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ABSTRACT

Sedimentary strata in the Lhasa terrane of southernTibet record a long but poorly constrained
history of basin formation and inversion.To investigate these events, we sampled Palaeozoic and
Mesozoic sedimentary rocks in the Lhasa terrane for detrital zircon uranium^lead (U^Pb) analysis.
The4700 detrital zirconU^Pb ages reported in this paper provide the ¢rst signi¢cant detrital zircon
data set from the Lhasa terrane and shed new light on the tectonic and depositional history of the
region. Collectively, the dominant detrital zircon age populations within these rocks are100^150,
500^600 and1000^1400Ma. Sedimentary strata near NamCo in central Lhasa are mapped as Lower
Cretaceous but detrital zircons with ages younger than 400Ma are conspicuously absent.The detrital
zircon age distribution and other sedimentological evidence suggest that these strata are likely
Carboniferous in age, which requires the existence of a previously unrecognized fault or
unconformity. Lower Jurassic strata exposedwithin the Bangong suture between the Lhasa and
Qiangtang terranes contain populations of detrital zircons with ages between 200 and 500Ma and
1700 and 2000Ma.These populations di¡er from the detrital zircon ages of samples collected in the
Lhasa terrane and suggest a unique source area.TheUpper CretaceousTakena Formation contains
zircon populationswith ages between100 and160Ma, 500 and 600Ma and1000 and1400Ma.Detrital
zircon ages from these strata suggest that several distinct £uvial systems occupied the southern
portion of the Lhasa terrane during the Late Cretaceous and that deposition in the basin ceased
before 70Ma. Carboniferous strata exposedwithin the Lhasa terrane likely served as source rocks for
sediments deposited during Cretaceous time. Similarities between the lithologies and detrital zircon
age-probability plots of Carboniferous rocks in the Lhasa and Qiangtang terranes and Tethyan strata
in theHimalaya suggest that these areas were located proximal to one another withinGondwanaland.
U^Pb ages of detrital zircons from our samples and di¡erences between the geographic distribution
of igneous rocks within theTibetan plateau suggest that it is possible to discriminate a southern vs.
northern provenance signature using detrital zircon age populations.

INTRODUCTION

TheTibetan plateau is the largest region of elevated topo-
graphy on Earth and forms the basis for much of our un-
derstanding of continental deformation and collisional
plate tectonics.With respect to its lithosphere-scale struc-
ture, theTibetan plateau is an amalgam of several conti-
nental terranes (Fig. 1), which rifted from the northern
margin of Gondwanaland during the Palaeozoic and Me-
sozoic, migrated northward and accreted to southern Asia
(Fig. 2; Burg et al., 1983; Alle¤ gre et al., 1984; Dewey et al.,
1988; Seng˛r & Nata’lin, 1996; Yin & Harrison, 2000).The
southernmost of these continental fragments, the Lhasa
terrane, accreted onto southern Asia during the Late Jur-
assic^Early Cretaceous time (Alle¤ gre et al., 1984; Dewey

et al., 1988; Yin & Harrison, 2000). Although the assembly
ofTibetan Eurasia implies that signi¢cant tectonic activity
occurred in the area before the Indo-Asian collision, the
style and extent of the deformation and the in£uence it
has had on the subsequent evolution of theTibetan plateau
remain poorly understood.

Much of the geology of Tibet is known only at a cursory
or exploratory level. Thus, many basic questions remain
unanswered and competing hypotheses are di⁄cult to
evaluate because of insu⁄cient data.The Jurassic^Cretac-
eous history of the Lhasa terrane of southern Tibet pro-
vides a prime example of an important but still puzzling
stage in the development of theTibetan plateau.Whereas
some argue that southernTibet had a thickened crust and
elevated topography by Cretaceous time (Burg et al., 1983;
England&Searle,1986; Pan,1993; Ratschbacher etal.,1993;
Murphy etal., 1997;Kapp etal., 2003a, 2005), others postu-
late that the regionwas generally below sea level and char-
acterized by a thinned continental crust during this period
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(e.g. Zhang, 2000; Zhang et al., 2004).That such disparate
ideas currently coexist is disconcerting, given that the
state and nature of southernTibetan crust just before the
collision must be reasonably well constrained before we
can accurately reconstruct the processes and products of
the Indo-Asian collision.

Basic geochronological and sedimentological data from
the sedimentary rocks of the Lhasa terrane are required in
order to build reasonablemodels for the pre-collisional state
of southernAsia. In an e¡ort to ¢ll the data gap, we sampled
nine sandstone units exposed in the Lhasa terrane (Fig. 1)
and determined the uranium^lead (U^Pb) ages of their det-
rital zircons using laser-ablationmulti-collector inductively
coupled plasmamass spectrometry (LA-MC-ICPMS).The
samples were collected from stratigraphic sections thatwere
measured in detail, and additional samples were taken for
analyses of sandstone petrography and provenance.

This investigation was undertaken with the purpose of
accomplishing four primary goals, each of which contri-

butes to our understanding of the geologic history of Ti-
bet. The ¢rst goal is to obtain maximum depositional
ages for stratigraphic units in the Lhasa terrane. Much of
the strata in theLhasa terrane have not been studied in de-
tail. Depositional ages of particular rock units are often
speculative, especially when they lack biostratigraphic
constraints, which is the case with many units in southern
Tibet. Correctly determining the ages of stratigraphic
units is necessary for identifying crustal deformation in
the region and for constraining depositional basin his-
tories.The second goal is to determine the provenance of
sedimentary strata and to reconstruct regional palaeogeo-
graphies. The ability to reconstruct the palaeogeography
of the Lhasa terrane is a crucial step in constraining the
timing, location and style of tectonism in the region, parti-
cularly with respect to questions concerning the regional
Jurassic^Cretaceous history. The third goal relates to de-
veloping a better understanding of the Palaeozoic history
of the Lhasa terrane. Comparisons of pre-Mesozoic
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detrital zircon populations within the samples allow for
the examination of the Palaeozoic relationship between
the Lhasa terrane and surrounding tectono-stratigraphic
regions of Eurasia.The fourth goal is to provide the foun-
dations for a database that can serve as a point of departure
for subsequent studies. The 4700 U^Pb ages presented
here raise additional questions about the evolution of the
Tibetan plateau and can be utilized in future geological in-
vestigations of Tibet.

GEOLOGIC FRAMEWORK

Tectonic evolution

The Lhasa terrane was a constituent of Gondwanaland
and located in the southern hemisphere throughout most
of the Palaeozoic (Dewey et al., 1988; Seng˛r & Nata’lin,
1996;Yin &Harrison, 2000).The Indian portion of Gond-
wanaland experienced partial break-up during latePalaeo-
zoic time as individual terranes such as the Qiangtang and

Lhasa terranes rifted from the northern margin of India
and migrated northward (Dewey et al., 1988; Seng˛r & Na-
ta’lin,1996;Yin&Harrison, 2000; Stamp£i&Borel, 2004).
The collision between the Lhasa and Qiangtang terranes
occurred during latest Jurassic^earliest Cretaceous time
along the Bangong suture (Figs 1 and 2; Kidd et al., 1988;
Liu, 1988), and resulted in a collisional orogen and the for-
mation of a peripheral foreland basin within the northern
part of the Lhasa terrane (Dewey et al., 1988; Leeder et al.,
1988;Murphy etal., 1997;Kapp etal., 2005).The peripheral
foreland basin persisted into the Early Cretaceous (Leeder
et al., 1988; Murphy et al., 1997; Zhang et al., 2004) and was
in some locations overprinted by volcanism associated
with north-dipping subduction of Neotethyan oceanic
crust beneath theLhasa terrane (Alle¤ gre etal.,1984;Coulon
et al., 1986; Kapp et al., 2005). Continued subduction of
Neotethyan crust along the southern margin of the Lhasa
terrane ultimately produced the Gangdese volcanic arc
(Fig. 2; Alle¤ gre et al., 1984; Dewey et al., 1988). Structural
evidence suggests that the crust of southern Tibet
was roughly twice the normal thickness by the end of
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Cretaceous time (Burg et al., 1983; England & Searle, 1986;
Pan, 1993; Ratschbacher et al., 1993; Murphy et al., 1997;
Kapp et al., 2003a, 2005).

Stratigraphy

Palaeozoic sedimentary strata in the Lhasa terrane consist
primarily of Carboniferous sandstone, metasandstone,
shale and phyllite, and lesser Ordovician, Silurian and Per-
mian limestone (Fig. 2; Leeder et al., 1988; Liu, 1988; Yin
et al., 1988). Exposures of Precambrian strata are rare but
have been reported in Hu et al. (2005). Triassic rocks in-
clude inter-bedded limestone and basaltic volcanic units,
which are most prevalent along the southern margin of the
terrane (Leeder et al., 1988). Jurassic strata in the northern
Lhasa terrane consist of deepwater sandstone and shale,
and in many places are associated with ophiolitic assem-
blages (Leeder etal., 1988;Yin et al., 1988). Jurassic deposits
in the southern half of the terrane are composed of marine
limestone and mudstone (Yin et al., 1988). Lower Cretac-
eous strata consist of clastic mudstone, sandstone and lo-
cal conglomerate units (Yin et al., 1988). Overlying the
Lower Cretaceous clastic units is awidely exposed shallow
marine limestone of Aptian^Albian age (Yin et al., 1988;
Liu, 1988), which, in some locations, also contains fossils
of Cenomanian age (Zhang, 2000).UpperCretaceous stra-
ta in the Lhasa terrane consist of arkosic £uvial sandstone
and mudstone successions (Fig. 2; Leier et al., in press).

SAMPLES

Sandstone samples were collected from exposures of
Phanerozoic strata in theLhasa terrane (Fig.1). In addition

to being prepared for detrital zircon geochronology (see
‘Methods’), standard petrographic thin sections were cut,
stained for potassium feldspar and calcic plagioclase and
point-counted (450 counts slide�1) using amodi¢edGazzi^
Dickinson method (Ingersoll et al., 1984); counting para-
meters and recalculated detrital modes can be accessed in
the auxiliary material (Table S1). Brief descriptions of the
sampled strata are presented below along with modal
compositions (Qm, monocrystalline quartz; Qt, total
quartz; F, feldspar; L, non-quartzose lithic grains; Lt,
total lithic grains including quartzose fragments), which
are also shown in Fig. 3.

Carboniferous strata

Carboniferous strata comprise a signi¢cant proportion
(450%) of the Phanerozoic sedimentary sequence in the
Lhasa terrane and are widely exposed in southern Tibet
(Fig.1;Yin etal.,1988;Liu,1988). SampleDMXNG is from
aCarboniferous quartzose sandstone exposed southeast of
the Nyainqentanglha range (Figs 1 and 2). Sedimentary
strata of Carboniferous age were deposited under marine
conditions and locally contain glaciomarine deposits
(Leeder et al., 1988;Yin et al., 1988).

Jurassic(?) strata

Sample LNPLA is a medium- to coarse-grained sand-
stone collected from a succession of Jurassic(?) sedimen-
tary rocks exposed along the southern margin of the
Lunpola basin, near the Bangong suture (Figs 1 and 2).
The sandstone beds were deposited by submarine turbid-
ity currentswithin amarine basin thatwas located south of
theQiangtang terrane and north of the Lhasa terrane (Fig.
2; Leeder et al., 1988; A. L. Leier, unpublished data). The
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strata are lithic-rich and have an average modal compo-
sition of Qm/F/Lt5 49/16/35, and Qt/F/L5 62/16/22
(Fig. 3).Volcanic grains of intermediate to ma¢c composi-
tion, and commonly with laths of plagioclase, constitute
the most abundant type of lithic grain. Chlorite, serpen-
tine and pyroxene are common accessory minerals.

Lower Cretaceous strata ^ north

Sample DUBAwas collected from a medium-grained £u-
vial sandstone unit of the Lower Cretaceous Duoba For-
mation, which is exposed approximately 50 km south of
the LNPLA sample site (Figs 1 and 2).The Lower Cretac-
eous Duoba Formation is 41300m thick and composed
primarily of £uvial sandstone and pebble-conglomerate
beds inter-strati¢ed with £oodplain mudstone (Leeder
et al., 1988; Leier et al., in press). The modal composition
of the sandstone in the Duoba Formation is Qm/F/
Lt5 42/16/42 and Qt/F/L5 57/16/27 (Fig. 3; Leier et al.,
in press), with the majority of the lithic population com-
posed of felsic volcanic grains. Although questions remain
about the speci¢c tectonic setting and sedimentary prove-
nance of these strata (cf. Leeder et al., 1988; Murphy et al.,
1997; Zhang et al., 2004), palaeocurrent data uniformly re-
cord southwest-directed sediment transport (i.e. north-
northeastward source area; Leeder et al., 1988).

Lower Cretaceous strata ^ central

Sample NAMCO was collected from bu¡-coloured, Low-
er Cretaceous(?) sandstone exposed along the northeast-
ern shore of the lake Nam Co (Figs 1 and 2). Sandstone
within the succession is quartzose with modal composi-
tions of Qm/F/Lt5 95/0/5, and Qt/F/L5 96/0/4 (Fig. 3),
thin to thickly bedded, contains symmetrical ripples and
is commonly inter-bedded with mudstone and siltstone.
These strata are extensively folded and faulted at the out-
crop scale (�100^1000m).

Lower Cretaceous strata ^ south

Sample CHMLN was collected from the Lower Cretac-
eous Chumulong Formation (Yin et al., 1988) in the south-
ern half of the Lhasa terrane (Figs 1 and 2). The
Chumulong Formation contains inter-bedded sandstone,
mudstone and local quartzite pebble-conglomerate, all of
whichwere deposited in marginal marine and £uvial envir-
onments (Leier et al., in press). Sandstone units within the
Lower Cretaceous succession are typically quartz-rich
with an average modal composition of Qm/F/Lt5 73/0/
27 and Qt/F/L5 92/0/8 (Fig. 3); zircon is the primary ac-
cessory mineral (Leier et al., in press).

Upper Cretaceous Strata

Four samples were collected from medium-grained £uvial
sandstone beds of the Upper Cretaceous Takena Forma-
tion. Speci¢c sampling locations of theTakena Formation
include the Maqu area northwest of Lhasa (sample
MAQU), the Penbo area northeast of the city of Lhasa

(two samples, PENBO1 and PENBO2), and from the
Nyainqentanglha range south of Nam Co (sample
NYANT; Figs 1 and 2).The sandstone beds of theTakena
Formation that were sampled are part of a41.5-km-thick
succession of clastic £uvial lithofacies that were deposited
by northwestward- £owing rivers in aCretaceous retro-arc
foreland basin (Burg et al., 1983; England & Searle, 1986;
Leier et al., 2007). Sandstone units within theTakena For-
mation contain abundant plagioclase and volcanic grains
and have average modal compositions of Qm/F/Lt5 41/
18/41and Qt/F/L5 56/18/26 (Fig. 3; Leier et al., 2007).

METHODS

Detrital zircons were extracted from the nine samples
(�15 kg/sample) at the University of Arizona following the
procedures outlined in Gehrels (2000). Once separated,
the detrital zircons were encased in epoxy within1in. ring
mounts, which were then sanded and polished to produce
a smooth £at surface that exposed the interiors of the zir-
con grains. One-hundred individual zircon grains were
analysed from each sample.These were selected randomly
from all sizes and shapes, although grains with obvious
cracks or inclusions were avoided.

U^Pb ages of detrital zircons were obtained using
an LA-MC-ICP-MS (GVI Isoprobe; GV Instruments,
Manchester, UK).The interiors of the zircon grains were
ablated using a New Wave DUV193 Excimer laser (New
Wave Instruments, Provo, UT, USA and Lambda Physik
Inc., Ft Lauderdale, FL, USA) operating at a wavelength
of193nm and using a spot diameter of 35^50mm; laser ab-
lation pits are �20mm deep.With the LA-MC-ICP-MS,
the ablated material is carried via argon gas to the plasma
source of a Micromass Isoprobe, which is con¢gured in
such away that Uand Pb can be measured simultaneously.
Measurements are made in the static mode using Faraday
collectors for 238U, 232Th, 208Pb, 207Pb, 206Pb and an ion-
counting channel for 204Pb. Analyses consist of one 20 s inte-
gration with the peak centred but no laser ¢ring (checking
background levels), and 20 1s integrations with the laser
¢ring on the zircon grain. At the end of each analysis, a 30-s
delay occurs during which time the previous sample is
purged from the system and the peak signal intensity returns
to background levels. The contribution of Hg to the 204Pb
is accounted for by subtracting the background values.
Common lead corrections are made using the measured
204Pb of the sample and assuming initial Pb compositions
fromStacey&Kramers (1975). A fragment of a zircon crystal
of known age (564� 4Ma, 2s error; G. E. Gehrels, unpub-
lished data) is analysed after every ¢fth zircon analysis to cor-
rect for inter-element and Pb isotope fractionation.The ages
presented are 206Pbn/238Uages for grains less than �1000Ma
and 207Pbn/206Pbn ages for grains with ages 41000Ma. All
uncertainties of individual grains are reported at the1s level
and include only measurement errors; systematic errors
would increase age uncertainties by 1^2%. Those analyses
with 410% uncertainty (206Pbn/238U ages) or more than
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20% discordance or 5% reverse discordance are omitted
from further consideration.The data from each sample are
displayed on concordia diagrams and age^probability plots/
histograms using the programs ofLudwig (2001). Age^prob-
ability plots depict each age and its uncertainty as a normal
distribution, summing all ages from the analysed zircons of
a sample into one curve, which is then divided by the total
number of analysed zircons. Maximum depositional ages
are calculated from the weighted mean of the youngest clus-

ter with three or more overlapping ages; uncertainties re-
ported with the maximum depositional ages include both
the measurement and systematic errors.

RESULTS

In the following paragraphs and in Figs 4^7, we present the
most salient features of each sample (see also Supplemen-
taryTable S1). Interpretations and implications of the data
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are discussed in the following section. All period and
epoch-to-age correlations are based on the time scale
compiled by Palmer &Geissman (1999).

Carboniferous strata

Sample DMXNG yielded 85 usable ages (Figs 5 and 6).
The youngest cluster of zircons has a mean age of
548 � 9Ma, although a few individual zircon grains with
younger ages (�455Ma) are also present. The largest po-
pulation of detrital zircons iswithin the 500^600Ma range
(peak at 540Ma),with additional populations in the ranges
of 1050^1300Ma (peak at 1120Ma), 1700^1950Ma (peak at
1850Ma ) and some scattered ages around 2500Ma.

Jurassic(?) strata

Sample LNPLAyielded 95 usable ages (Figs 5 and 6).The
majority of the zircons are medium-grained (size varies
from ¢ne to coarse grained) and angular (euhedral to sub-
hedral). The most robust maximum depositional age for
these strata is 270 � 6Ma (based on four zircons). How-
ever, nine of the 95 zircons yielded ages between 179 and
260Ma, including a pair that has a mean age of
179� 6Ma, suggesting that the strata may be younger
than 270Ma (see ‘Discussion’).The largest cluster of detri-
tal zircons is between 1850 and 2050Ma (peak at
�1900Ma), and a fairly large population of detrital zircons
with ages between 200 and 500Ma is also present.
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Lower Cretaceous strata ^ north

Sample DUBA yielded 95 usable ages (Figs 5 and 6). The
zircons are almost entirely medium to coarse grained and
very angular (euhedral).The youngest cluster of ages has a
mean of 125 � 2Ma, which provides a maximum deposi-
tional age for the Duoba Formation. Zircon grains with
ages between125 and150Ma are by far the most numerous
(peak at 140Ma), representing over 65% of all the detrital
zircon ages. Zircons with ages older than 150Ma are few,
but those that are present have ages of 250^340, 610^670,
700^900 and 1000^1200Ma. Zircons yielding ages
4150Ma tend to be subrounded to rounded (anhedral)
and spherical.

Lower Cretaceous Strata ^ Central

SampleNAMCOyielded 86 usable ages (Figs 5 and 6).The
zircons are typically ¢ne to medium grained and rounded
but the morphologies vary between subangular and well
rounded (subhedral to anhedral). The youngest cluster of
ages constrains the maximum depositional age at
495 � 8Ma; of the zircons analysed, not a single grain
yielded an age o400Ma. Similar to many of the other
samples, a signi¢cant proportion of the detrital zircons
have ages between 500 and 600Ma. Zircons with ages of
750^1000Ma have peaks at �760, 890 and 970Ma. Also
within the sample, detrital zircons with ages between
1000 and 1400Ma (peak at 1150Ma) are present, as are
small populations between1700 and1800Ma and between
2500 and 3000Ma.

Lower Cretaceous strata ^ south

SampleCHMLNyielded89usable ages (Figs 5 and6).Zir-
cons vary from ¢ne to medium grained and are angular to
rounded (euhedral to anhedral). The maximum deposi-
tional age is 143 � 2Ma, corresponding to Early Cretac-
eous time. The largest population of zircons in this
sample has ages between 140 and 150Ma, the second lar-
gest having ages between 500 and 600Ma.TheLower Cre-
taceous deposits in the Penbo area have a signi¢cant
number (n515) of Middle Proterozoic zircons with ages
between 1000 and 1400Ma but very few with ages
41500Ma. Generally, zircons with ages 4150Ma are
more rounded than their younger counterparts, although
there are several exceptions to this.

Upper Cretaceous strata

Together, the four samples from the Takena Formation
yielded 293 usable (Figs 4, 6 and 7).The zircons vary from
¢ne to coarse grained and have very angular to well-
rounded morphologies (euhedral to anhedral).The young-
est cluster of ages is between100 and105Ma, and is from a
£uvial sandstone within the uppermost portion of theTa-
kena Formation (sample PENBO2; Fig. 7). Zircons of Cre-
taceous age comprise the largest population, with ages
generally between 105 and 140Ma (peak at 120Ma). Early
Jurassic zircons with ages between 180 and 200Ma (peak

at 190Ma) form a subordinate group within the Mesozoic
population. Outside of the Mesozoic-age population, the
second-largest number of zircons has ages between 500
and 600Ma (peak at �550Ma). Each of the samples con-
tains at least a few zircons with ages between 650 and
1000Ma, which are evenly distributed across this age in-
terval. A signi¢cant proportion of zircons within theTake-
na Formation samples have ages of 1000^1400Ma (peak
at �1150Ma) and there is commonly a scattered group
centred at �2500Ma. As with the other samples, zircons
with ages 4500Ma are typically more rounded than the
younger zircons but this is not always the case.

Comparison of ages

Many of the sandstone samples collected from the Lhasa
terrane have similar populations of detrital zircons
(Fig. 6). All Cretaceous sandstone samples (CHMLNG,
MAQU, PENBO1, PENBO2, NYANT) contain numer-
ous zirconswith ages between110 and160Ma,with smaller
subclusters at �120 and �140Ma. The Cretaceous(?)
NAMCO sample collected near Nam Co is a notable ex-
ception to this trend, and in fact, lacks any zircons with
ages o400Ma (Fig. 6). Except for detrital zircons from
the Jurassic sandstone exposed near the Bangong suture
(sample LNPLA), zircons with ages between 200 and
500Ma are scarce (Fig. 6). In contrast, detrital zirconswith
500^600Ma ages typically represent a substantial propor-
tion of the total population in many of the samples. All
samples contain at least a few zircons with ages between
650 and 950Ma, although it is di⁄cult to discern a com-
mon peakwithin this range. Many of the samples contain
a signi¢cant population of zircons with ages of 1000^
1400Ma (peak at �1150Ma). With the exception of the
LNPLA sample, the samples typically contain only a small
number of detrital zircons with ages between 1500 and
2000Ma; the Jurassic LNPLA sample contains a con-
spicuously large cluster at �1900Ma (Fig. 6). Almost
all the samples contain a small number of zircons with
ages �2500Ma.

DISCUSSION

‘Lower Cretaceous’strata at Nam Co

Sandstone exposed along the northeastern shore of
Nam Co (sample NAMCO; Fig. 1) has been mapped as
Lower Cretaceous (e.g. Liu, 1988), but the absence of
grainso400Ma suggest that this designation may be in-
correct. Lower Cretaceous strata to the south and north
of Nam Co are dominated by detrital zircons of Early
Cretaceous age (e.g. samples CHMLNG and DUBA;
Fig.6) and the ages of plutonic andvolcanic rocks proximal
to the NamCo sampling site indicate that there was abun-
dant Early Cretaceous volcanism in the area (e.g. Coulon
et al., 1986; Kapp, et al., 2005). This raises the question as
to why not a single zircon from the NAMCO sample has
an Early Cretaceous age.The anhedral morphology of the
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zircons suggests that they are recycled grains (Fig. 8), but
this does not explain the absence ofyounger zircons.Other
samples of Cretaceous strata contain similar anhedral zir-
con grains but they also contain zircons with ages between
150 and 400Ma.The sandstone composition of the strata
in question and the degree of deformation are also anom-
alous relative to Lower Cretaceous strata exposed to the
north andwest of the area (e.g. sample DUBA; Fig.1).

Themost plausible explanation for the anomalous detrital
zircon ages from sample NAMCO is that the strata exposed
along the northeasternmargin ofNamCo arePalaeozoic in
age, and not Lower Cretaceous; similarities between the
lithology and detrital zircon age distribution of the strata
northeast ofNamCo to those of Carboniferous rocks else-
where in the region suggest that the strata nearNamCo are
most likely Carboniferous in age. If these strata are indeed
Carboniferous in age, this discovery will have important
implications for understanding upper crustal deformation
in the central Lhasa terrane. In order to account for the
juxtaposition of Palaeozoic strata with Cretaceous rocks
(Fig. 1), a previously unrecognized fault or major uncon-
formity would have to exist in the area northeast of Nam
Co. Regardless of whether this relationship is fault or
unconformity related, the presence of Palaeozoic strata
at the surface will require a reinterpretation of the upper
crustal structure in the central Lhasa terrane.

Jurassic strata

Recent studies suggest that the Jurassic^Cretaceous collision
between the Lhasa and Qiangtang terranes was one of the
most signi¢cant tectonic events to have occurred in southern
Asia before the Indo-Asian collision (Fig. 2; e.g. Leeder etal.,
1988;Murphy etal.,1997;Arnaud etal., 2003;Kapp etal., 2005;
Guynn et al., 2006); however, many aspects of this event are
poorly understood.The northward movement of the Lhasa
terrane before the collision was accommodated by sub-
duction ofMesotethyan oceanic crust beneath theQiangtang
terrane, which ultimately should have produced a magmatic
arc along the southern margin of the Qiangtang terrane
(Fig. 2; e.g. Guynn et al., 2006).The paucity of evidence for a
Jurassic-age magmatic arc along the southern margin of the
Qiangtang terrane raises questions about the validity of this
tectonic reconstruction.

The Jurassic strata exposed near the Bangong suture
(sample LNPLA) were deposited in a basin located be-
tween the Lhasa and Qiangtang terranes sometime before
theLhasa^Qiangtang collision (Leederetal.,1988;Yin etal.
1988).The small number of detrital zircons of Jurassic age
within the LNPLA sample (no5) can be interpreted in
several ways. If the Jurassic strata were derived from the
southern margin of the Qiangtang terrane (e.g. Leeder
et al., 1988), it is di⁄cult to reconcile the small number of
Jurassic-age zircons within the sample with the existence
of a robust magmatic arc in the Qiangtang terrane.Thus,
the detrital zircon ages within this succession may be used
as evidence against the former existence of a Jurassic
magmatic arc along the southern margin of the Qiangtang

terrane. However, other factors must ¢rst be considered
before such an inference can be made. The ages of the
detrital zircons in the LNPLA sample indicate a maxi-
mum depositional age of 270 � 6Ma, or a more tentative
179� 6Ma. If the more robust 270Ma age is used as a
reasonable proxy for the depositional age, it is possible
that these strata were deposited during Permo-Triassic
time, whichwould mean the strata are not associatedwith
theLhasa-Qiangtang collision and the closure of theMeso-
tethyan ocean; rather, these rocks would be associated
with the preceding rifting of the Qiangtang terrane from
northern Gondwanaland (i.e. the Lhasa terrane) and the
formation of the Mesotethyan ocean. Furthermore, the
primary period of igneous activity in the southern Qiang-
tang terrane is thought to have been between 180 and
170Ma (Guynn et al., 2006). Therefore, even if the more
questionable age of 179 � 6Ma is used as a proxy for
depositional age, deposition of the sediment associated
with these strata may have predated the formation of a
Qiangtang magmatic arc, which would explain why so few
detrital zircons of Jurassic age are present in the unit.The
abundance of ma¢c volcanic grains within the strata are
equivocal and can be used to argue for deposition during
a rifting-related phase, and hence an older depositional
age associated with formation of the Mesotethyan ocean,
or deposition during a contraction-related phase asso-
ciated with closure of the Mesotethyan ocean, and there-
fore a younger depositional age. As it currently stands, all
these scenarios can only be speculated upon and further
investigation is needed before the full meaning and impor-
tance of these sedimentary rocks can be determined.

Upper Cretaceous strata

Determining the tectonic setting of southern Tibet just
before the Indo-Asian collision (i.e. Late Cretaceous) is
important because variations in properties such as initial
crustal thickness or surface elevation can play a large role
in controlling how the southern margin of the Eurasian
plate responded to the subsequent collision with India
(e.g. England & Houseman, 1986). The most complete
record of this time period is preserved in the Upper
Cretaceous Takena Formation; however, a major obstacle
to using these strata for palaeotectonic and palaeogeo-
graphic reconstructions is the lack of detailed provenance
information andpoor age control. Estimates of the deposi-
tional age of theTakena Formation can be resolved only as
sometime between �105 and �70Ma based on fossils in
underlying limestone beds (Leeder et al., 1988; Leier et al.,
2007) and the zircon crystallization age of volcanic rocks
that overlie deformed beds of the Takena Formation,
respectively (He, 2005).

Because theTakena Formation was deposited proximal
to and coeval with abundant Late Cretaceous volcanism
and contains volcanic clasts (Leier et al., 2007), detrital
zircon U^Pb geochronology may provide one of the few
approaches that can be used to better constrain deposi-
tional ages. For example, sample PENBO1 was collected
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from a £uvial sandstone bed located �200m stratigraphi-
cally metres above limestone beds with middle Albian
fossils (�105Ma, based on the time scale of Palmer &
Geissman, 1999; Leier et al., 2007). The youngest detrital
zircon U^Pb ages from PENBO1 are between 110 and
115Ma, which suggests that the youngest detrital zircon
ages from a sample may be reasonable proxies for deposi-
tional ages (� 10Ma). Signi¢cantly, none of the detrital
zircons analysed from the Takena Formation is younger
than100Ma, including those from sample PENBO2 (Fig.
8), whichwas collected from the uppermost portion of the
formation. Although the known age constraints indicate
that deposition of theTakena Formation occurred some-
time between 105 and 70Ma, the fact that the youngest

detrital zircon ages from the uppermost beds of theTakena
Formation are all4100Ma suggests that deposition may
have ceasedwell before 70Ma.The shorter duration of de-
position inferred from the detrital zircons from theTakena
Formation indicates accelerated subsidence during the
Late Cretaceous (Fig.9a).

During the Late Cretaceous, the southern portion of
the Lhasa terrane was characterized by generally north-
northwestward- £owing rivers and inter£uvial £oodplains
(Leier et al., 2007). The southern margin of the terrane
served as a sediment source and deposition occurred
within the central to northern reaches of the Lhasa ter-
rane.The detrital zircon ages from theTakena Formation
£uvial sandstones can be used to re¢ne Late Cretaceous

Fig. 8. Photos of the detrital zircon grains.The detrital zircon grains from sample PENBO2 (a) are generally euhedral but vary from
euhedral to anhedral, whereas those from sample NAMCO (b) are typically subhedral to anhedral.
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Fluvial Systems

Fig.9. Applications of detrital zircon data to reconstructions of Late Cretaceous subsidence and palaeogeography. (a) Cretaceous^
Tertiary subsidence history of the southern portion of the Lhasa terrane. Detrital zircon ages suggest that deposition of the Upper
CretaceousTakena Formation ceasedwell before 70Ma, which increases the subsidence rate in the area during Late Cretaceous time.
(b) Palaeogeographic reconstruction of the Late Cretaceous £uvial systems that occupied the southern portion of the Lhasa terrane;
approximate sample localities and modern site of the city of Lhasa are shown for reference. Arrows indicate approximate palaeocurrent
directions. Di¡erences in the detrital zircon age population of sandstone at theMAQUsite, along with di¡erences in sandstone
petrography, indicate that the £uvial system in that locationwas distinct from the £uvial systems to the north and east.
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palaeogeography reconstructions. Compared with the
Takena Formation at other sample locations (NYANT,
PENBO1 and PENBO2), the MAQU location is charac-
terized by a greater proportion of 4500Ma detrital
zircons, and higher percentages of potassium feldspar,
metamorphosed lithic grains and tectonized quartz grains.
This suggests that theMaqu-area rivers may have drained
distinct, more deeply eroded (e.g. Dickinson & Suczek,
1979) source-area basins (Fig.9b).

Carboniferous strata at the surface during
Cretaceous time

Cretaceous strata in theLhasa terrane contain lithic grains
derived from source terranes composed of shale, phyllite,

sandstone and quartzite; thus, these deposits were derived
at least in part from pre-Cretaceous sedimentary and
meta-sedimentary rocks (Leieretal., in press). Carbonifer-
ous strata are ideal candidates for source rocks because
they are the thickest pre-Cretaceous strata in the Lhasa
terrane, they include sedimentary and low-grade meta-
sedimentary rocks and are unconformably overlain by
Cretaceous strata in some areas (Fig. 1; Liu, 1988; Yin et al.,
1988). Figure 10 compares the distribution of 4400Ma
detrital zircons from all Takena Formation samples and
with the distribution of detrital zircon ages from sample
DMXNG, which was collected from a Carboniferous
sandstone exposed in the southern Lhasa terrane. The
two age distributions are remarkably similar, implying that
Carboniferous rocks served as a source for Cretaceous
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Fig.10. Diagrams comparing the distribution of detrital zircon uranium^lead ages in samples from theTakena Formation with that
from a sample of Carboniferous strata exposedwithin the Lhasa terrane. Enlarged are the detrital zircons from theTakena Formation
that have ages4400Ma; below this are all the detrital zircon ages from the sample of Carboniferous strata.This ¢gure highlights the
fact that the older zircons within theTakena Formation have ages that are very similar to the ages of zircons in the Carboniferous strata.
This information, combinedwith petrographic data and regional map-relationships, suggests that Carboniferous strata were exposed
at the surface, eroded and redeposited during the Late Cretaceous.
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deposits. Combined with the petrographic evidence and
stratigraphic relationshipsmentioned above, the detrital zir-
con data indicate that Carboniferous strata were exposed
and being eroded duringCretaceous time in southernTibet.
The fact that Carboniferous rocks remainwidely exposed in
the Lhasa terrane today in turn implies that relatively little
post-Cretaceous erosion has occurred in this region.

Palaeozoic strata and northern
Gondwanaland

Detrital zircon ages from Palaeozoic sedimentary rocks in
southern Tibet can be compared with those from age-
equivalent rocks in the Qiangtang terrane to the north
and the Himalayan thrust belt of Nepal to the south as a
means of evaluating Palaeozoic palaeogeographic models
of northernGondwanaland.Detrital zircon ages fromCar-
boniferous strata in the Lhasa terrane (sample DMXNG)
are similar to those from Palaeozoic strata of theTibetan
Himalayan thrust belt (DeCelles etal., 2004) as well as det-
rital zircon ages from Carboniferous metasandstone units
in the Qiangtang terrane (Fig. 11; Kapp et al., 2003a). The
overall similarity in detrital zircon age distributions sup-
ports Palaeozoic plate tectonic reconstructions of north-
ern Gondwanaland that depict a vast shallow marine sea
throughout the contiguous Lhasa and Qiangtang terranes

and greater India (Dewey et al., 1988; Leeder et al., 1988;
Seng˛r &Nata’lin, 1996; Scotese, 2002).

Northern and southern provenance
signatures

Data from this study and the literature suggest that it
should be possible to delineate northern vs. southern det-
rital zircon provenance signatures in particular strati-
graphic units within theTibetan plateau. Igneous rocks in
the Kunlun terrane of northern Tibet are dominated by
zircon U^Pb crystallization ages ranging between �200
and �500Ma, with a few ages of roughly �930 and
�1870Ma (Fig. 12; Gehrels et al., 2003a; Cowgill et al.,
2003; Schwab et al., 2004). In addition to igneous rocks,
sedimentary and meta-sedimentary rocks in northern
Tibet have detrital zircons with age populations of �480,
�900, �1400 and �1800Ma (Fig. 13; Gehrels et al.,
2003b). In the Songpan^Ganzi and northern Qiangtang
terranes of central Tibet, zircon crystallization ages of
igneous rocks are generally o220Ma (Fig. 12). In the
southern fringe of the Qiangtang terrane, igneous zircons
have ages generally between �100 and �150Ma (Fig.12).
In the northern part of the Himalayan thrust belt, sedi-
mentary and meta-sedimentary rocks are dominated by
detrital zircons with age populations of 500^600 and
1000^1400Ma (Fig.13; DeCelles et al., 2004; Schwab et al.,
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Paleozoic strata
Tethyan Himalaya
n=962

Carboniferous
metasedimentary unit
Qiangtang terrane
n = 54

Carboniferous
Lhasa terrane 
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Fig.11. Comparison of detrital zircon uranium^lead ages from Palaeozoic strata in tectono-sedimentary terranes in the Himalayan^
Tibetan orogenic system.The lowermost relative probability curve is fromTethyanHimalayan strata exposed in northern Nepal and
southernTibet (fromDeCelles et al., 2004).The middle relative probability curve is fromCarboniferous strata exposed in the Lhasa
terrane; sampleDMXNG, this study.The uppermost relative age^probability curve is fromCarboniferous metasandstones exposed in
the Qiangtang terrane (fromKapp et al., 2003a). Although there are some di¡erences, the ¢rst-order similarity of detrital zircon ages
between samples supports early^middle Palaeozoic plate reconstructions that depict the northern margin of India, the Lhasa terrane,
and the Qiangtang terrane as covered by a contiguous marine environment along the northern margin of Gondwanaland.
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2004; this study). However, it must be emphasized that
sources of zircons in the Himalayan thrust belt, which
was part of Greater India, could not have contributed
to Cretaceous rocks of the Lhasa terrane because they
would have lain on the opposite of the Neotethys ocean
during Cretaceous time.

The spatial di¡erences in zircon ages on the Tibetan
plateau can be exploited to assess northern vs. southern
provenance signatures in Cretaceous strata of the Lhasa
terrane (Fig. 13). Samples PENBO1, PENBO2, NYANT,
MAQU and CHMLNG are from strata with palaeocur-
rent directions and petrographic characteristics that indi-
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Fig.13. Comparison of detrital zircon ages from tectonic terranes in the Himalayan T̂ibetan orogenic system; the relative probability
plots are ordered bottom to top as they are geographically located south to north. Prominent populations that appear to be characteristic
of either the northern or southern portion of the region are highlighted.The highlighted regions with question marks represent age
populations that may be present in both the north and the south. Also shown are the zircon uranium^lead ages of plutonic bodies/
regions in theTibetan plateau.The northern portion of theTibetan plateau contains plutonic rocks that record speci¢c periods of
emplacement and cooling.The sedimentary and meta-sedimentary rocks from the northern portion of the plateau tend to have large
zircon populations with ages between �200^500Ma and �1700^2000Ma. Detrital zircons with these ages are generally absent in
Mesozoic sedimentary rocks in the Lhasa terrane, with the exception of the strata associatedwith the LNPLA sample, whichwas
derived from northern sources (see text). Detrital zircon populations in the south have clusters in the range �50^200, 500^600 and
1000^1400Ma.
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cate derivation from local sources in southernTibet (Leier
et al., in press).These samples contain zircon populations
with ages in the range of 110^160, 500^600 and 1000^
1400Ma, which is consistent with a southern Tibetan
zircon provenance signature (Figs 6 and 13). In contrast,
sample LNPLA from the boundary between the Lhasa
and Qiangtang terranes contains very few detrital zircons
with ages of 500^600 or1000^1400Ma. Instead, the major-
ity of the zircons in LNPLA have ages in the range of 200^
500 and 1700^2000Ma, which is more consistent with a
northernTibetan provenance (Fig. 13). Little additional in-
formation is available on the provenance of the strata asso-
ciatedwith the LNPLA sample; however, palaeogeographic
reconstructions of the area (Leederetal.,1988;Yin etal.,1988)
and a limited amount of palaeocurrent data from Jurassic
strata near the LNPLA sampling site (n5 28; A. L. Leier,
unpublished data) indicate southward sediment transport.
In any case, the apparent di¡erences in the detrital zircon
age signatures of northern vs. southern Tibet indicate that
it may be possible to use detrital zircon age distributions
for distinguishing the ¢rst-order provenance of clastic stra-
tigraphic unitswithin theTibetan plateau. It shouldbe noted
that many more samples are required before this hypothesis
can be fully assessed and other tectonic terranes in the area
(e.g. Indochina block)may play an important role in the det-
rital zircon signatures.

CONCLUSIONS

The scarcity of geologic data from theTibetan plateau pre-
sents a major limitation to understanding the Cenozoic
and pre-Cenozoic evolution of this region. The 743 new
U^Pb detrital zircon ages presented here help to elucidate
several important aspects of the geology of the Tibetan
plateau and its tectono-sedimentary history, and can also
be used as a point of comparison for future studies.

Many of the samples collected from the Lhasa terrane
share particular populations of detrital zircon ages. Cre-
taceous sandstone samples contain numerous zirconswith
ages between 110 and 160Ma. The Cretaceous(?) sample
collected near Nam Co is the exception and lacks any zir-
cons with ages o400Ma. Zircons with ages between 200
and 500Ma are scarce in sandstone units in the Lhasa ter-
rane, except Jurassic sandstone exposed near the Bangong
suture. Detrital zircons with 500^600Ma ages represent a
substantial proportion of the total population in many of
the samples.Many of the samples also contain a signi¢cant
population of zircons with ages of1000^1400Ma.The Jur-
assic LNPLA sample contains a conspicuously large clus-
ter of detrital zirconswith ages of �1900Ma,which di¡ers
from the detrital zircon age distribution in all the other
samples. Almost all the samples contain a small number
of zircons with ages �2500Ma.

Several inferences and trends can be drawn from the
detrital zircon data. The ages of detrital zircons from
‘Lower Cretaceous’ strata exposed near lake Nam Co are
all older than 400Ma, suggesting that the strata exposed

along the northeastern shore of the lake are Palaeozoic in
age, not Lower Cretaceous.The small number of Jurassic-
age detrital zircons in Jurassic strata exposed near the
Bangong suture is di⁄cult to reconcile with the hypothe-
sized existence of a Jurassic arc along on the southern mar-
gin of the Qiangtang terrane; however, these strata may
predate the construction of the arc. These same Jurassic
strata contain populations of detrital zircons with ages of
200^500 and 1800^2000Ma, populations that are notice-
ably di¡erent from the ages of detrital zircons in sedimen-
tary rocks in the southern portion of the Lhasa terrane.
Di¡erences between the age-probability plot of Jurassic
strata and the geographic distribution of igneous rocks
within theTibetan plateau suggest that it might be possi-
ble to discern, at least to a ¢rst order, whether sediments
were derived primarily from northern or southern Tibet.
Detrital zircons in Upper Cretaceous £uvial sandstone
units exposed around the city of Lhasa suggest that the
southern portion of the Lhasa terrane was occupied by
several distinct £uvial systems during theLateCretaceous.
The absence of any detrital zircons with ageso100Ma in
Upper Cretaceous sandstone samples suggests that de-
position of the preserved succession ceased nearer to 100
than 70Ma. At least some of the sediment in the Upper
Cretaceous strata was recycled from Palaeozoic (Carboni-
ferous) strata that were exposed during the late Mesozoic.
Similarities between Palaeozoic strata exposed in the Hi-
malaya, Lhasa terrane and Qiangtang terrane suggest that
these areas were adjacent to one another during the early^
middle Palaeozoic and together composed a large portion
of the northern margin of Gondwanaland.
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