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Before the continental collision of India with Asia, northward subduction of the Tethyan oceanic lithosphere
beneath South Asia resulted in widespread arc magmatism in the Lhasa terrane of southern Tibet from Early
Jurassic to Eocene time. The detailed magmatic history of this Transhimalayan arc system, however, remains
unclear. Here we report in-situ detrital zircon U-Pb and Hf isotopic analyses of sedimentary rocks from the
Xigaze fore-arc basin, which developed along the southern margin of the Lhasa terrane. The zircon U-Pb
results allow us to better constrain the depositional age of the Xigaze Group, which consists from bottom to
top of the Chongdui, Ngamring, Padana and Qubeiya formations deposited between ca. 116 and 65 Ma, with
the main stage (i.e., the Ngamring Formation) being deposited between ca. 107 and 84 Ma. The majority of
these zircons are characterized by high '76Hf/””Hf isotopic ratios and positive &ys(t) values that are similar
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H,f isotope to those of magmatic zircons from the Gangdese batholith, suggesting the latter was a predominant source
’TQE&tze Group provenance of the fore-arc sediments. In the younger sequences, i.e., the upper Ngamring and Padana/
1Dbe!

Qubeiya formations, zircons that record either pre-Mesozoic U-Pb ages or negative ey¢(t) values become
more abundant, implying additional sources from the northern Lhasa and/or Qiangtang terranes due to
northward development of the fluvial systems. The overall zircon U-Pb and Hf isotopic data furthermore
suggest that during fore-arc deposition, the exposed Gangdese arc was dominated by igneous rocks formed
between 130 and 80 Ma, associated with lesser amounts zircon with ages between 190 and 150 Ma, thus
recording two important stages of arc magmatism that are only sporadically preserved in modern outcrops
as a result of extensive erosion related to uplift during Mesozoic-Cenozoic time.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction batholith or “Gangdese plutonic complex” (Chang and Zheng, 1973;

Allégre et al., 1984), from which intrusive magmatism between 190

Northward subduction of the Tethyan oceanic lithosphere beneath
Asia and the subsequent Indian collision produced the immense
Tibetan plateau, which is widely considered to have influenced Asian
monsoon circulation, local drainage patterns and global seawater
chemistry (e.g., Richter et al., 1992; Molnar et al., 1993). Understand-
ing the Tethyan subduction history, therefore, is vital not only for
deciphering the pre-collisional magmatic and tectonic evolution of
the region, but also for providing constraints on the initial condition
required for any geodynamic models that deal with the key questions
such as when and how the Tibetan plateau formed.

North of the Yarlung-Tsangpo suture (Fig. 1), a belt of granitoids
that crops out within the Lhasa terrane of southern Tibet for a length
of ~2500 km has been termed the “Transhimalayan batholith”
(Allegre et al., 1984; Searle et al., 1987; Yin and Harrison, 2000).
East of ~80°E, this granitoid belt is represented by the Gangdese
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and 42 Ma has been well documented (cf. Wen et al. (2008) and Ji
et al. (2009); for systematic geochronological studies and reviews of
the literature age data). Details of the temporal and spatial evolution
of Gangdese magmatism, however, remain unknown. The present-
day outcrops of the batholith appear to be dominantly composed of
Late Cretaceous and Paleogene (ca. 103-42 Ma) granitoids, and those
with Jurassic or Early Cretaceous ages are found only as small bodies
in limited areas (e.g., Chu et al,, 2006; Zhang et al., 2007a). This
outcrop pattern is most likely related to extensive erosion caused by
topographic uplift before or after the India-Asia collision (Copeland
et al,, 1987, 1995; Murphy et al., 1997; Kapp et al., 2005, 2007b),
which hinders us from directly using the exposed igneous rocks to
understand the magmatic evolution of the Gangdese batholith.
Fortunately, Xigaze fore-arc basin sedimentary rocks provide a
good opportunity to study the above problem. It is generally accepted
that the fore-arc basin is a depression in the sea floor located between
an accretionary wedge and an associated volcanic arc in a subduction
zone. It is typically filled with thick sedimentary piles derived mainly
from the adjacent island arc due to its higher topography (Einsele,
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Fig. 1. Simplified geological map of the Tibetan Plateau showing the major units, suture zones and the Transhmalayan granites referred to in the text and the distribution of the

Xigaze fore-arc sediments.

2000), suggesting that the fore-arc sediment is a good candidate to
decipher the magmatic history of the adjacent arc. The Xigaze fore-arc
basin is located at the southern margin of the Lhasa terrane,
immediately north of the Yarlung-Tsangpo suture zone (Fig. 1). This
basin, composed overwhelmingly of Late Cretaceous clastic sediments
sourced from the Gangdese arc complex (Einsele et al., 1994; Dfrr,
1996; Wang et al., 1999), offers a unique opportunity for more
quantitative studies of not only the uplift-erosion-deposition relation
but also the Mesozoic Gangdese magmatic history. We therefore
conducted a combined U-Pb and Lu-Hf isotopic analysis of zircon
separates from six sedimentary rocks in the Xigaze basin. Our results,
when combined with other recent work in the area (e.g., Chu et al.,
2006; Wu et al., 2007; Zhang et al., 2007a; Chiu et al., 2009; Ji et al.,
2009), allow us to better constrain the Gangdese magmatic evolution.

2. Geological setting and samples

The Tibetan plateau is composed of the Indian continent in the
south and the Asian continent in the north, separated by the Yalung-
Tsangpo suture zone (Fig. 1). North of the Yarlung-Tsangpo suture
zone, the Lhasa terrane forms part of the Asian continent, with the
Cambrian and Precambrian orthogneisses as terrane basement
(Guynn et al., 2006). The southern part of the Lhasa terrane is
characterized by extensive Jurassic-Early Tertiary calc-alkaline gran-
itoids (Schdrer et al., 1984b; Debon et al., 1986; Chung et al., 2005)
and Cretaceous to Tertiary non-marine volcanic sequences of the
Linzizong Formation (Fig. 1, Maluski et al., 1982; Coulon et al., 1986;
Zhou et al., 2004; Chung et al., 2005; He et al., 2007; Lee et al., 2007);
whereas the northern Lhasa terrane is characterized by Early
Cretaceous volcanic and granitic rocks with formation ages around
100-130 Ma (Coulon et al., 1986; Harris et al., 1988; Kapp et al.,
2007a). It is noted that the Early Cretaceous granites in the central-
northern Lhasa terrane are mostly peraluminous monzogranites with
occurrence of muscovite (S-type?) varieties, which are much different
from the hornblende-bearing metaluminous I-type granites in the
southern Lhasa terrane. During the Aptian-Albian, the Lhasa terrane
was characterized by deposition of shallow-marine limestone and
then underwent a transition to non-marine deposition (= Takena
equivalent), coeval with the development of major thrust belts in the

terrane (northern Lhasa terrane thrust belt in the north and Gangdese
retroarc thrust belt in the south) (Murphy et al., 1997; Ding and Lai,
2003; Kapp et al., 2005, 2007b). Further north, the Qiangtang terrane
is mostly composed of Paleozoic-Lower Jurassic shallow marine strata
with some blueschist and eclogite (Kapp et al., 2000; Li et al., 2006).
Cretaceous exposures are limited. It is generally accepted that the
Qiangtang terrane was juxtaposed with the Lhasa terrane along the
Bangong-Nujiang suture zone which closed during the Middle
Jurassic to Early Cretaceous (Allégre et al., 1984; Kapp et al., 2007a).

The Xigaze fore-arc basin extends from Xigaze in the east to Saga in
the west, with a length of ~550 km and a width of ~20 km (Fig. 2a).
This area has traditionally been defined as a late Early-Late Cretaceous
basin consisting mainly of coarse- to fine-grained volcaniclastic
sedimentary rocks, with minor intercalated hemi-pelagic marl. Recent
geological mapping has indicated that the Xigaze fore-arc basin
consists of the Chongdui Formation, and the Xigaze and Tsojiangding
groups, deposited during the Cretaceous and Paleocene, respectively
(XBGMR, 1997; Jia et al., 2005). The Chongdui (or Congdu or Congdui)
Formation, the earliest unit in the Xigaze fore-arc basin, is exposed to
south of the Xigaze fore-arc sediment along the Yalung suture. It is in
tectonic contact with the ophiolitic mélange in the suture, but locally
conformably overlain by the Xigaze Group (Ngamring Formation)
(Wu, 1984; Yin et al.,, 1988; XBGMR, 1997; Wang et al., 1999). As
noted below, however, the Chongdui sandstone has the identical
zircon U-Pb and Hf isotopic features to samples from the Xigaze
Group. Therefore, we consider this formation as the earliest part of the
Xigaze Group (Fig. 3). The major rock types of this formation include
radiolarian-bearing chert, coarse-grained sandstone, siltstone, mud-
stone, shale and marly limestone, in which fossils indicate sedimen-
tation during the Albian-Cenomanian (112-94 Ma, Wu, 1984).

The remaining Xigaze Group is divided into the Ngamring, Padana
and Qubeiya formations from bottom to top (Fig. 3). The Ngamring
Formation was deposited in a deep marine environment and is
composed of shale and sandstone, with interlayers and lenses of marly
limestone in the lower part, coarse-grained sandstone with thin
interlayers of marly limestone and conglomerate in the middle part,
and shale with siltstone and limestone layers in the upper part (Wan
etal, 1998; Wang et al., 1999; Fig. 4a). The sediments of the Ngamring
Formation show a fining-upward trend. The overlying Padana
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Fig. 2. (a) Geological map showing the locations of samples from the Xigaze fore-arc sediments in this study and, (b) details of the Ngamring Formation near Xigaze City.

Formation is in conformable contact with the Ngamring Formation
and is characterized by grey, light green and pink sandstone,
mudstone and limestone. The overlying Qubeiya Formation is
composed of mudstone and limestone, with interlayers of sandstone.
Both the Padana and Qubeiya formations were deposited in a shallow
marine environment (Ding et al., 2005). The Tsojiangding Group is
located in the western part of the Xigaze basin and unconformably
overlies the Xigaze Group (Fig. 3). It can be divided into the basal

Quxia Formation (conglomerate dominated) and the overlying Jialazi
Formation (Ding et al., 2005), composed of sandstone and conglom-
erate with grain-size decreasing from base to top. It is proposed that
the clastic sediments of this group were deposited in the residual
Xigaze fore-arc basin after the India-Asian collision (Ding et al., 2005).

The Ngamring Formation of the Xigaze Group is ~7 km thick (Drr,
1996). Based on the metamorphic overprint, shown by the paragen-
esis of pumpellyite, epidote, titanite, and locally lawsonite in andesitic

Xigaze fore-arc strata
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Fig. 3. Stratigraphic subdivision of the Xigaze Group (modified after XBGMR, 1997; Jia et al., 2005). The age between the Xigaze and Tsojiangding groups is from Ding et al. (2005).
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Fig. 4. (a) Occurrence of the Ngamring Formation fore-arc sediments, showing tilting and high relief; (b) sample site of 06FW171, a medium-grained sandstone; (c) sample site of
06FW172, a pebble-bearing coarse-grained sandstone; (d) sample site of 06FW173, a fine-grained sandstone with near vertical bedding.

volcanic clasts, the original thickness of the Ngamring Formation was
possibly in the order of 12 km (Dtrr, 1996). The clastic sediments
were deposited in deep-sea fans by a variety of gravity processes,
including turbidity currents and debris flows (Einsele et al., 1994;
Dtrr, 1996; Wang et al.,, 1999). The southward-trending paleocurrent
directions indicate that these sediments were mostly derived from the
Asian continent.

Biostratigraphic control is poor because of the predominant flysch-
like facies and later metamorphic overprint, resulting in only rare
macrofossils and poor preservation of microfossils. The age of the
lowest volcaniclastic units in the Xigaze Group is probably Aptian-
Albian, as indicated by an upper Albian ammonite, Mortoniceras pricei
intermedium, recovered from a stratigraphically intermediate posi-
tion in the Ngamring Formation (Wiedmann and Durr, 1995). A
Coniacian foraminiferal age for the youngest sediments in the Xigaze
area has also been obtained (Wan et al., 1998). Therefore, the Xigaze
Group was most likely deposited between 86 and 100 Ma. The
Qubeiya Formation includes abundant large foraminifera, the species
suggesting a late Campanian to late Maastrichtian age (Ding et al.,
2005), which is supported by tuff whole-rock Ar/Ar plateau ages of
62.64+0.6 and 62.041.0 Ma and zircon U-Pb age of 60.042.2 Ma
from a volcanic tuff layer in the overlying Tsojingding Group (Ding
et al., 2005).

In this study, six samples were collected from the Xigaze Group
(Fig. 3). Sample JD-1 was collected south of Jiding, and southwest of
Xigaze City (GPS location: N29°09'19”, E88°22'14"). It is a light green,
coarse-grained sandstone belonging to the Chongdui Formation.
Samples 06FW171 (medium-grained sandstone, GPS location:
N29°18’47", E88°51'34"), 06FW172 (pebble-bearing coarse-grained
sandstone, GPS location: N29°13'22”, E88°48'28") and 06FW173
(fine-grained sandstone, GPS location: N29°12/28", E88°48'03") were
collected from the Ngamring Formation in the Xigaze area, and
represent the lower, middle and upper parts, respectively (Figs. 2b
and 3). According to the stratigraphic sub-division of Wan et al.
(1998), the above three samples would have been deposited in the
Upper Albian, Turonian and Coniacian epochs, respectively. Sample
SS01-1 was collected from the Padana Formation (GPS location:
N29°28’01”, E86°05’10”) and is a coarse-grained sandstone. Sample

AR-1 is asiltstone collected from the Qubeiya Formation, north of Saga
(Fig. 2a, GPS location: N29°2920", E85°19'07").

3. Analytical methods

Zircon crystals were obtained from crushed rock using a combina-
tion of heavy liquid and magnetic separation techniques. Individual
crystals were handpicked, mounted in epoxy resin and polished to
remove the upper one third of the grain. Cathodoluminescence (CL)
images were obtained using a CAMECA electron microprobe at the
Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS) in Beijing, in order to identify internal structures and choose
potential target sites for U-Pb and Hf analyses. The working conditions
during the CL imaging were at 15 kV. Isotopic measurements were
carried out at the MC-ICPMS laboratory of the IGGCAS. An Agilent
7500a quadrupole (Q)-ICPMS and a Neptune multi-collector (MC)-
ICPMS were used for simultaneous collection of U-Pb isotopes, trace
elements and Lu-Hf isotopes with an attached 193 nm excimer ArF
laser-ablation system (GeoLas Plus). During analyses, the ablated
aerosol was carried by helium and split into two transport tubes using
a three-way pipe and therefore simultaneously introduced into the Q-
ICPMS and MC-ICPMS. The proportion of ablated material carried into
the two instruments was controlled by three mass flow controllers.
Our experiments indicate that there is no significant mass fraction-
ation when different proportions of ablated material were carried into
the Q-ICPMS and MC-ICPMS. The detailed analytical procedure, similar
to those described by Yuan et al. (2008), can be found in Xie et al.
(2008), and only a brief description is given here.

The Agilent 7500a Q-ICPMS has an abaxial Omega II lens system.
Under normal operating mode, the sensitivity is better than 20 Mcps/
ppm for #Y, using a 100 pL/min PFA nebulizer and Scott spray
chamber. In the case of laser ablation, the sensitivity of 2*%U in NIST
SRM 610 is 14000 cps/ppm using a spot size of 40 pm with laser
repetition rate of 10 Hz and laser energy density of 25 J/cm?. The mass
stability is better than 0.05 amu/24 h.

The GeoLas PLUS 193 nm excimer ArF laser ablation system consists
of a COMPex 102 ArF excimer laser generator with wavelength of
193 nm, laser optical system with a laser beam homogenizing system,
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and Geolas standard software. The highest possible energy density on
the sample is 35 J/cm?, but only 15 J/cm? was used in this study. Helium
was used as the carrier gas to enhance transport efficiency of the ablated
material. The sample cell has a diameter of ~5.8 cmand heightof 1.5 cm.
This large cell yields a response time of ~10 s, defined as the time the
signal takes to decay by a factor of 10 (Wang et al., 2009).

All the gas lines were purged for over 1 h prior to each analytical
session to reduce Pb on the surface to 2**Pb<50 cps in the gas blank. The
measurements were carried out using time resolved analysis operating in
afast, peak hopping sequence in DUAL detector mode. Raw count rates for
295j, 204pp, 206pp, 207ph, 208ppy 232Th and 238U were collected for age
determination. 2°?Hg is usually <10 cps in the gas blank, therefore the
contribution of 2**Hg to 2°*Pb is negligible and is not considered further.
The integration time for the four Pb isotopes was 62.76 ms, whereas for
the other isotopes (including 2°Si, 2*Th and 238U) it was 30 ms. Data were
acquired over 30 s with the laser off and 40 s with the laser on, giving ca.
340 (=170 reading/replicate x 2 sweeps) mass scans for a penetration
depth of ca. 20 pm. The average gas blank is typically <4000 cps for 2°Si;
<10 cps for 204Pb, 205Pb, 207Pb and 2°®Pb; <1 cps for 2*2Th and 238U.

Before analysis, the sample surface was cleaned with ethanol to
eliminate possible contamination. Every 10 sample analyses were
followed by measurements of one zircon 91500, one TEMORA-2 and
one NIST SRM 610. 2°7Pb/2%6Pb and 2°6Pb/?38U ratios were calculated
using GLITTER 4.0 (Jackson et al., 2004; Griffin et al., 2008), which was
then corrected using the Harvard zircon 91500 as an external
standard. The 2°7Pb/?*>U ratio was calculated from the values of
207ph,296ph and 2%6Pb/238U (23°U =238U/137.88). The relative stan-
dard deviations of reference values for 91500 were set at 2%. Common
Pb was corrected according to the method proposed by Anderson
(2002). The weighted mean U-Pb ages and concordia plots were
processed using ISOPLOT 3.0. Analyses of the Australian National
University zircon standard TEMORA-2 as an unknown yielded a
weighted 2°5Pb/238U age of 416 + 2 Ma (20, n = 50), which is in good
agreement with the recommended value (Black et al., 2003).

The Neptune MC-ICPMS was used in this study for zircon Hf isotopic
measurements. This machine is a double focusing multi-collector ICP-
MS and has the capability of high mass resolution measurements in
multiple collector mode. The J]MC 475 standard solution with 200 ppb Hf
was used for evaluating the reproducibility and accuracy of the
instrument before laser ablation analyses. The details of this solution

Table 1
Summarized characteristics of samples from the Xigaze fore-arc basin.

measurement can be found in Wu et al. (2006). The results of 7SHf/""7Hf
for JMC475 Hf standard solution in a long term give an average '7SHf/
177Hf ratio of 0.282158+16 (n=140, 2SD) normalized to '7°Hf/
177Hf=0.7325 using an exponential law for mass bias correction (Wu
etal., 2006). This value is identical to that recommended by Nowell et al.
(1998). During laser ablation analyses, the isobaric interference of '7Lu
on '7®Hf is negligible due to the extremely low '7SLu/!”’Hf in zircon
(normally <0.002). However, the interference of 1”6Yb on '7°Hf must be
carefully corrected since the contribution of 17°Yb to !'7Hf could
profoundly affect the accuracy of the measured '7°Hf/””Hf ratio. In this
project, the mean '”2Yb/!7!Yb ratio of the individual spots was used to
calculate the fractionation coefficient (Byp), and then to calculate the
contribution of 176Yb to '7Hf. It is shown that this method can provide
an accurate correction of the 176Yb interference on 7SHf (Woodhead
et al., 2004; Wu et al., 2006; Kemp et al., 2009). During analysis, an
isotopic ratio of 17Yb/!72Yb=0.5887 was applied (Wu et al., 2006).
Standard zircon 91500 was used for external correction. During
analytical sessions, the obtained '7SHf/'”’Hf value of 91500 was
0.282301£8 (20), which was adjusted to 0.282305 (correction of
0.000004), a standard value recommended for 91500 (Wu et al., 2006),
although it is similar to the values obtained by the solution method,
within error (Wiedenbeck et al., 1995; Amelin et al., 2000; Woodhead
et al,, 2004; Nebel-Jacobsen et al., 2005; Davis et al.,, 2005). During data
acquisition, analyses of TEMORA-2 as an unknown yielded a weighted
176Hf/177Hf ratio of 0.282673+5 (20, n=50), identical to the
recommended value within error (Wu et al., 2006).

A potential problem during analysis and data processing is the
complex age and isotopic structures of the targeted zircons. However,
as a specifically designed program in U-Pb analysis, GLITTER can
display a time-resolved signal in which the down-hole variation
(depth profile) in age is clearly recognizable, and the different zones
can be dated separately; described by Jackson et al. (2004) and Griffin
et al. (2008). Similarly, Hf isotopic profiles can be also established
during laser ablation (Woodhead et al., 2004).

4. Analytical results
All U-Pb data obtained in this study are listed in the electronic

supplement as Table A1 in the supplementary material. For statistical
purposes, zircons >1000 Ma with discordance <10% and <1000 Ma

Sample Maximum depositional Major age Percentage of the Mesozoic zircons with
age (Ma)? peak® Mesozoic zircons positive gye(t) value
ARO1-1 (n=77) 78 78 (n=4), 88 (n=8), 100 (n=15), 69% (53 out of 77) 92% (49 out of 53)
(Qubeiya) 111 (n=13), 115 (n=11), 124 (n=38),
1160 (n=3), 1806 (n=3)
SS01-1 (n="75) 93 93 (n=7),98 (n=8), 142 (n=3), 32% (24 out of 75) 50% (12 out of 24)

(Padana Fr.)

06FW173 (n=68) 88
(Upper Ngamring Fr.)

06FW172 (n=75) 101
(Middle Ngamring Fr.)

06FW171 (n=71) 107
(Lower Ngamring Fr.)

JD-1 (n=89) 116

(Chongdui Fr.)

617 (n=3), 656 (n=3), 873 (n=4),
1056 (n=4), 1089 (n=4),

1187 (n=3), 1805 (n=3)

88 (n=3), 98 (n=4), 120 (n=3),
160 (n=5), 528 (n=3), 587 (n=3),
691 (n=4), 780 (n=3), 848 (n=3),
909 (n=6), 1147 (n=3), 1190 (n=4),
1283 (n=3),

1744 (n=3)

101 (n=19),

106 (n=20),

164 (n=34)

107 (n=31)

128 (n=5)

116 (n="74)

188 (n=4)

200 (n=3)

35% (24 out of 68) 63% (15 out of 24)

99% (74 out of 75) 100% (74 out of 74)

89% (63 out of 71) 97% (61 out of 63)

100% (89 out of 89) 100% (89 out of 89)

¢ The age statistics are conducted by Age Pick program of the Arizona University (http://www.geo.arizona.edu/alc/Analysis%20Tools.htm). The numbers in bold are the most

important peak in the sample.
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with discordance <20% were considered as usable. The Hf isotopic
data are listed in the electronic supplement as Table A2. For clarity, the
summarized characteristics of the individual samples are provided in
Table 1. For age statistics, Age Pick program of the University of
Arizona (Arizona LaserChron website of http://www.geo.arizona.edu/
alc/Analysis%20Tools.htm) was used. Representative zircon cathodo-
luminescence (CL) images from all formations are shown in Fig. 5.

4.1. Chongdui Formation

Zircons from sample JD-1 are stubby to elongate and variable in
size, with an average length of ~ 100 um; they show oscillatory zoning
under CL (Fig. 5a). Eighty-nine usable 2°°Pb/228U ages obtained from
100 analyses show that sample JD-1 of the Chongdui Formation
contains exclusively Mesozoic zircons (Figs. 6 and 7a). These include
(1) a zircon grain with the oldest 2°°Pb/238U age 0f 202 + 5 Ma; (2) six
grains with Jurassic ages from 19947 to 145+ 11 Ma; and (3) the
remaining eighty-two grains of Early Cretaceous age from 10545 to
13946 Ma. Statistically, the overall age spectrum shows a large,
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(132407) (138
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122+7Ma
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116 +2Ma

broad peak centred on ~116 Ma, coupled with a small cluster around
202-182 Ma (Fig. 7a, Table 1). Moreover, all these Mesozoic zircons
display high 7SHf/'7”Hf isotopic ratios of 0.282846-0.283179 that
yield positive ey¢(t) values of +6.5-+17.4 (Fig. 8a and b).

4.2. Ngamring Formation

Zircons from sample 06FW171 of the lower Ngamring Formation
(Fig. 4b) show some variations in size, with the largest grains having a
length of ~250 pm, but most of them are <100 pm in length. In CL
images, most zircons show oscillatory zoning (Fig. 5b). The larger
crystals are euhedral with length/width ratios of 1:2-1:4. However,
the small zircon grains are usually rounded, perhaps implying a longer
transport distance from their source. Ninety-nine zircon grains were
analyzed and 71 usable ages were obtained (Fig. 6). The youngest age
is 95 42 Ma, with discordance of 9.5%, and other younger ages include
96 +4, 97 £ 2 and 98 43 Ma, with discordance of 16%, 4% and —4%,
respectively. There are also eight grains showing Precambrian ages,
and the oldest one is 1425 + 15 Ma with a discordance of — 0.2%. Most
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Fig. 5. Representative cathodoluminescence (CL) images of zircons from the Xigaze fore-arc sediments. Scale bar =50 pm. (a) JD-1 (Chongdui Formation), (b) 06FW171 (lower
Ngamring Formation), (c) 06FW172 (middle Ngamring Formation), (d) 06FW173 (upper Ngamring Formation), (e) SSO1-1 (Padana Formation) and (f) AR-01 (Qubeiya Formation).
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of the zircons (58 out of 71 results, i.e., ~82%) are Cretaceous, with
ages ranging from 95 to 143 Ma and the main peak at 107 and a minor
peak at 128 Ma (Fig. 7b, Table 1). In terms of Hf isotope composition,
the Precambrian zircons display a large variation in '7®Hf/'”’Hf
isotopic ratios (Fig. 8c), but the Cretaceous zircons show mainly high
176Hf/177Hf isotopic ratios and positive g(t) values (Fig. 8d).

Zircons from sample 06FW172, collected from the middle Ngamring
Formation (Fig. 4c), show somewhat different U-Pb and Hf isotopic
characteristics. These zircons are mostly uniform in grain-size with
length/width ratios of 1:1-1:3, and most do not show oscillatory zoning
but are bright in CL images (Fig. 5¢). Among the 75 usable ages from 100
analyses, almost all zircons are Mesozoic except for one Precambrian
grain that has 20’Pb/2°°Pb age of 1239445 Ma (Fig. 6). The youngest
206pp,238() ages obtained are 88+11 and 89+ 3 Ma. The Mesozoic
zircons form two age groups of 135-88 and 192-145 Ma, with peaks at
~101, 106 and 164 Ma, respectively (Fig. 7c, Table 1). All Mesozoic
zircons display high 17®Hf/!””Hf isotopic ratios and positive yf(t) values
(Fig. 8e and f).

Sample 06FW173 from the upper Ngamring Formation (Fig. 4d)
shows a more complex age pattern. Unlike the stratigraphically lower
samples, zircons here are mostly rounded with length/width ratios of
1:1-1:2. Some large crystals have a length of ~200 pm with length/
width ratios of ~1:3. In CL images, most zircons show banded internal
structures (Fig. 5d). Among the 68 usable ages from 100 analyses
(Fig. 6), there are “only” 24 Mesozoic zircons with the youn-
gest recording an age of 77 43 Ma and the next two youngest ages
are 86+3 and 8842 Ma (Table 1). These Mesozoic zircons show
numerous age groups that, in the order of relative abundance, cluster
around 125-80, 170-140 and 240-220 Ma with the main peaks at 88,
98, 120 and 160 Ma, respectively (Fig. 7d, Table 1). In contrast to
previous samples, this sample has a large proportion of old zircons
that yield numerous small age peaks at 500-1000, 1150-1300 and
1700-1800 Ma (Fig. 7d). It is also noted that in this sample all large
crystals yielded Precambrian ages. Along with the highly heteroge-
neous Hf isotope composition of the old zircons, some of the Mesozoic
zircons show high '76Hf/!7”Hf isotopic ratios yielding positive eue(t)
values, whereas others have low '7®Hf/'”7Hf ratios and negative gu(t)
values (Fig. 8g and h).

4.3. Padana and Qubeiya formations

Zircons from both the Padana and Qubeiya formations are equal to
round in shape and show oscillatory zoning (Fig. 5e and f). Among the
100 zircon analyses of sample SS01-1 from the Padana Formation, 75
concordant and near concordant analyses show a large age range from
8743 to 3184410 Ma, with 24 being Mesozoic (Figs. 6 and 7e).
These Mesozoic ages form a principal group at 110-80 Ma, with major
peaks at 93 and 98 Ma, and a subordinate group of 170-130 Ma with a
peak at 142 Ma (Fig. 7e, Table 1). In terms of Hf isotopes, many of the
pre-Mesozoic zircons show low 7®Hf/'”7Hf isotopic ratios and nega-
tive eye(t) values (Fig. 8i), among which a ~600 Ma grain shows the
lowest gy(t) value of —26.8 4-0.7. Cretaceous zircons in this sample,
similar to the previous samples, possess high 7®Hf/!””Hf isotopic
ratios and positive gye(t) values. However, all except one Jurassic
zircon, show low '7®Hf/'77Hf isotopic ratios and negative gy(t) values
(Fig. 8j).

Seventy-seven usable zircon U-Pb analyses were obtained from
100 analyses of sample AR-1, recovered from the Qubeiya Formation
north of the Saga township (Fig. 2a). The age data show a wide range
from 77 +3 to 2480+ 10 Ma (Fig. 6). Similar to samples from the
lower Xigaze Group, there are abundant zircons (i.e., 53 out of 77
analyses, 69%) that record Mesozoic ages, forming an age cluster
between ~77 and 129 Ma with major peaks at 78, 88, 100, 111, 115
and 124 Ma (Fig. 7f, Table 1). Most of the pre-Mesozoic zircons have
low "7CHf/"”7Hf isotopic ratios and negative gy(t) values, but the
Mesozoic zircons are dominated by high '7®Hf/!””Hf isotopic ratios
and positive gye(t) values (Fig. 8k and I).

5. Discussion
5.1. Depositional constraints on the Xigaze fore-arc basin sediments

The age of the Xigaze Group is poorly constrained because of the
general lack of fossils. Biostratigraphic studies suggested that the
lowermost part of the Chongdui Formation was deposited during
Albian-Cenomanian time (i.e., ca. 112-94 Ma, Wu, 1984), but a more
precise age of deposition cannot be provided. It is generally accepted
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Formation) and (f) AR-01 (Qubeiya Formation).

that the youngest concordant detrital zircon age can be used to
constrain the maximum depositional age. If there is both continuous
magmatism in the source region and continuous sedimentation in the
appropriate depocentre, then this youngest U-Pb age might also be
taken to approximate the age of the deposition. This has been dem-
onstrated for Mesozoic strata in the Colorado Plateau (Dickinson and
Gehrels, 2009), although more studies are needed to verify this
conclusion. Taking the detrital zircon results from our sample JD-1
into account, the youngest ages are 10447, 10545, 106+ 6 and
106 + 5 Ma. Using the Age Pick program, the youngest peak age is
116 Ma, which provides a conservative lower age limit, suggesting
that deposition of the Chongdui Formation, or the entire Xigaze
Group, started later than ~116 Ma.

The Ngamring Formation, the major component of the Xigaze
Group, is considered to have been deposited from the Late Albian to
Late Coniacian (ca. 100-86 Ma), based on microfossils (Wan et al.,
1998). According to the biostratigraphic correlation, our samples
06FW171 and 06FW173, collected from the basal and uppermost

parts, respectively, of the formation, may be used to approximately
constrain the onset and cessation ages of sedimentation. In sample
06FW171, the youngest reliable ages are 95+2, 96 +4, 97 +2 and
98 4+ 3 Ma, with the youngest peak at 107 Ma, similar to that of
sample 06FW172 from the middle Ngamring Formation. These age
data indicate that the Ngamring Formation might have been de-
posited slightly later than, but not earlier than, ~107 Ma. Sample
06FW173 from the upper Ngamring Formation has a youngest peak
zircon age of 91 Ma. The overlying Padana sample SS01-1 records a
youngest zircon age of 80 + 2 Ma and youngest peak of 84 Ma,
which is slightly younger, within error, than the latest depositional
age constrained by fossils. We therefore propose that sedimentation
in the Ngamring Formation occurred between ca. 107 and 84 Ma,
which supports our previous assumption that the youngest U-Pb age
of detrital zircon can approximate the age of deposition in an active
environment such as the Xigaze fore-arc basin.

The age criteria described above for sample SS01-1 from the
Padana Formation imply deposition started around 84 Ma. The
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Fig. 8. Hf isotopic features of detrital zircons from the Xigaze Group. The Mesozoic zircons are characterized by positive gy¢(t) values in samples of JD-1 (a and b), 06FW171 (cand d),
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Lhasa terrane. Field of the Lhasa terrane is after Chu et al. (2006), Zhang et al. (2007b) and Wu et al. (2007). The error of zircon U-Pb ages is 10, but is 20 for gyg(t) values.

youngest zircon ages in sample AR-1 from the overlying Qubeiya
Formation are 77 £3, 78 &2 and 78 4- 3 Ma, with the youngest peak
age at 78 Ma. Howevers, it is interesting to note that this sample is from
an outcrop that was originally classified as belonging to the Ngamring
Formation by the field mapping team, at odds with the biostrati-
graphic study (Jia et al., 2005) that reported the Campanian-
Masstrichtian (84-65 Ma) fossils in this formation. Our zircon results
lend support to the latter view and allow us to conclude that the
outcrop is part of the Qubeiya Formation, the youngest formation of
the Xigaze Group, in which deposition started after ~78 Ma.

To sum up, the sedimentary sequences of the Xigaze Group were
deposited essentially in Late Cretaceous time, commencing with the
Chongdui Formation after ~116 Ma, followed by the Ngamring
Formation between ~107 and 84 Ma, and ending with the Padana
and Qubeiya formations between ~84 and 65 Ma.

5.2. Sources of the Xigaze sediments

It is generally considered that sediments in the Xigaze basin were
mainly derived from the Gangdese batholith, or associated Transhi-
malayan volcanic successions (Einsele et al., 1994; Dirr, 1996).
Besides, the carbonate shelf in the fore-arc region may have served as
another important source of the sediments. Diirr (1996), based on the
identification of a large amount of quartz, rutile and chromite in the
sandstones within the fore-arc basin, proposed that these minerals
are sourced from the Bangong-Nujiang suture or Qiangtang terrane in
the north (Fig. 1), brought by southward-flowing rivers across the
Gangdese batholith. This implies that the Gangdese batholith was not
yet a high mountain range during the Late Cretaceous when the fore-
arc basin formed. The similarity between the age peaks in this study
and the ages obtained from the granites in the northern Lhasa terrane
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seems support this conclusion (Murphy et al., 1997; Volkmer et al.,
2007).

In the Himalayan-Tibetan orogenic belt, the combined analysis of
zircon U-Pb and Lu-Hf analysis has proven to be a very useful tool for
studying not only the petrogenesis of the Gangdese arc rocks (e.g., Chu
et al., 2006; Lee et al., 2007; Zhang et al., 2007a; Chiu et al., 2009; Ji et al,
2009), but also the sedimentary “source-to-sink” relation of the
surrounding basins (e.g., Wu et al,, 2007; Liang et al.,, 2008). Zircon Hf
isotopic data available for the Gangdese batholith are characterized by
high '76Hf/!””Hf isotopic ratios that yield positive, juvenile mantle-type
epr(t) values. These include Triassic-Jurassic (Chu et al., 2006; Zhang et al.,
2007a; Jiet al., 2009), and voluminous Cretaceous to Paleogene granitoids
(Chu et al.,, 2006; Chu, 2006; Liang et al., 2008; Ji et al., 2009; Chiu et al.,
2009; Chu et al., in preparation). In contrast, to the north of the Gangsede
arc, zircons from Mesozoic granites from the northern plutonic belt in the
northern Lhasa terrane have significantly lower '7SHf/"”’Hf ratios and
exclusively negative gy(t) values (Chu et al., 2006; Zhang et al., 2007b;
Zhou et al., 2008). For example, Zhang et al. (2007b) reported that the Late
Triassic (20241 and 205+ 1 Ma) granites in the Central Lhasa terrane
have negative zircon gy(t) values of —12.4 to —1.8 with an average of
—6.1£0.7 (20). The inherited Jurassic zircons from Cretaceous granites
in the area reveal similar eyg(t) values of — 13.8-—4.9 (average aof—7.8 +
0.9), except for a single grain of Early Cretaceous zircon that has a slightly
positive gue(t) value of 4+ 0.9 (Chu et al,, 2006). The latter is similar to the
zircon gyg(t) values (4 1.3 +0.4,n = 15) reported by Zhou et al. (2008) for
an Early Cretaceous granite in the same area. All these available data
indicate that zircons from the granitoids in the central Lhasa terrane, or
the southern part of the voluminous northern plutonic belt, have much
lower and mostly negative u(t) values relative to those of the Gangdese
batholith to the south.

Although workers (Kapp et al., 2005, 2007a,b; Volkmer et al.,
2007) have recently reported age results documenting that early
Cretaceous granites are widespread in the northern Lhasa terrane,
there are scarce Hf isotope data available for these zircons. A recent
study of the Bangge pluton (113 4+- 1 Ma) in this area yielded zircon gy¢
(t) values of —6.1-4-0.1 with an average of —3.940.5 (Zhu, D.-C,
2009, personal communication), which is consistent with the negative
ena(t) values of Cretaceous granites in the same area (Harris et al.,
1988). Therefore, the limited amount of data implies that Cretaceous
zircons from the northern Lhasa terrane are also characterized, if not
dominated, by negative ey¢(t) values. With the understanding that
further analyses are required to substantiate this conclusion, the
zircon Hf isotopic evidence described above does not support the
notion that the Xigaze sediments have a major source provenance
from the northern Lhasa terrane. This conclusion is consistent, or at
least not at odds, with the paleocurrent data reported for the Creta-
ceous Takena Formation (Leier et al., 2007a), which was deposited in
the back-arc north of the Gangdese, coeval with sedimentation in the
Xigaze basin to the south. The paleocurrent data indicate that the
Takena sedimentary sequences have a southern rather than northern
source (Leier et al., 2007a), implying that during the Late Cretaceous,
the Gangdese arc was a topographic high that may have served as a
major source provenance for both the Takena basin in the north and
the Xigaze basin in the south.

In the present study, 327 out of 455 (~72%) zircons analyzed from
all samples are Mesozoic in age. We note that most of the Mesozoic
zircons are elongate with length/width ratios of 1:2-1:3 and show
oscillatory zoning, typical of an igneous origin. As shown in Fig. 93, a
majority of these Mesozoic zircons record positive gy¢(t) values that
plot into the Gangdese arc field, thus showing the Gangdese Hf
isotopic signature. The zircon data lead us to conclude that the
Gangdese arc is the main provenance source of the Xigaze fore-arc
sediments. However, a smaller fraction of Mesozoic zircons showing
negative gy¢(t) values are also present and these plot in or around the
Lhasa terrane range, as defined by zircons from the northern plutonic
belt (Fig. 9a). This, together with the presence of ~28% (i.e., 128 out of
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Fig. 9. (a) Detrital zircon Hf isotopic characteristics and compared with those from the
Gangdese batholith; both are characterized by positive eyg(t) values. Fields of the Lhasa
terrane and Gangdese batholith are after Chu et al. (2006), Zhang et al. (2007a,b), Wu et al.
(2007) and Ji et al. (2009); (b) Relative probability diagram of the U-Pb ages of detrital
zircons from the Xigaze sediments, showing a prominent age range at 130-80 Ma and a
weaker range at 190-150 Ma; (c) Relative probability diagram of zircon U-Pb ages of the
Gangdese batholith (After Ji et al.,, 2009).

a total of 455 analyses) pre-Mesozoic zircons, suggest additional, yet
less substantial, sources that include Mesozoic igneous rocks in the
northern Lhasa terrane and the basement rocks in the Lhasa or even
Qiangtang terranes (Leier et al., 2007b). More specifically, there are
temporal variations in terms of zircon U-Pb ages and Hf isotopes
(Figs. 7 and 8). The detrital zircons in the lowest formation (i.e.,
Chongdui Formation; sample JD-1) are 100% Mesozoic (Fig. 7a), with
predominantly Early Cretaceous ages and subordinate Jurassic—
Triassic ages (Fig. 7a); and all these zircons show high positive ey¢
(t) values (Fig. 8a) that imply the Gangdese arc was the only source of
detritus at this stage. Later, during deposition of the Ngamring and
younger formations (Figs. 7 and 8), not only did the amount of
Jurassic-Triassic zircons increase significantly, but together with pre-
Mesozoic zircons with negative eye(t) values also increased. In
particular, a dramatic change occurred between the middle and
upper Ngamring Formations (Fig. 7c and d), allowing the suggestion
that the fluvial systems may have cut across the Gangdese mountains
and started linking to the north. Hence, igneous and basement rocks
in the northern Lhasa and/or Qiangtang terranes became additional
sources of sediment for the upper Ngamring, and Padana and Qubeiya
Formations.

5.3. Magmatic evolution of the Gangdese arc during the Mesozoic

The zircon U-Pb and Lu-Hf isotope data suggest that during
formation of the Xigaze fore-arc, i.e., between ca. 116 and 65 Ma, the
outcrop of the Gangdese arc complex was dominantly composed of
rocks formed during two magmatic episodes. These are, as illustrated
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in Fig. 9b, a principal magmatic stage between ~130-80 Ma (peaking
at ~110 Ma) and a subordinate stage between ~190-150 Ma
(peaking at ~160 Ma). This age distribution pattern, however, differs
markedly from that of present-day exposures of the Gangdese
batholith in which both the Early Cretaceous and Jurassic rocks are
observed only in limited localities and as small bodies (Fig. 9¢c, and see
below).

Since the pioneering Sino-French joint study (Schdrer et al.,
1984a,b), the Gangdese batholith has been repeatedly investigated
with respect to its emplacement age and magmatic evolution by a
number of workers (e.g., Murphy et al., 1997; Harrison et al., 2000;
McDermid et al., 2002; Mo et al., 2005; Chung et al., 2005; Dong
et al., 2005; Chu et al., 2006; Xia et al., 2007; Mo et al., 2007; Wen
etal., 2008; Chiuetal., 2009; Ji et al., 2009). Among these, Wen et al.
(2008), Chiu et al. (2009) and Ji et al. (2009) most recently reported
on a geochronological study of the Gangdese batholith that,
combined with a synthesis of published age data, allowed them to
conclude that the modern Gangdese outcrop consists of two main
stages of plutonic rocks, formed during the Late Cretaceous and
early Paleogene, respectively. Earlier intrusions did occur, but
perhaps only in small areas, such as the Triassic-Jurassic calc-
alkaline granites in Wuyu, Nymo and Qulong, which show zircon U-
Pb ages between 152 and 205 Ma (Chu et al., 2006; Zhang et al.,
2007a; Yang et al., 2008; Ji et al., 2009).

However, along with our present study, two lines of depositional
evidence suggest that Mesozoic Gangdese magmatism was more
active than is generally acknowledged. Firstly, recent mapping
involving detailed field investigations indicate that the Yeba and
Sangri Formations, two Mesozoic sedimentary/volcanic successions in
the Lhasa terrane, are more widespread than previously thought.
Geochronological studies indicate that the Yeba Formation was
formed during the Jurassic, with zircon U-Pb ages ranging from 174
to 182 Ma (Geng et al,, 2006; Dong et al., 2006; Zhu et al., 2008).
Although no reliable age is available for the Sangri Formation, fossil
data suggest that this series of volcanic rocks was formed during the
early Cretaceous at around 120-110 Ma (Dong et al., 2006). Secondly,
detrital zircons from Cretaceous sedimentary rocks in the northern
Lhasa terrane are dominated by Mesozoic ages clustering around 160-
100 Ma, coupled with a subordinate group at ~180-220 Ma (Leier et
al., 2007b). Although it can be argued that some of these sediments
were derived from erosion of Mesozoic granites in the northern Lhasa
or Qiangtang terranes, paleogeographic reconstruction suggests that
they mostly were deposited by north-trending paleocurrents that cut
across and eroded the Gangdese batholith (Leier et al., 2007a).

To conclude, despite the fact that modern Gangdese outcrops
appear largely composed of Paleogene to Late Cretaceous granitoids,
Mesozoic depositional records from both fore-arc and back-arc sides
of the Gangdese arc indicate that magmatism was already active and
widespread in the Early Cretaceous, and probably since Jurassic-
Triassic time. The scarcity of these older igneous rocks in the present
Gangdese arc complex is attributed to significant erosion in the region
owing to orogenic uplift and erosion. Given that erosion could have
greatly changed the Gangdese arc exposures, thus distorting our
understanding the magmatic evolution, we emphasise the importance
of studying the detrital records that, combined with direct investiga-
tion of the exposed Gangdese batholith itself, may provide new
insights into our comprehension of its magmatic evolution.

6. Concluding remarks
The combined U-Pb and Hf isotopic analysis of detrital zircons
from the Xigaze fore-arc basin, southern Tibet have led to the

following major conclusions:

1) The Xigaze Group that consists from bottom to top of the
Chongdui, Ngamring, Padana and Qubeiya formations was depos-

ited in a fore-arc basin between ca. 116 and 65 Ma, with the main
stage of deposition (i.e., the Ngamring Formation) being formed
between ca. 107 and 84 Ma.

2) The Xigaze fore-arc sediments were dominantly derived from
erosion of the Gangdese arc, characterized by high 7SHf/'”’Hf
isotopic ratios and positive eyg(t) values. Sediments from the
northern Lhasa and/or Qiangtang terranes are less abundant and
started to contribute to the sediments after deposition of the
middle Ngamring Formation.

3) During the Late Cretaceous, when the Xigaze fore-arc basin was
forming in southern Tibet, the exposed Gangdese arc was mainly
composed of igneous rocks produced in two stages, i.e., a principal
stage at ca. 130-80 Ma and a subordinate stage at 190-150 Ma.
The limited exposure of both stages of Gangdese rocks at the
present time indicates that significant erosion and uplift took place
during deposition of the studied sediments or after the India-Asian
collision in the Cenozoic.

4) The combined in-situ analysis of U-Pb and Lu-Hf isotopes in
detrital zircons is a useful tool for investigating not only the sedi-
mentary source-to-deposition relation but also the magmatic
evolution in the Himalayan-Tibetan orogenic belt.
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