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Abstract — Jurassic sandstones in the Xiongcun porphyry copper—gold district, southern Lhasa subter-
rane, Tibet, China were analysed for petrography, major oxides and trace elements, as well as detrital
zircon U-Pb and Hf isotopes, to infer their depositional age, provenance, intensity of source-rock
palaeo-weathering and depositional tectonic setting. This new information provides important evid-
ence to constrain the tectonic evolution of the southern Lhasa subterrane during the Late Triassic — Jur-
assic period. The sandstones are exposed in the lower and upper sections of the Xiongcun Formation.
Their average modal abundance (Q;;F;;Leg) classifies them as lithic arenite, which is also supported
by geochemical studies. The high chemical index of alteration values (77.19-85.36, mean 79.96) and
chemical index of weathering values (86.19-95.59, mean 89.98) of the sandstones imply moderate to
intensive weathering of the source rock. Discrimination diagrams based on modal abundance, geo-
chemistry and certain elemental ratios indicate that felsic and intermediate igneous rocks constitute
the source rocks, probably with a magmatic arc provenance. The detrital zircon ages (161-243 Ma)
and eyy(f) values (410.5 to +16.2) further constrain the sandstone provenance as subduction-related
Triassic—Jurassic felsic and intermediate igneous rocks from the southern Lhasa subterrane. A tec-
tonic discrimination method based on geochemical data of the sandstones, as well as detrital zircon
ages from sandstones, reveals that the sandstones were most likely deposited in an oceanic island-arc
setting. These results support the hypothesis that the tectonic background of the southern Lhasa sub-
terrane was an oceanic island-arc setting, rather than a continental island-arc setting, during the Late
Triassic — Jurassic period.
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1. Introduction stones, such as major elements (Fe,O3* + MgO), TiO,,
Al,04/S10, and K,0/Na,0O, immobile elements such
as La, Th, Sc and Zr, and their ratios, can further re-
veal their tectonic setting and provenance (Bhatia &
Crook, 1986; McLennan & Taylor, 1991; McLennan
et al. 1993; Griffin et al. 2004; Sun, Gui & Chen, 2012;
Shi et al. 2016). The zircon Lu—Hf isotope composi-
tions combined with U-Pb ages from zircons within
sandstones can provide further valuable information on
the provenance, depositional age and tectonic setting
of sedimentary basins (Andersen, 2005; Augustsson
et al. 2006; Cawood, Hawkesworth & Dhuime, 2012;
Chen et al. 2016; Du et al. 2016).

The southern Lhasa subterrane (Fig. 1b) has formed
as a result of the tectonic evolution from the sub-
duction of the Neo-Tethys oceanic slab that was ini-
tiated during Late Triassic time or even earlier (Mo
+Author for correspondence: liudong@cdut.edu.cn et al. 2005b; Chu et al. 2006, 2011; Zhang et al. 2007;

Sandstones have been effectively used to constrain
provenance and identify ancient tectonic settings (e.g.
Bhatia, 1983; Dickinson et al. 1983; McLennan ef al.
1993; Osae et al. 2006; Chen et al. 2016). Proven-
ance and tectonic setting constraints of sandstones can
be determined in a variety of ways, including petro-
graphic analysis, chemical index of alteration, whole-
rock chemistry, and zircon U-Pb and Lu—Hf isotopic
analyses (Han et al. 2012; Chen et al. 2016). The pet-
rographic features and chemical index of sandstones
can be used to help interpret their sedimentary envir-
onment, source area and tectonic depositional setting
(Dickinson & Suczek, 1979; Dickinson et al. 1983;
Chen et al. 2016). The chemical composition of sand-
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Figure 1. (Colour online) Simplified map of: (a) China, showing the location of the Himalayan—Tibetan orogeny; (b) regional geology
of the Himalayan—Tibetan orogen, showing the location of the study region (modified from Zhu et al. 2011b); and (c) geology of the
study region, showing the distribution of Triassic—Jurassic igneous rocks related to the subduction of the Neo-Tethys oceanic slab
(modified from Zhu et al. 2008; Hou et al. 2015b). Data source: (1) Lang ef al. (2014); (2) Qu et al. (2007b) and Tang et al. (2010);
(3) Guo et al. (2013) and Qiu et al. (2015); (4) Chu et al. (2006), Ji et al. (2009), Guo et al. (2013) and Meng et al. (2016a); (5) Zhang
et al. (2007) and Guo et al. (2013); (6) Meng et al. (2016b); (7) McDermid et al. (2002); (8) Kang et al. (2014); (9) Geng et al. (2006)
and Zhu et al. (2008); (10) Yang et al. (2008); (11) Zhu et al. 2009; and (12) Zhu et al. (20115).

Ji et al. 2009; Tang et al. 2010; Guo et al. 2013; Lang
et al. 2014; Meng et al. 2016b), to the Indian—Asian
continental collision which began during Paleocene
time (c. 65-50 Ma) (Yin & Harrison, 2000; Mo et al.
2003; Ding, Kapp & Wan, 2005). Previous investiga-
tions of the southern Lhasa subterrane have focused
on the initial timing of the India—Asia collision and
the Cretaceous—Cenozoic magmatism and sedimenta-
tion (e.g. Yin & Harrison, 2000; Mo ef al. 2008; Kapp
et al. 2005, 2007a, b; Volkmer et al. 2007). By con-
trast, the Late Triassic — Jurassic tectonic evolution
of the southern Lhasa subterrane is relatively poorly
understood and even a controversial subject. Over the
past few years, some studies have reported that the geo-
logical setting of the southern Lhasa subterrane was a
continental island-arc setting during the Late Triassic—
Jurassic period (e.g. Yang et al. 2008; Zhu et al. 2008;
Ji et al. 2009; Guo et al. 2013; Meng et al. 20164, b;
Wang et al. 2016; Ma et al. 2017a), whereas others
have suggested that it was probably an oceanic island-
arc setting (Aitchison, Ali & Davis, 2007; Kang et al.
2014; Huang et al. 2015; Tang et al. 2015; Lang et al.
2017; Ma et al. 2017b; Ma, Yi & Xu, 2017; Yin et al.
2017). This controversy limits our understanding of the
tectonic evolution of the southern Lhasa subterrane.
Moreover, the Kohistan—Ladakh block, which is loc-
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ated to the west of Lhasa terrane, has been recognized
as an oceanic island arc related to subduction of the
Neo-Tethys oceanic slab (Rolland, Pécher & Picard,
2000; Mahéo et al. 2004; Ahmad et al. 2008). The
key issue is whether the tectonic setting of the south-
ern Lhasa subterrane resembles the Kohistan—Ladakh
block. To determine the early Mesozoic tectonic evolu-
tion of the southern Lhasa subterrane, most researchers
have focused on the geochemistry and geochronology
of the Upper Triassic — Jurassic igneous rocks distrib-
uted in the southern Lhasa subterrane; however, con-
temporaneous sedimentary rocks were not considered.
Sedimentary rocks can provide effective information
with which to constrain the ancient tectonic setting,
and it is also a far more reliable guide to tectonic set-
ting than the compositions of the volcanic rocks them-
selves (Li et al. 2015). We therefore present in this
paper the petrology, geochemical composition, detrital
zircon U-Pb age and Lu—Hf isotopes of sandstones
from the Lower—Middle Jurassic Xiongcun Formation
within the southern Lhasa subterrane to constrain their
depositional age and to deduce provenance and tec-
tonic setting. The results provide additional inform-
ation for reconstructing the tectonic evolution of the
southern Lhasa subterrane during the Late Triassic —
Jurassic period.
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2. Geological background and sampling
2.a. Geological background

The Lhasa terrane is bound to the north by the
Banggong—Nujiang Suture Zone (BNSZ) and to the
south by the Yarlung—Zangbo Suture Zone (YZSZ;
Fig. 1b; Yin & Harrison, 2000). It can be divided into
northern, central and southern subterranes by the Shi-
quan River—Nam Tso Mélange Zone (SNMZ) and the
Luobadui—Milashan Fault (LMF; Fig. 1b; Zhu et al.
20115b). This study is mainly focused on the southern
Lhasa subterrane (Fig. 1b, c¢), characterized by juvenile
crust (Hou et al. 2015b). In the southern Lhasa subter-
rane, the sedimentary cover is limited and is mainly of
the Lower Jurassic — Tertiary volcanic-sedimentary se-
quences (Mo et al. 2005b; Pan et al. 2006; Tang et al.
2007; Zhu et al. 2009, 2011b; Kang et al. 2014). The
Jurassic—Cretaceous volcanic-sedimentary sequences
primarily includes the Lower—Middle Jurassic Yeba
and Xiongcun formations as well as the Lower Jurassic
— Lower Cretaceous Sangri Group (Fig. 1c; Pan et al.
2006; Zhu et al. 2008, 2009; Kang et al. 2014). The
Tertiary volcanic-sedimentary sequence is predomin-
antly the Paleocene—Eocene Linzizong volcanic suc-
cession, which consists of the andesitic lower Dian-
zhong Formation, dacitic middle Nianbo Formation
and rhyolitic upper Pana Formation (Mo et al. 2003;
Lee et al. 2009).

Magmatic activity in the southern Lhasa subterrane
was related to the northwards subduction of the Neo-
Tethys oceanic slab and the subsequent collision of the
Indian and Eurasian plates (Yin & Harrison, 2000; Mo
et al. 2005a; Ji et al. 2009; Chu et al. 2011; Li et al.
2011; Lang et al. 2014). The Late Triassic—Jurassic
and Cretaceous arc volcanic rocks, granitoid intru-
sions, and porphyries in the southern Lhasa subterrane
were formed in a subduction geologic setting (Fig. 1c;
Chu et al. 2006; Qu et al. 2007b; Zhang et al. 2007,
Yang et al. 2008; Wen et al. 2008; Ji et al. 2009; Tang
et al. 2010; Guo et al. 2013; Lang et al. 2014). The
Paleocene—Eocene Linzizong volcanism, voluminous
granitoid batholiths and porphyries formed in a con-
tinental collisional geological setting (Mo et al. 20055,
2008; Chu et al. 2006; Ji et al. 2009; Lee et al.
2009). The Miocene intrusions, which formed in a
post-collisional geological setting and have an adakite-
like affinity, were commonly emplaced as small stocks
and/or dykes in the southern Lhasa subterrane (Hou
et al. 2004; Chung et al. 2005; Qu et al. 2007a; Wang
etal 2014a, D).

The strata exposed in the Xiongcun district be-
long to the Lower—Middle Jurassic Xiongcun Form-
ation, which are mainly exposed near the Xiongcun
village, Xietongmen County, southern Lhasa subter-
rane (Fig. 1). The Xiongcun Formation is divided into
three volcanic-sedimentary successions. From bottom
to top, these include: (1) a lower section composed
of volcanic breccia as well as minor lava, tuff, sand-
stone and siltstone interlayered with argillite; (2) a
middle section composed of tuff and minor lava and

https://doi.org/10.1017/50016756818000122 Published online by Cambridge University Press

685

siltstone interlayered with argillite; and (3) an up-
per section composed of sandstone and siltstone in-
terlayered with argillite as well as minor tuff, con-
glomerate and limestone (Tang et al. 2007). The in-
trusive rocks in the Xiongcun district are of Juras-
sic and Eocene age (Fig. 2a; Lang et al. 2017). The
Jurassic intrusions include Early Jurassic quartz di-
orite porphyry, Early-Middle Jurassic quartz diorite
porphyry, Middle Jurassic quartz diorite porphyry and
diabase dykes, and Late Jurassic gabbro. The Eocene
intrusions include biotite granodiorite, quartz diorite,
granitic aplite dykes and lamprophyre dykes. Three
porphyry copper—gold deposits (No. 1, No. 2 and
No. 3) have been discovered in the Xiongcun district
(Fig. 2a). The mineralization was hosted in the Juras-
sic porphyries and the surrounding contemporary vol-
canic rocks (Tafti et al. 2009, 2014; Lang et al. 2014,
2017; Tang et al. 2015). The No. 1 deposit is associ-
ated with the Middle Jurassic quartz diorite porphyry
and formed at c. 161.5+£2.7 Ma (Lang et al. 2014);
the No. 2 deposit is associated with the Early Jurassic
quartz diorite porphyry and formed at 174.4 £1.6 Ma
(Lang et al. 2014); and the No. 3 deposit is a newly
discovered deposit.

2.b. Sampling

Sandstone samples for this study were collected from
outcrops of the Xiongcun Formation in the Xiongcun
district. Eight of the least weathered samples from the
lower section (two samples, BL21-06-04 and BL21-
06-05) and upper section (six samples, BL01-14-1,
BLO1-14-3, BL0O1-14-4, BL12-07-1, BL12-07-2 and
BL12-08-2) of the Xiongcun Formation were studied.
The location of samples is shown in the geological map
(Fig. 2a) along with a typical cross-section (Fig. 2b)
and a stratigraphic column (Fig. 3). The exact loca-
tions of the studied samples are given in Table 1.

3. Methodology
3.a. Petrographic analysis

To observe sample petrographic textures, photomicro-
graphs were taken using a Nikon polarized microscope
at the Key Laboratory of Tectonic Controls on Min-
eralization and Hydrocarbon Accumulation, Chengdu
University of Technology. Point counting in thin-
sections of the sandstones was used to quantify the
mineral abundances. Modal analysis was performed by
the Gazzi—Dickinson counting method (Gazzi, 1966;
Dickinson, 1970). Zircon cathodoluminescence (CL)
images were taken using a FEI Quanta 200F scanning
electron microscope at Nanjing Hongchuang Dikan
Co., Ltd.

3.b. Whole-rock geochemical analysis

The whole-rock major- and trace-element concen-
trations of eight sandstone samples (BLO1-14-1,
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Figure 2. (Colour online) (a) Geological map of the Xiongcun district, showing the sampling locations (modified from Lang et al.
2012); and (b) A-B cross-section in the Xiongcun district, showing the sampling locations (BL01-14-1, BL01-14-3 and BL01-14-4).

The location of the A-B cross-section is shown in Figure 2a.

Table 1. Framework modal analytical results of the lithic sandstones in the Xiongcun Formation.

Samples Location Qm Qp PI KF Lv Lm Ls Total Q(%) F((%) L (%)
BLO1-14-1 88°24'11.8"N, 29°22'4.8"E 81 10 17 12 179 9 18 326 28 9 63
BLO1-14-3 88°24'11.3"N, 29°22'0.4"E 69 8 23 18 218 13 15 364 21 11 68
BLO01-14-4 88°24'11.4"N,29°22'2.7"E 46 11 14 23 196 8 13 311 18 12 70
BL12-07-1 88°24'18.3"N, 29°22'0.7"E 61 15 18 10 203 11 16 334 23 8 69
BL12-07-2 88°24"18.5"N,29°22' 1.7"E 50 14 26 14 200 11 12 327 20 12 68
BL12-08-2 88°24"19.1"N, 29°22'2.6"E 59 9 16 13 212 7 8 324 21 9 70
BL21-06-04  88°21'53.5"N,29°23'183"E 43 7 16 12 167 9 7 261 19 11 70
BL21-06-05  88°21'50.3”N, 29°23'20.8"E 54 3 20 9 171 24 7 288 20 10 70

Qm — monocrystalline quartz; Qp — polycrystalline quartz; Pl — plagioclase; KF — K-feldspar; Lm — metamorphic rock fragment; Lv —
volcanic rock fragment; Ls — sedimentary rock fragment; Q = Qm + Qp, total number of quartz grains; F = P14 KF, feldspar; L =

Lv+Lm+ Ls, lithic grains

BLO1-14-3, BLOI1-14-4, BLI12-07-1, BL12-07-2,
BL21-08-2, BL21-06-04 and BL21-06-05) were de-
termined at the analytical laboratory of the Beijing
Research Institute of Uranium Geology. Whole-rock
major elements were analysed using X-ray fluores-
cence (XRF). Powder samples of approximately 0.5 g
were mixed with 5 g Li,B;O; to make glass disks,
which were then analysed using an AXIOS mineral
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spectrometer. The accuracy of XRF analysis was
within 5%. Whole-rock trace elements, including
rare Earth elements (REEs), were analysed using a
Finnigan Element inductively coupled plasma mass
spectrometer (ICP-MS) after acid digestion of the
samples in high-pressure Teflon bombs. The detailed
analytical procedures are described in Qi, Hu &
Grégoire (2000) and the analytical precision was
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Figure 3. (Colour online) Stratigraphic column of the Xiongcun Formation in the Xiongcun district.

generally less than 5% error. The chemical index of
alteration (CIA) was calculated using the formula CIA
=100 x A1203/(A1203 + CaO* + NaZO + KZO) (NCS-
bitt & Young, 1982). The chemical index of weathering
(CIW) was calculated using the formula CIW = 100
x Al,O3/(Al,05 + CaO* 4+ Na,0) (Harnois, 1988). In
the above equations, CaO* is the content of CaO in-
corporated in the silicate fraction, and all major oxides
are expressed in molar proportions. There is no direct
method to distinguish and quantify the contents of
CaO belonging to the silicate and non-silicate fractions
(carbonates and apatite). Here we used the method
reported by McLennan (1993) to calculate CaO* (CaO
—10/(3 x P,0s5)). Function 1 (F1) and Function 2 (F2)
were calculated via: F1 = 0.074S10, —(0.226Fe,05) —
(0.270A1,05)+4.489Ti0, 4-0.153Ca0O —(0.137MgO)
+0.398Na,0 + 1.447K,0 + 52.458P,05 — (9.655);
and F2 = 0.190Si0; + 0.268Fe,05 4+ 0.313A1,0; -
(0.336Ti0,)+0.209Ca0 +-4.107MgO 4 3.866Na, O —
(1.293K,0)—(6.570P,05)— 18.926 (Tobia & Aswad,
2014).

3.c. Zircon LA-ICP-MS U-Pb dating method

Two sandstone samples (BLO1-14-3 and BL21-06-
05) were chosen for zircon U-Pb isotopic analyses.
The analyses were performed using LA-ICP-MS at
the State Key Laboratory of Continental Dynamics,
Northwest University, Xi’an, China. Zircons were sep-
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arated by heavy-liquid and magnetic separation meth-
ods. Pure zircons were handpicked under a binocu-
lar microscope, before being mounted in epoxy resin
and polished until the grain interiors were exposed.
Before analysis, the surface was cleaned using 3 %
HNO; to remove any Pb contaminants. The sites for
zircon U-Pb age analysis were selected on the basis
of the CL imaging. During the analyses, a laser re-
petition rate of 68 Hz at 100 mJ was used, and the
spot sizes were 40—60 um. Every fifth sample ana-
lysis was followed by the analysis of a suite of zircon
standards: Harvard zircon 91500 (Wiedenbeck et al.
1995), Australian National University standard zircon
TEMORA 1 (Black et al. 2003) and NISTSRM 610.
Each spot analysis consisted of approximately 30 s of
background acquisition and 40 s of sample data ac-
quisition. The 27Pb/?%Pb, 206Pb/?238U, 207 Pb/35U (U
= 238U/137.88) and 2®Pb/**?Th ratios were corrected
using Harvard zircon 91500 (Wiedenbeck et al. 1995)
as the external standard. Common Pb contents were
evaluated using the method described by Andersen
(2002). The isotopic ratios and element concentrations
of the zircons were calculated using GLITTER (ver-
sion 4.4.2, Macquarie University).

3.d. In situ zircon Hf analysis

In situ zircon Hf isotopic analysis was carried out
at the Tianjin Center of China Geological Survey
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on relatively large zircon grains from the two sand-
stone samples (BLO1-14-3 and BL21-06-05) that were
also analysed for U-Pb isotopes. The Hf isotopes
of those zircons were obtained using a Nu Plasma
multi-collector MC-ICP-MS instrument coupled with
a 193 nm ArF excimer laser-ablation system. The ana-
lytical method used is described by Tang et al. (2008)
and He et al. (2013). The standard zircons Mud Tank
and TEMORA were used in this analysis. A laser re-
petition rate of 8 Hz at 20 J cm™ and a spot size of
44 pm were used. The isobaric interference of '7°Lu on
78Hf was corrected by measuring the intensity of the
interference-free '°Lu isotope and using a recommen-
ded "*Lu/'Lu ratio of 0.02669 (De Bievre & Taylor,
1993) to calculate '"°Lu/""Hf. The 7Yb/!">Yb value
of 0.5886 (Chu et al. 2002) and the mean BYb value
obtained during Hf analysis of the same spot were ap-
plied to correct for the interference of '7°Yb on "*Hf
(lizuka & Hirata, 2005). The initial '"*Hf/""Hf ratios
were calculated with reference to the chondritic reser-
voir at the time of zircon growth from the magma.
The decay constant of 7*Lu was 1.867 x 10~!! a™!
(Soerlund et al. 2004) in all calculations. For the cal-
culation of eye(f) values, we used chondritic ratios
of " Hf/V"Hf = 0.282785 and '"Lu/!""Hf = 0.0336
(Bouvier, Vervoort & Patchett, 2008). Single-stage
model ages (Tpy;) were calculated using the measured
176 u/"""Hf ratios with reference to a model depleted
mantle with a present-day '"*Hf/'""Hf ratio of 0.28325
and SLu/!""Hf of 0.0384 (Griffin et al. 2002). Two-
stage model ages (7pyp) were calculated for the source
rock of the magma by assuming a mean '7*Lu/!'""Hf
value of 0.015 for the average continental crust (Griffin
et al. 2002).

4. Results
4.a. Petrography

The analysed sandstone samples from the Xiongcun
Formation show yellow—grey colours, medium- to
coarse-grain sizes, and angular to sub-angular shapes
(Fig. 4). They are texturally immature, with very low
degrees of rounding and sorting. The framework grains
of the sandstones are mainly composed of lithic frag-
ments (63—70%, mostly volcanic rock fragments),
quartz (18-28 %, monocrystalline and polycrystal-
line), feldspar (812 %, alkali feldspar and plagio-
clase), and minor detrital grains (<5 %) of muscov-
ite, biotite, apatite and zircon (Fig. 4e, f; Table 1).
The rocks have a high amount of matrix (15-20 %)
composed of quartz, feldspar, muscovite and clay.
According to their mineral constituents these sand-
stones can be classified as lithic arenite in a QFL dia-
gram (Fig. 5a), indicating a magmatic-arc provenance
(Fig. 5b). On the other hand, using the geochemical
classification diagram of Taylor & McLennan (1985),
the sandstones from the Xiongcun Formation are clas-
sified as graywackes and show magmatic-arc proven-
ance (Fig. 5¢).
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4.b. Whole-rock geochemistry

The whole-rock major- and trace-element concentra-
tions of Jurassic sandstones in the Xiongcun district
are listed in Table 2.

4.b.1. Major elements

As shown in Table 2, it is apparent that the sand-
stone samples show moderate SiO, contents (53.27—
66.13 %, mean 58.27%) and high AlLO; (14.53-
24.04%, mean 20.12%) and FeO (3.25-10.65 %,
mean 7.12%) abundance. Meanwhile, these sand-
stones have low Na,O (0.41-1.49%, mean 0.85),
TiO, (0.68-1.25%, mean 0.91), CaO (0.54-1.87 %,
mean 0.92), K,O (1.04-3.75%, mean 2.17), Fe,0;
(0.87-4.96 %, mean 2.39) and MgO (1.28-3.34%,
mean 2.35) abundance, with a collective total of
less than 10%. In addition, these sandstone samples
show high Fe,O3;* +MgO contents (7.26—17.60 %,
mean 12.66 %) and Al,03/Si0, ratios (0.22—0.45 %,
mean 0.29 %). The calculated CIA and CIW values
range over 77.19—85.36 (mean 79.96) and 86.19-95.59
(mean 89.98), respectively (Table 2). The F1 and F2
values range from —2.90 to 9.46 (mean 4.30) and 2.23
to 11.7 (mean 8.07), respectively (Table 2).

4.b.2. Trace elements

The Jurassic sandstones in the Xiongcun district ex-
hibit similar REE compositions, with total REE con-
tents ranging over 59.02—102.10 ppm (Table 2). The
chondrite-normalized REE patterns (Fig. 6a; Sun &
McDonough, 1989) of these sandstones exhibit mod-
erate light REE (LREE) enrichment compared with
heavy REE (HREE, Lay/Yby = 4.33-8.54), and gen-
erally present smooth patterns with slightly negative
Eu anomalies (8Eu = 0.63-1.10) (Table 2; Fig. 6a).
The post-Archean average Australian shale (PAAS)
-normalized REE patterns are widely used in the
study of sedimentary rocks (Bhatia, 1985; Khan, Dar
& Khan, 2012; Kurian et al. 2013). In the PAAS-
normalized REE patterns (Fig. 6b; Taylor & McLen-
nan, 1985), these sandstone samples show moder-
ate LREE depletion when compared with HREE
(Lan/Yby = 0.45-0.88), with moderately positive Eu
anomalies (3Eu = 0.99-1.70) and slightly negative
Ce anomalies (8Ce = 0.74-0.96) (Table 2; Fig. 6b).
In addition, the sandstones show low abundances of
La (12.2-20.9 ppm), Th (2.14-2.82 ppm), Hf (3.28-
4.07 ppm) and Nb (3.60-8.50 ppm), and low ratios
of Th/U (1.61-3.61) and La/Sc (0.42—1.05) (Table 2).
They also show high abundances of Co (8.11—
26.4 ppm) and Zr (98-131 ppm), and high ratios of
La/Th (4.60-8.29), Zr/Th (40.0-54.7) and Co/Th (3.1-
11.4) (Table 2).

4.c. LA-ICP-MS U-Pb ages

The detrital zircon crystals of sandstone samples
BLO1-14-3 and BL21-06-05 have similar features.
They are mainly euhedral to subhedral with sizes
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Figure 4. (Colour online) (a—d) Outcrop photos and (e—h) microphotos of the sandstones in the Xiongcun Formation. Qm — mono-
crystalline quartz; Qp — polycrystalline quartz; Pl — plagioclase; Lv — volcanic rock fragment; Ls — sedimentary rock fragment; Mu —
muscovite.
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Table 2. Major oxides (%) and trace elements (ppm) of the sandstones in the Xiongcun Formation.

Sample BLO1-14-1 BLO1-14-3 BLO1-14-4 BLI12-07-1 BL12-07-2 BL12-08-2 BL21-06-04 BL21-06-05 Average
SiO, 63.02 63.13 66.13 57.43 53.38 56.29 53.54 53.27 58.27
TiO, 0.71 0.79 0.68 0.95 0.99 0.74 1.25 1.15 0.91
AL Os 15.64 19.56 14.53 23.50 24.04 18.29 23.13 22.30 20.12
Fe, 05 1.88 2.12 1.32 4.61 4.96 2.45 0.78 1.00 2.39
FeO 7.51 3.25 6.53 3.37 5.67 10.63 9.38 10.65 7.12
MnO 0.15 0.10 0.13 0.050 0.081 0.18 0.089 0.11 0.11
MgO 3.18 1.53 2.87 1.28 2.12 3.34 2.14 2.36 2.35
CaO 0.84 0.69 1.87 0.96 1.00 0.54 0.76 0.69 0.92
Na,O 0.42 0.52 0.81 1.49 1.28 0.41 1.00 0.84 0.85
K,O 2.03 3.75 1.44 1.54 1.04 1.76 3.01 2.79 2.17
P,0s 0.25 0.13 0.17 0.089 0.078 0.18 0.18 0.18 0.16
LOI 3.81 3.85 3.02 4.61 5.16 4.65 4.10 4.19 4.17
Total 99.44 99.43 99.51 99.88 99.80 99.46 99.35 99.54 99.55
Fe,0;*+MgO 13.41 7.26 11.45 9.64 13.38 17.60 13.34 15.20 12.66
AL, 05/810, 0.25 0.31 0.22 0.41 0.45 0.32 0.43 0.42 0.35
Al,03/(Ca0+Na,0) 12.41 16.17 5.42 9.59 10.54 19.25 13.14 14.58 11.40
CIA 81.35 77.19 77.46 80.60 83.16 85.36 79.71 80.99 79.96
CIW 93.72 93.80 86.19 87.21 88.27 95.59 91.70 92.81 89.98
F1 9.46 5.15 5.29 —1.07 —-2.90 4.12 7.52 6.80 430
F2 8.80 2.23 10.6 8.90 11.7 9.86 6.01 6.35 8.07
La 20.9 15.4 16.8 15.2 20.0 12.5 17.6 12.2 16.3
Ce 354 234 32.1 28.8 31.1 25.9 29.5 17.5 28.0
Pr 4.66 2.86 3.74 3.44 4.12 3.10 4.04 2.44 3.55
Nd 22.2 13.4 18.5 16.6 20.0 15.3 20.3 12.3 17.3
Sm 4.15 2.60 4.05 3.61 4.20 3.30 4.64 3.12 3.71
Eu 1.11 0.84 1.47 1.21 1.30 0.84 0.91 0.77 1.06
Gd 4.04 242 3.99 3.31 3.53 3.09 3.98 3.04 343
Tb 0.61 0.36 0.59 0.46 0.49 0.44 0.57 0.46 0.50
Dy 3.38 1.99 3.25 2.44 2.49 2.52 3.06 2.6 2.72
Ho 0.71 0.43 0.66 0.51 0.50 0.50 0.61 0.54 0.56
Er 2.09 1.32 1.86 1.52 1.45 1.46 1.73 1.56 1.62
Tm 0.32 0.21 0.27 0.23 0.21 0.21 0.26 0.23 0.24
Yb 2.19 1.48 2.09 1.72 1.68 1.77 2.53 2.02 1.94
Y 18.89 14.7 18.8 15.67 17.49 15.08 21.15 19.35 17.64
Lu 0.34 0.24 0.27 0.25 0.23 0.23 0.27 0.24 0.26
Li 49.7 28.7 41.6 28.6 31.3 60.1 46.6 59 43.2
Be 1.06 1.44 0.90 2.07 2.19 1.17 2.11 1.98 1.62
Sc 20.0 18.7 19.2 27.8 253 18.7 31.1 28.9 23.7
v 135 153 135 228 222 179 320 303 209
Cr 24.9 28.3 25.5 46.2 48.9 32.1 60.7 58.3 40.6
Co 14.5 14.9 15.7 8.11 11.3 12.2 243 26.4 159
Ni 12.9 14.1 13.2 9.65 15 15 21.9 28.7 16.3
Cu 23.7 38.7 222 136 95.8 221 394 46.5 71.9
Zn 155 150 114 51.7 88.8 138 429 189 164
Ga 18.2 20.5 16.2 23.8 272 21.4 252 30.1 22.8
Rb 49.9 78.5 39.9 43.1 333 56.4 79.1 85.1 58.2
Sr 104 162 154 293 274 109 307 256 207
Zr 111 131 107 119 121 98 117 106 114
Nb 4.16 5.53 3.60 4.88 5.77 4.10 8.50 5.66 5.28
Mo 1.04 1.41 0.28 0.95 1.18 0.4 0.89 1.97 1.02
Cs 3.37 3.62 3.52 5.53 5.61 2.62 3.48 3.8 3.94
Ba 341 566 230 244 355 197 683 739 419
Hf 3.41 4.07 3.28 3.45 3.81 3.41 3.66 3.83 3.62
Ta 0.43 0.4 0.28 0.37 0.87 0.56 1.24 0.41 0.57
w 0.86 0.99 1.02 0.72 0.72 0.87 2.88 0.59 1.08
Pb 123 60.6 64.4 96.1 1130 458 139 478 319
Bi 0.18 0.26 0.12 0.14 0.15 0.08 0.08 0.32 0.17
Th 2.52 2.82 223 2.62 2.63 2.38 2.14 2.65 2.50
8] 0.73 1.04 0.64 0.84 0.94 0.66 0.88 1.65 0.92
Th/U 3.45 2.71 3.48 3.12 2.80 3.61 243 1.61 2.90
La/Sc 1.05 0.82 0.88 0.55 0.79 0.67 0.57 0.42 0.72
La/Th 8.29 5.46 7.53 5.80 7.60 5.25 8.22 4.60 6.60
Zr/Th 44.0 46.5 48.0 45.4 46.0 41.2 54.7 40.0 45.7
Co/Th 5.75 5.28 7.04 3.10 430 5.13 114 9.96 6.37
YREE 102.10 66.95 89.64 79.30 91.30 71.16 90.00 59.02 81.18
LREE 88.42 58.50 76.66 68.86 80.72 60.94 76.99 48.33 69.93
HREE 13.68 8.45 12.98 10.44 10.58 10.22 13.01 10.69 11.26
LREE/HREE 6.46 6.92 591 6.60 7.63 5.96 5.92 4.52 6.21
Lan/Yby? 6.85 7.46 5.77 6.34 8.54 5.07 4.99 433 6.05
3Eu* 0.82 1.01 1.10 1.05 1.00 0.79 0.63 0.75 0.89
3Ce? 0.84 0.80 0.95 0.94 0.80 0.99 0.83 0.74 0.86
Lan/Yby® 0.70 0.77 0.59 0.65 0.88 0.52 0.51 0.45 0.62
3Eu® 1.26 1.56 1.70 1.63 1.57 1.23 0.99 1.16 1.38
3Ce® 0.82 0.81 0.93 0.92 0.79 0.96 0.80 0.74 0.84

Normalized data after *Sun & McDonough (1989) and Taylor & McLennan (1985)
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discrimination diagram (after Taylor & McLennan, 1985) for the sandstones in the Xiongcun Formation. A — felsic volcanic rocks; B
— quartzite from cratonic basin; C — feldspar sandstones; D — shale (average upper continental crust); E — greywackes (arcs).
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Figure 6. (Colour online) (a) Chondrite (after Sun & McDonough, 1989) and (b) post-Archean average Australian shale (PAAS) (after
Taylor & McLennan, 1985) -normalized REE discriminatory plots for the sandstones in the Xiongcun Formation. Sandstone data of
oceanic island arc, continental island arc, andean type and passive margin are from Bhatia (1985).

over the range 50-200 wm (Fig. 7), indicating short
transportation distances. These detrital zircon crystals
have obvious oscillatory zones and Th/U ratios > 0.1
(Fig. 7; online Supplementary Table S1, available at
http://journals.cambridge.org/geo), indicating a mag-
matic origin. Sample BL01-14-3, collected from the
upper section of the Xiongcun Formation, yielded 109
usable 2%Pb/>%U ages (discordance < 20%) in the
range 161-220 Ma (Supplementary Table S1), with an
age peak of ¢. 186 Ma (Fig. 8). Sample BL21-06-05,
from the lower section of the Xiongcun Formation,
yielded 132 usable 2%°Pb/**¥U ages (discordance <
20 %) in the range 191-243 Ma (Supplementary Table
S1), with the peak centred at c. 211 Ma (Fig. 8).

4.d. In situ zircon Hf isotopes

A total of 69 relatively large detrital zircon grains
from the sandstone samples BLO1-14-3 (n = 30)
and BL21-06-05 (n = 39) were analysed for in situ
Hf isotopic abundance (Fig. 7; online Supplementary
Table S2, available at http://journals.cambridge.org/
geo). The eyy(7) values of sample BL0O1-14-3 vary from
10.45 to 16.21 (Fig. 9), with Tpy; model ages in the
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range 170—404 Ma and Tpy;, model ages in the range
162-526 Ma. The eyy(7) values of sample BL21-06-05
vary from 10.80 to 15.96 (Fig. 9), with Tpy; model
ages in the range 215419 Ma and Tpyp model ages
in the range 210-529 Ma.

5. Discussion

5.a. Volcanism-sedimentation age of the Xiongcun
Formation

The youngest U-Pb age of zircon grains in populations
of detrital zircons can roughly reflect the depositional
age, although it should not be applied to precisely
constrain maximum depositional ages of stratigraphic
units (Surpless et al. 2006; Brown & Gehrels, 2007,
Dickinson & Gehrels, 2009; Gehrels, 2015). On the
other hand, minimum volcanism-sedimentation ages
can be constrained by cross-cutting intrusive rocks.
We therefore utilized the ages of volcanic and intrus-
ive rocks coupled with the youngest single-grain U—
Pb ages from the sandstone samples to constrain a
permissible period for deposition. In the lower sec-
tion of Xiongcun Formation, sandstone sample BL21-
06-05 yielded a youngest detrital zircon 2°°Pb/?*8U
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Figure 7. (Colour online) Representative cathodoluminescence (CL) images of detrital zircons from the sandstones in the Xiongcun

Formation.

age of 191 &3 Ma (Supplementary Table S1), sug-
gesting that the initial deposition of sandstones from
the lower section of Xiongcun Formation likely oc-
curred after 191 Ma. Qu ef al. (2007b) obtained a
SHRIMP zircon U-Pb age of 195+4.6 Ma from a
dacite in the lower section of the Xiongcun Forma-
tion (Fig. 3); the lower section of Xiongcun Forma-
tion therefore probably formed during the Early Jur-
assic period. For the upper section of Xiongcun Form-
ation, Tang et al. (2010) reported a LA-ICP-MS zir-
con U-Pb age of 176 £ 5 Ma from tuff (Fig. 3). Sand-
stone sample BLO1-14-3 yielded a youngest detrital
zircon 2%°Pb/28U age of 161 £2 Ma (Supplement-
ary Table S1), indicating deposition likely occurred
after 161 Ma. However, the upper section of Xiongcun
Formation was intruded by the 165.3 &= 1.0 Ma diabase
dykes (Fig.3; Lang et al. 2017). This inconsistent
feature can probably be ascribed to the fact that the
youngest U—-Pb age of detrital zircon grains does not
reliably constrain the maximum depositional age of
stratigraphic units (Dickinson & Gehrels, 2009). Ac-
cording to the age of the diabase dykes, we propose
that the upper section of Xiongcun Formation probably
formed during Middle Jurassic time. In summary, we
interpret that the Xiongcun Formation formed during
the Early—-Middle Jurassic period (195-165 Ma).

5.b. Weathering

The alteration of rocks during weathering results in
the depletion of alkali and alkaline Earth elements and
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preferential enrichment of Al,Oz in sediments (Sun,
Gui & Chen, 2012). The weathering history of ancient
sedimentary rocks can therefore be partly evaluated by
examining relationships among the alkali and alkaline
Earth elements (Nesbitt & Young, 1982), and the
chemical indexes of CIA and CIW (Nesbitt & Young,
1982; Cullers, 2000) are widely used to identify the
chemical weathering intensity of a source area. The
high CIA and CIW values (Table 2) of the sandstones
from the Xiongcun Formation indicate moderate to
high weathering and tropical conditions in the source
area during the Late Triassic — Jurassic period (Nes-
bitt & Young, 1982). In the A (Al,03;) — CN (CaO *
4+ Na,0) — K (K,0) diagram (Fig. 10), which is use-
ful for examining weathering and evaluating fresh rock
compositions (Nesbitt & Young, 1982, 1989; Fedo,
Nesbitt & Young, 1995), the sandstone samples show
moderate to intensive weathering and a felsic and in-
termediate igneous provenance (andesite, granodior-
ite and granite). To summarize, the source weathering
condition of the sandstones from the Xiongcun Form-
ation is similar to a modern tropical climate. This is
supported by the palacogeography of the Lhasa ter-
rane that suggests a location near the equator during
the Late Triassic — Jurassic period (Metcalfe, 2006).

5.c. Provenance

Modal abundance, whole-rock chemistry, and zircon
U-Pb and Lu-Hf isotopes can provide useful con-
straints for the provenance of sandstones (Dickinson
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& Suczek, 1979; Bhatia, 1983; McLennan et al. 1993;
Griffin et al. 2004; Han et al. 2012; Sun, Gui & Chen,
2012; Chen et al. 2016). Detrital zircons of sandstone
from the Xiongcun Formation are typically prismatic
crystals with oscillatory zoning (Fig. 7), indicating that
these zircons are magmatic in origin and were likely
derived from the contemporaneous igneous rocks in
the region, a proximal source. Modal abundance shows
that the provenance of the sandstones was mainly a
magmatic arc (Fig. 5b). The Th-Hf-Co discrimina-
tion diagram proposed by Taylor & McLennan (1985)
also supports a magmatic arc provenance (Fig. 5¢). In
the A—-CN-K diagram (Fig. 10), the sandstones show
a felsic and intermediate igneous provenance. In the
F1 versus F2 discrimination diagram (Fig. 11a), the
analysed data also plot in the felsic and intermediate
igneous provenance fields. Again, the Al,O; versus
TiO, diagram shows that the sandstones are of felsic
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and intermediate igneous provenance (Fig. 11b). In
addition, in the trace-element plot of La/Sc versus
Co/Th (Fig. 11¢), the data display high Co/Th ratios
and low La/Sc ratios, dominantly indicating andesitic
source rocks. Similarly, in the Hf versus La/Th dia-
gram (Fig. 11d), the data fall within the mixed felsic-
basic source and andesitic arc source fields.

Detrital zircon age data indicate that the Jurassic
sandstones from the Xiongcun Formation received de-
tritus from sources of age 161-243 Ma. Ages in this
range have been reported for igneous rocks in the cent-
ral and southern Lhasa subterranes (Chu et al. 2006,
Zhang et al. 2007; Ji et al. 2009; Zhu et al. 2009,
2011b). However, detrital zircons from the Jurassic
sandstones in the Xiongcun district show high and pos-
itive eys(f) values (10.45-16.21), indicating that they
are probably derived from igneous rocks in the south-
ern Lhasa subterrane rather than the central Lhasa
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subterrane (Fig. 9). The Triassic and Jurassic igneous
rocks in the southern Lhasa subterrane have been at-
tributed to the northwards subduction of the Neo-
Tethys oceanic slab (Chu et al. 2006; Zhang et al.
2007; Qu et al. 2007bh; Ji et al. 2009; Tang et al.
2010; Guo et al. 2013; Lang et al. 2014; Qiu et al.
2015; Meng et al. 2016a, b). This is consistent with
the modal abundance and whole-rock chemistry find-
ings that the sandstones from the Xiongcun Forma-
tion are derived from felsic and intermediate igneous
rocks in a magmatic arc. Furthermore, detrital zircon
ages from the sandstones in the Xiongcun Formation
lack the typical ages from the central Lhasa subter-
rane (age peaks of c¢. 600, 1200, 1600 and 2700 Ma),

https://doi.org/10.1017/50016756818000122 Published online by Cambridge University Press

the Qiangtang terrane (age peaks of ¢. 600, 800, 1000
and 2500 Ma) and the High Himalaya (age peaks of
¢. 1000, 1700 and 2600 Ma) (Fig. 8), probably sug-
gesting a lack of provenance from the central Lhasa
subterrane, the Qiangtang terrane and the High Him-
alaya. On the other hand, the fact that the southern
Lhasa subterrane is characterized by an absence of an-
cient, evolved basement rocks and is composed of ju-
venile crust (Hou et al. 2015a) further supports the in-
terpretation that the local provenance of the Jurassic
sandstones in the Xiongcun Formation lacks old base-
ment components. In summary, the sandstones from
the Xiongcun Formation were likely derived from Tri-
assic and Jurassic subduction-related felsic and inter-
mediate igneous rock in the southern Lhasa subterrane.

5.d. Tectonic settings

Sandstones can be formed in tectonic settings such as
oceanic island arcs, continental island arcs, active con-
tinental margins and passive margins (Bhatia, 1983,
1985; Bhatia & Crook, 1986). The studies of Bhatia
(1983) have shown that there is an increase in TiO,,
Fe,03* +MgO and Al,03/Si0; as the tectonic setting
changes from the passive margin type (average TiO,
= 0.49%, Fe,05;* +MgO = 2.89%, ALO;/Si0, =
0.10), to an active continental margin (average TiO,
= 0.46%, Fe,0;* +MgO = 4.63%, Al,0,/Si0, =
0.18), to a continental island arc (average TiO, =
0.64 %, Fe,05* +MgO = 6.79 %, Al,05/S10, = 0.20)
to an oceanic island arc (average TiO, = 1.06%,
Fe,03* +MgO = 11.73 %, Al,05/Si0, = 0.29). The
sandstones from the Xiongcun Formation are charac-
terized by high contents of TiO, and Fe,Os* +MgO
and high Al,0;/SiO, ratios (Table 2), which are sim-
ilar to the major-element characteristics of sandstones
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from an oceanic island-arc setting (Bhatia, 1983).
In addition, in the (Fe,O;*+ MgO) versus TiO,
and (Fe,O;* +MgO) versus (Al,03/S10,) diagrams
(Fig. 12), the sandstone samples plot near the oceanic
island-arc field, again suggesting that they probably
formed in an oceanic island-arc setting.

The REE characteristics of sandstones are also used
to discriminate among tectonic settings (Winchester
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& Max, 1989). In chondrite-normalized REE pat-
terns (Fig. 6a) and PAAS-normalized REE patterns
(Fig. 6b), the REE characteristics of the sandstones
from the Xiongcun Formation are consistent with those
of an oceanic island-arc setting. Immobile trace ele-
ments have additionally been used to successfully dis-
criminate among the tectonic settings of clastic sedi-
ments (Bhatia & Crook, 1986; McLennan et al. 1993;
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Figure 12.

Griffin et al. 2004; Sun, Gui & Chen, 2012; Shi ef al.
2016). The Jurassic sandstones in the Xiongcun district
show: low abundances of La, Th, Zr and Nb; low ratios
of Th/U and La/Sc; and high ratios of La/Th and Zr/Th
(Table 2). These trace-element characteristics are very
similar to those of sandstones from an oceanic island-
arc setting (Bhatia & Crook, 1986). On the La—Th—Sc,
Th—Sc—Zr/10 and Th—Co—Z1/10 diagrams proposed by
Bhatia & Crook (1986), all the sandstones were plot-
ted in the oceanic island-arc fields (Fig. 13a—c). In the
La/Sc versus Ti/Zr and Th versus La diagrams pro-
posed by Bhatia & Crook (1986), all the samples also
fall into the oceanic island-arc fields (Fig. 13d-e).

The detrital zircon U-Pb ages of the sandstones
from the Xiongcun Formation range over 161-243 Ma
(Supplementary Table S1; Figs 7, 8), which obviously
lack older zircons from adjacent crustal domains such
as the central Lhasa subterrane, the Qiangtang terrane
and the High Himalaya (Fig. 8). This indicates that the
sandstones most likely formed in an oceanic island arc
rather than a continental island arc. Similarly, the Jur-
assic igneous rocks in the Xiongcun porphyry copper—
gold district were also interpreted to have been gener-
ated within an oceanic island-arc system (Tang et al.
2015; Lang et al. 2017; Ma et al. 2017b; Yin et al.
2017).

We suggest that the tectonic setting of the sand-
stone from the Xiongcun Formation was probably an
oceanic island-arc setting (Fig. 14). Our data support
the opinion that the southern Lhasa subterrane was
likely an oceanic island-arc setting rather than a con-
tinental island-arc setting during the Late Triassic—
Jurassic period.
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6. Conclusions

Based on petrology, geochemistry, zircon U-Pb dat-
ing and Lu—Hf results from Jurassic sandstones of the
Xiongcun Formation in the Xiongcun district, we can
draw the following conclusions.

(1) The sandstones of Xiongcun Formation formed
during Early—Middle Jurassic time (195-165 Ma). The
sandstones are exposed in the lower and upper sec-
tions of the Xiongcun Formation. These sandstones
mainly contain Lg;_7o (lithic fragments), Q15 o3 (mono-
crystalline and polycrystalline quartz) and Fg 1, (al-
kali feldspar and plagioclase), indicating that they can
be classified as lithic arenite. The high CIA values
(77.19-85.36, mean 79.96) and CIW values (86.19—
95.59, mean 89.98) of the sandstones imply moderate
to high weathering and tropical climate conditions in
the source area.

(2) Framework petrography, major oxides and trace
elements indicate that these sandstones were derived
from felsic and intermediate igneous rocks, prob-
ably with a magmatic-arc provenance. Detrital zircon
ages and ey(7) values further constrain the sandstones
provenance as Triassic and Jurassic subduction-related
felsic and intermediate igneous rocks in the southern
Lhasa subterrane. The tectonic setting discrimination
diagrams, as well as the chemical compositions and de-
trital zircon ages, support an oceanic island-arc setting
for the sandstones from the Xiongcun Formation.

(3) The geologic setting of the southern Lhasa sub-
terrane during the Late Triassic — Jurassic period was
probably an oceanic island-arc setting rather than a
continental island-arc setting.
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