depositional
ages of strata: a test against a Colorado Plateau Me-
sozoic database. Earth Planet. Sci. Lett. 288:115–125.

Dickinson, W. R., and Suczek, C. A. 1979. Plate tectonics
and sandstone compositions. Am. Assoc. Petrol. Geol.
Bull. 63:2164–2182.

Ding, L. 2003. Paleocene deep-water sediments and ra-
diolarian fauna: implications for evolution of Yarlung
Zangbo foreland basin, southern Tibet. Sci. China Ser.
D 33:47–58.

Ding, L.; Kapp, P.; and Wan, X. Q. 2005. Paleocene-Eocene
record of ophiolite obduction and initial India-Asia
collision, south-central Tibet. Tectonics 24:1–18.
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