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In order to reconstruct tectonic evolution history of the southern margin of Asia (i.e., Lhasa terrane)
before the India-Asia collision, here we present a comprehensive study on the clastic rocks in the
southern Lhasa terrane with new perspectives from sedimentary geochemistry, detrital zircon
geochronology and Hf isotope. Clasts from the Jurassic-Early Cretaceous sedimentary sequences (i.e.,
Yeba and Chumulong Formations) display high compositional maturity and experienced moderate to
high degree of chemical weathering, whereas those from the late Early-Late Cretaceous sequences
(Ngamring and Shexing Formations) are characterized by low compositional maturity with insignificant
chemical weathering. Our results lead to a coherent scenario for the evolution history of the Lhasa
terrane. During the Early-Middle Jurassic (~192-168Ma), the Lhasa terrane was speculated to be an
isolated geological block. The Yeba Formation is best understood as being deposited in a back-arc basin
induced by northward subduction of the Neo-Tethys ocean with sediments coming from the interiors of
the Lhasa terrane. The Middle Jurassic-Early Cretaceous Lhasa-Qiangtang collision resulted in the for-
mation of a composite foreland basin with southward-flowing rivers carrying clastic materials from the
uplifted northern Lhasa and/or Qiangtang terranes. During the late Early-Late Cretaceous (~104-72Ma),
the Gangdese magmatic arc was uplifted rapidly above the sea level, forming turbidites (Ngamring
Formation) in the Xigaze forearc basin and fluvial red beds (Shexing Formation) on the retro-arc side. At
the end of Late Cretaceous, the Lhasa terrane was likely to have been uplifted to high elevation forming
an Andean-type margin resembling the modern South America before the India-Asia collision.

© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

widely accepted that the Tibetan Plateau is a Cenozoic feature
resulting from the India-Asia collision and subsequent subduction

The theory of plate tectonics explains the way how physio-
graphic features of the Earth are shaped and evolve over time.
Serving as an archetype of continent-continent collision, the Ti-
betan Plateau is thought to have influenced global climate and
seawater chemistry (Molnar et al., 2010; Richter et al., 1992). It is
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of the Indian lithosphere beneath Asia (e.g., Chung et al., 1998;
Harrison et al., 1992). However, recent investigations have pro-
posed that the southernmost portion of Asia (i.e., the Lhasa terrane)
might have attained high elevation immediately before the colli-
sion (Kapp et al., 2005, 2007; Leier et al., 2007a; Murphy et al.,
1997; Zhu et al., 2017). It is crucial to ascertain the pre-collisional
tectonic evolution history of the Lhasa terrane for better under-
standing the mechanism and time-scale of the plateau formation.

Chemical composition holds important information on the
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provenance of clastic sedimentary rocks. Compared with petro-
graphic method, the geochemical approach has been shown to be
more effective in studying matrix-rich sandstones and shales, and
in some cases can be used to quantify the occurrence and/or extent
of sedimentary processes such as weathering, sorting and diagen-
esis (McLennan et al., 1993). Previous studies have correlated
chemical weathering intensity of clastic rocks with climate and
relief of the source terranes (e.g., Fedo et al., 1997; Nesbitt and
Young, 1982; Yan et al., 2010). Sediments having undergone sig-
nificant chemical weathering are likely to be deposited in low-relief
regions with warm and humid climate (e.g., sediments of the Congo
Rivers; Wronkiewicz and Condie, 1987), whereas those less affected
by chemical weathering are supposed to be derived from high-
relief regions with cold and arid climate (e.g., Pleistocene glacial
clays and tillites; Nesbitt and Young, 1996). Existing paleomagnetic
data show that the southern margin of the Lhasa terrane was close
to the equator in the time span from the Early Jurassic (~3.7°S; Li
et al,, 2016) to Late Cretaceous (~15°N; Sun et al.,, 2012). In this
case, climate change of the Lhasa terrane is largely related to
tectonism-induced regional uplift, which can be best addressed
using sedimentary geochemical approaches.

During chemical weathering, unstable components (including
volcanic fragments, ferromagnesian minerals and feldspars) are
largely decomposed but zircon survives and is enriched in the
sediments due to its physiochemical resistance. This makes zircon a
powerful tracer for studying provenances of terrigenous sedimen-
tary rocks (e.g.,, Wu et al.,, 2010; Zhu et al., 2011b). As potential
provenance, the magmatic rocks emplaced in the southern Lhasa
terrane and some localities in the northern Lhasa terrane have
zircons with positive eHff(t), whereas rocks from the central Lhasa
terrane have negative ¢Hf(t) (Hou et al., 2015; Zhu et al., 2011a).
Moreover, detrital zircons from the pre-Mesozoic rocks in the Lhasa
terrane have a distinctive age cluster of ~1170Ma, whereas those
from the western Qiangtang and Tethyan Himalaya terranes define
an age peak of ~950Ma (Zhu et al.,, 2011b). The differences in
detrital zircon age distribution and Hf isotopic composition serve as
a unique tool for interpreting tectonic evolution history of the Lhasa
terrane recorded in sedimentary rocks.

In this paper, we present the results of our study using a such
combined approach, including bulk-rock geochemistry, detrital
zircon U—Pb geochronology and Hf isotope on different types of
clastic rocks (sandstones and mudstones) from the southern Lhasa
terrane. Although previous studies have proposed numerous tec-
tonic models for the Mesozoic Lhasa terrane based on magmatism
(e.g.,Hou et al., 2015; Zhu et al., 2011), tectonism (Yin and Harrison,
2000; Murphy et al., 1997) or stratigraphy (Kapp et al., 2005; Leier
etal., 2007a), this paper is unique to provide new constraints on the
changes of paleoclimate and sedimentary provenance through
time. With these data, we are able to reconstruct the evolution
history of the Lhasa terrane prior to the India-Asia collision.

2. Geological background and sampling
2.1. Geological setting

The Tibetan Plateau comprises a series of allochthonous Gond-
wanan continental fragments that were accreted to Asia since the
Early Paleozoic (Yin and Harrison, 2000; Zhu et al., 2013). These
fragments are, from north to south, Songpan-Ganzi flysch complex,
Qiangtang terrane, Lhasa terrane and the Himalayas, separated by
Jinsha, Bangong and Indus-Yarlung Zangbo Sutures (Fig. 1A).
Serving as the southernmost tectonic unit of Asia, the Lhasa terrane
is an E-W trending geological block that can be divided into the
northern, central and southern subterranes due to different mag-
matism and sedimentary covers (Hou et al., 2015; Zhu et al., 2011a).
The ancient metamorphic basement of the Lhasa terrane is

represented by the Nyaingentanglha Group in the central Lhasa
terrane, which is covered with widespread Permian-Carboniferous
metasedimentary strata (Zhu et al, 2011a, 2013). The northern
Lhasa terrane has extensive Cretaceous strata and minor Triassic-
Jurassic strata (Kapp et al., 2005, 2007; Zhu et al., 2011a). The
southern margin of Lhasa terrane is represented by the Gangdese
magmatic arc (GMA, Fig. 1A; also named as Gangdese batholith for
the plutonic equivalents because of significant erosion), from which
volcanism since the Middle Triassic has been well documented
(e.g., Liu et al., 2018; Mo et al., 2008; Wang et al., 2016; Wei et al.,
2017; Zhu et al., 2008, 2011a). In the southern Lhasa terrane,
sedimentary strata predominantly of Jurassic-Cretaceous age are
well preserved (Zhu et al., 2013) and mainly comprise Lower-
Middle Jurassic back-arc sequence of the Yeba Formation (Liu
et al., 2018; Wei et al,, 2017; Zhu et al., 2008), Lower Cretaceous
fluvial and marginal marine clastic successions of the Linbuzong
and Chumulong Formations (Leier et al., 2007a), Upper Cretaceous
shallow-marine deposits of the Takena Formation (Leier et al.,
2007b) and fluvial red beds of the Shexing Formation (Sun et al.,
2012). There are also small-scale and scattered exposures of Up-
per Jurassic limestones of the Duodigou Formation showing fault
contact with the underlying Yeba Formation. To the south of the
Gangdese magmatic arc, a Cretaceous-Paleogene forearc succession
was identified, i.e., Xigaze forearc basin (An et al., 2014; Wang et al.,
2012; Wu et al., 2010). The Xigaze forearc succession is subdivided
into the Chongdui, Sangzugang, Ngamring, Padana and Qubeiya
Formations from the bottom to the top (Hu et al., 2016). Repre-
senting the main turbiditic fill of the Xigaze forearc basin, the
Ngamring Formation displays conformable contact with underlying
deep-water sediments of the Chongdui Formation and the over-
lying Padana Formation, and locally in fault contact with the Xigaze
ophiolite in the south (An et al., 2014).

2.2. Sampling

2.2.1. Yeba Formation

Extending E-W trending for ~250 km in the eastern segment of
the southern Lhasa subterrane, the Yeba Formation volcano-
sedimentary strata comprise a bimodal volcanic suite with inter-
bedded fine-grained sandstone, calcic slate, and limestone (Wei
et al,, 2017; Zhu et al., 2008). Two samples were collected from
the fine-grained sandstones exposed ~30 km north of the Sangri
County (Fig. 1B). These samples are quartzose sandstone and are
composed of subangular monocrystalline quartz, lithic fragments
and argillaceous cement with average modal composition of Q/F/
L=88/2/10 (Table S1; Fig. 3), where Q, F and L refer to quartz,
feldspar and lithics, respectively.

2.2.2. Chumulong Formation

Five mudstone samples were collected from the Chumulong
Formation north of Shannan city (Fig. 1B). The Chumulong For-
mation is dominated by dark-grey mudstone with subordinate
siltstone and sandstone. The mudstone is interbedded with very
fine-grained bioturbated sandstone with oyster fragments and
fossil wood debris (Fig. 2). This lithofacies association is interpreted
as being deposited in a lagoon environment (Leier et al., 2007a).

2.2.3. Shexing Formation

Eight sandstone samples were collected from the Shexing For-
mation red beds (Fig. 2) northwest of Lhasa city (Fig. 1B). The
sandstone units sampled are part of a >2 km-thick, strongly folded
fluvial clastic succession which is covered by the undeformed
Paleogene Linzizong Group volcanic succession (LVS; Mo et al,,
2008). These sandstones are feldspathic arenite and show large
modal composition variations with average Q/F/L=35/27/38
(Table S1; Fig. 3).
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Fig. 1. (A) Schematic tectonic framework of the Tibetan Plateau (modified after Wu et al., 2010) and (B) simplified geological map showing sample locations.

2.2.4. Ngamring Formation

The flysch sequence of Ngamring Formation consists of alter-
nating beds of sandstone and mudstone (Fig. 2) and is characterized
by a series of large channelized conglomerates in the lower portion
(Wang et al., 2012). Based on stratigraphy, sandstone petrography
and detrital zircon age population, the Ngamring Formation can be
further divided into three subsequences, i.e., the Lower, Middle and
Upper Ngamring Formations (An et al., 2014; Wu et al., 2010). Eight
samples were collected from the sandstone beds, among which
RK1601, RK1602, RK1603 and RK1605 are from the Lower Ngamring
Formation, RK1612 and RK1613 are from the Middle Ngamring
Formation, and RK1614 and RK1615 are from the Upper Ngamring
Formation. The samples are litharenite to feldspathic arenite and
contain a large number of volcanic fragments (Table S1; Fig. 3) with
average modal composition of Q/F/L = 12/23/65.

3. Methods

Modal composition analysis was carried out on eighteen sand-
stone samples with 300 points counted per thin section using
Gazzi-Dickinson method (Ingersoll et al., 1984). The results are
plotted in Fig. 3 and given in Table S1.

Detrital zircons were extracted from crushed samples using
heavy liquid and magnetic separation techniques. Individual grains
were handpicked, mounted in epoxy resins and then polished to
expose the interiors. Zircon U—Pb ages were measured using LA-
ICPMS at State Key Laboratory of Geological Processes and Min-
eral Resources (GPMR), China University of Geosciences, Wuhan, by
following Liu et al. (2010a). Cathodoluminescence (CL) images were
not referenced and all analyzed grains were selected randomly
from all sizes and shapes during the analysis. The laser spot was 32
um in diameter and always placed on the center of the zircon grain.
Zircon standard 91500 was analyzed as external standard to correct
for Pb isotope fractionation. Offline data calculations were pro-
cessed using the program ICPMSDataCal_Ver8.0 (Liu et al., 2010b).
The ages presented in this study are 2°°Pb/238U ages for zircons
<1000Ma and 2%7Pb/?%6pb ages for those >1000Ma. The analyses
with more than 20% discordance are omitted from further discus-
sion. The kernel density estimation (KDE) plots were constructed
using the software DensityPlotter (Vermeesch, 2012). Analyzed as
an unknown, the zircon standard Plesovice yielded a mean
208pp238 age of 338 + 0.6Ma (20, n = 117).

Maximum depositional age is determined using method of
Dickinson and Gehrels (2009), who suggest both YSG (youngest
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Fig. 2. Outcrops show (A) mudstone interbedded with fine-grained sandstone in the Chumulong Formation; (B) red beds of the Shexing Formation and (C) alternating beds of
sandstone and shale in the Ngamring Formation. Microphotographs show: (D) the Chumulong Formation mudstone (D47D), (E) Shexing Formation sandstone (MX1105) and (F)
Ngamring Formation sandstone (RK1602). Q, quartz; Pl, plagioclase; Kfs, potassic feldspar; Lv, volcanic lithic fragment; Ls, sedimentary lithic fragment. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

single grain age) and YC1o(2+) (weighted mean age of youngest
detrital zircon cluster with two or more grains overlapping in age at
10) show similar compatibility with depositional age, but the
former may be suspicious due to inherent lack of reproducibility.
The YC20(3+) (weighted mean age of youngest detrital zircon
cluster with three or more grains overlapping in age at 2c) is the
most conservative measurement and considerably older than
depositional age. Generally, YC1o(2+) is preferred as maximum
depositional age. In this study, the YSG is suggested for those whose
YC1o(2+) are inconsistent with the depositional ages determined

via other samples/methods. Detrital zircon U-Pb data are sum-
marized in Table 1 and plotted in Fig. 4.

In-situ zircon Hf isotope analysis was conducted using LA-MC-
ICPMS in the Institute of Geology and Geophysics, Chinese Acad-
emy of Sciences (IGGCAS). Zircon grains were ablated using a
193 nm excimer ArF laser (GeoLas Plus) with a spot diameter of
45—60 um. Ablated material was carried by helium and introduced
into a Neptune MC-ICPMS. The analytical details were given by Wu
et al. (2006). The U—Pb dating and Hf isotope raw data are present
in Tables S2 and S3.
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Fig. 3. The Q-F-L ternary plot (Dickinson, 1985) showing clastic composition of sam-
ples from the Yeba, Xiongcun, Chumulong and Shexing Formations. The Xiongcun
Formation data are from Lang et al. (2018). Q, quartz; F, feldspars; L, lithic fragments;
RO, recycled orogen; UMA, undissected magmatic arc; TMA, transitional magmatic arc;
DMA, dissected magmatic arc; BU, basement uplift; TC, transitional continental; CI,
craton interior.

Whole rock major and trace element analyses were carried out
at GPMR, Wuhan. Major element oxide measurement was done
using a SHIMADZU sequential X-ray fluorescence spectrometer
(XRF-1800) following Ma et al. (2012). The analytical uncertainties
are better than 3%. Trace elements were determined using an
Agilent 7500a ICP-MS by following Liu et al. (2008). The analytical
results are presented in Table S4.

4. Results
4.1. Detrital zircon geochronology and Hf isotope

4.1.1. Yeba Formation
A total of 104 useable detrital zircon ages show a large variation

Table 1

from 179 + 2 to 3520 + 20Ma (Fig. 4A and B). Pre-Mesozoic ages
comprise the largest population (99 out of 104 results), which form
significant peaks centered at 556 and 1170Ma. The depositional
interval age has been yielded to Early-Middle Jurassic (~168-
192Ma) via zircon geochronologic study on the volcanic sequences
within the Yeba Formation strata (Liu et al., 2018; Wei et al., 2017;
Zhu et al., 2008). Therefore, although the YC15(2+) and YC20(3+)
of sample D54 was yielded to 563.5 + 3.6 and 248.0 + 3.5Ma,
respectively, the maximum depositional age is supposed to be
179Ma using the youngest single zircon grain age (YSG).

4.1.2. Chumulong Formation

The four Chumulong samples yield 327 useable ages (Fig. 4C and
D). Sample D47A yields 103 useable ages ranging from 117 + 1 to
2595 + 14Ma with major peaks at 121 and 224Ma. Sample D47B
yields 109 useable ages ranging from 105 + 1 to 2732 + 29Ma,
which form four peaks at 123, 143, 166 and 226Ma. Only 47 useable
ages are obtained from sample D47E, among which the largest
population peaks at 231Ma. Among the 68 available analyses for
the sample D47C, zircons with Paleozoic ages are predominant (63
out of 68 results) with significant age peaks at 404 and 454Ma. The
maximum depositional age for the Chumulong Formation is rec-
ommended to be 121Ma using the YC1o(2+) of sample D47A.

In-situ Hf isotope analysis was performed on 208 zircon grains
that had not been exhausted after the U—Pb age analysis. Zircon
grains with Mesozoic ages display a large variation in 78Hf/!7’Hf
ratios with eHf(t) ranging from —24.3 to +14.7, revealing the source
rock diversity (Fig. 5).

4.1.3. Shexing Formation

The four Shexing samples yield 377 useable ages (Fig. 4E and F).
Sample MX1102 yields 113 useable ages with the youngest being
84 + 2 Ma. This sample contains a large population of pre-Mesozoic
zircons peaking at 550, 700, 1450, 1750 and 2600Ma, whereas
Mesozoic ages are subordinate (28 out of 113 results) with peaks at
88 and 121Ma. Sample MX1104 yields 90 useable ages that exhibit a
major peak at 90Ma and a subordinate at 112Ma. Sample MX1106
yields 86 useable ages with the youngest being 82-+2Ma. Mesozoic
zircons are predominant (71 out of 86 spots) showing a major peak
at 88Ma and a subordinate at 201Ma. Sample MX1108 yields 88
useable ages, most of which are pre-Mesozoic (82 out of 88 spots).
Only four grains are identified with Cretaceous ages of 91+2Ma,
92+2Ma, 105+4Ma and 121+5Ma. This sample yielded numerous

Summarized characteristics of detrital zircon U—Pb ages for samples from southern Lhasa terrane.

Formation Sample Number of Maximum depositional age YSG* (Ma, YClo(2+)" YC26(3+)* (Ma) Percentage of Mesozoic Mesozoic zircons with
analyses (Ma) 10) (Ma) ages eHf(t)>0
Yeba D54 104 179" 179+2 563.5+3.6 248.0+3.5 4.8% (5 out of 104)
(n=6) (n=3)
Chumulong D47A 103 121 117 +1 1211+ 11 1211+ 1.1 24% (25 out of 103) 41% (18 out of 44)
(n=4) (n=4)
D47B 109 122 105+1 1224+13 123.3+0.9 34% (37 out of 109)
(n=4) (n=7)
D47C 68 119° 119+2 394.0+4.2 4014 +2.2 1.4% (1 out of 68)
(n=4) (n=11)
D47E 47 109° 109 +1 2315+28 2479+2.6 32% (15 out of 47)
(n=2) (n=3)
Shexing MX1102 113 88 84+2 885+14 88.8+13 25% 28 out of 113) 67% (70 out of 104)
(n=2) (n=3)
MX1104 90 90 85+1 89.9+0.7 89.7+0.6 52% (47 out of 90)
(n=15) (n=18)
MX1106 86 88 82+2 87.7+05 87.1+0.5 83% (71 out of 86)
(n=30) (n=35)
MX1108 88 91° 91+2 213335 2133 £3.5 6.8% (6 out of 88)
(n=3) (n=3)

¢ Youngest detrital zircon age measurement after Dickinson and Gehrels (2009). YSG, youngest single detrital zircon age; YC15(2+), weighted mean age of two or more

youngest grains that overlap in age at 10; YC20(3+), weighted mean age of three or more youngest grains that overlap in age at 2.
b YSG is suggested due to the inconsistency of YC2¢ with the depositional ages determined via other samples/methods.
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small clusters and scatters showing no significant peaks. The
maximum depositional age for the Shexing Formation is supposed
to be 88Ma using the YC10(2+) of sample MX1106.

Mesozoic zircons from these samples exhibit varying Hf isotope
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Fig. 5. Hf isotope composition of detrital zircons from the Chumulong and Shexing
Formations. The field of GMA and Lhasa basement are constructed based on the
dataset in Hou et al. (2015) and references therein. Data of the Duoni Formation from
Sun et al. (2017). GMA, Gangdese magmatic arc; DM, depleted mantle; CHUR, chon-
dritic uniform reservoir.

composition (Fig. 5). Zircons with ages <105Ma have high
T76Hf/177Hf ratios with epg(t) ranging from —0.6 to +13.7, whereas
those with ages between 109 and 238Ma show varying 28/Hf/""7Hf
with eygt) ranging from —16.1 to +5.4.

4.2. Bulk-rock geochemistry

4.2.1. Major elements

The Yeba and Chumulong samples as a whole display higher
compositional maturity than those of the Ngamring and Shexing
Formations. In terms of major oxides, the Yeba sandstones are
potassic (K;0/Nay0 = 5.64—7.04) with higher SiO,, lower Al;03, and
Na,O (Fig. 6B, D and 6F). The Chumulong mudstones have similar
Si0 (63.82 + 5.90 wt¥%) but higher Al,03 (19.06 + 2.26 wt%) relative
to the average composition of the upper continental crust
(Si02~66.3 wt%, Aly03~14.9wt%; Rudnick and Gao, 2003).
Compared with those of the Yeba Formation, the Shexing sand-
stones are typically sodic (K;0/Na;0 = 0.16—0.57, except for sample
MX1103—1.14) and have a wider range of SiO,, Al,O3 and CaO
abundances (Fig. 6B and E). Similarly, the Ngamring samples
display sodic characteristics (K;0/Na,0 =0.12—0.58) with rela-
tively low SiOy (55.9+13.4wt%). The high LOI values of the
Ngamring samples (4.37—10.29 wt%) are attributed to the presence
of detrital carbonate in terms of petrographic observation and the
positive CaO-LOI correlation (r=0.97). Generally, in the sand-
stones, there are marked negative correlations of SiO, with TiO»,
Al,03, MgO + Fe,0} (where Fe,0} represents total Fe as Fe;03) and
NayO (Fig. 6A, B, 6C, 6E and 6F), reflecting increasing compositional
maturity towards high SiO5. It is noted that Mg, Fe, Ti and Na largely
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Fig. 6. (A—F) Plot of SiO, vs. abundances of major element oxide for the sandstone and mudstone samples; (G—L) plots of modal volcanic lithics proportion vs. concentrations or

ratios of selected elements for the sandstone samples.

reside in the volcanic lithic fragments, reflected by the negative
correlation of modal volcanic lithics proportion with these ele-
ments (Fig. 6G, H and 6I).

4.2.2. Trace elements

All the samples have subparallel REE patterns (Fig. 7). The Yeba
and Chumulong samples show smoothly fractionated patterns with
La/Yby of 7.23—15.2 (where subscript N refers to chondrite-
normalized values) and Eu/Eu* of 0.55—0.72. The former has
lower =REE (refers to total REE) abundances (99 + 28 ppm) than the
latter (180 + 30 ppm) due to quartz dilution effect. The Shexing
samples have similar REE distributions (La/Yby = 8.09—10.2) but

weak or absent Eu anomalies (Eu/Eu* = 0.63—1.00) with lower
SREE abundances (125 + 44 ppm). The Ngamring samples are
characterized by relatively flat patterns with lowest La/Yby ratios
(4.10—-8.39), =REE abundances (74 + 21 ppm) and Eu/Eu* ranging
from 0.77 to 1.05. In the sandstone samples, Eu/Eu* is most likely
controlled by the enrichment of plagioclase-rich volcanic lithic
fragments (Fig. 6L). This suggests that these samples were depos-
ited in a volcanically active region with short transport distance of
the clastics.

In the upper continental crust normalized multielement dia-
gram (Fig. 7E), patterns of the Shexing and Ngamring samples are
subparallel to the unweathered Yeba volcanic rocks (except for
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individual element), which are concordant with predominant
magmatic provenances. The Yeba and Chumulong samples show
gradually reduced depletion in the order of Na, Sr, Ba and K. Rb is
enriched in the Chumulong mudstones probably due to the
adsorption by clays. The transition metals (Co, Ni, Cr, and V) are
largely inherited from the volcanic lithic fragments (Fig. 6]) in the
sandstone samples. Th and U are generally coherent during most
magmatic processes; however, they may be fractionated during
weathering and sedimentary recycling processes. The Ngamring,
Shexing, Yeba and Chumulong samples have gradually increasing

Th/U ratios of 3.14 + 1.47, 4.66 + 1.09, 4.91 +0.31 and 6.04 + 0.76,
respectively. See below for detailed discussion.

5. Influence of sedimentary processes on elemental
variations

Chemical composition of terrigenous sedimentary rocks is the
net result of various factors, which includes provenance, weath-
ering, sorting, diagenesis and post-depositional metamorphism.
Each of these processes should be taken into account when
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speculating tectonic implications using geochemical data. It is
suggested that the Yeba Formation has undergone up to
greenschist-facies metamorphism (Wei et al., 2017; Zhu et al,,
2008). In this case, the unweathered Yeba Formation volcanic
rocks with greenschist-facies metamorphism are introduced into
the next discussion for estimating the influence of metamorphism
on the compositional variation of the clastic rock samples.

5.1. Weathering and diagenesis

Chemical weathering modifies the composition of rocks via
water-rock interaction. With increasing intensity of chemical
weathering, there is typically an increase in clays at the expense of
unstable components such as volcanic lithic fragments, ferromag-
nesian minerals and feldspars. Meanwhile, the soluble alkali or
alkaline-earth metals (AAEM) with smaller ironic radius tends to be
preferentially leached from the soils than the larger one that is
more readily retained on exchange sites of clay minerals
(McLennan et al., 1993). The Yeba and Chumulong clastic samples
show an increasing depletion tendency towards the smaller AAEM
cations (Fig. 7E), indicating that their precursors were subjected to
significant chemical weathering. Compared with the clastic rock
samples, the Yeba volcanic rocks show a distinct AAEM pattern with
high Na and Sr abundances, suggesting the regional metamorphism
has played no dominant role in modifying the AAEM composition
of the Yeba Formation. In contrast, the AAEM patterns of the
Shexing and Ngamring clastic samples are similar to that of the
Yeba Formation volcanic rocks (Fig. 7E), revealing that the source
rock disaggregation was primarily controlled by physical weath-
ering with restricted chemical modification.

To better quantify the degree of chemical weathering, Chemical
Index of Alteration (CIA) is used here (Nesbitt and Young, 1982):
CIA=AI,03/[Al,03 + K30 + Nap0 + CaO*] x 100, where CaO* refers
to that residing in silicate minerals only. In this case, a correction
should be made through subtracting the CaO from carbonate and
apatite. In this study, the CaO is preferentially corrected for apatite
using bulk-rock P,05 abundance (mole CaOcorr = mole CaO — mole
P,05 x 10/3). If the mole CaOcor is less than NayO, its value is
adopted as the CaO*; otherwise the CaO* value is assumed to be
equivalent to NapO (McLennan et al., 1993; Yan et al., 2010). The CIA
value is directly related to chemical weathering intensity, from 50
in unweathered igneous rocks to 100 in residual clays. According to
the existing data (Wei et al., 2017), the Yeba volcanic rocks with
greenschist-facies metamorphism have a mean CIA value of ~50,
confirming that the post-depositional metamorphism had not
significantly increased the CIA values of the Yeba Formation rocks.
For better visualizing the significance of CIA values, the samples are
plotted on the A—CN—K ternary diagram (Fig. 8A). The Yeba and
Chumulong samples show moderate to high degree of chemical
weathering with CIA values ranging from 71 to 81, which are
significantly higher than the Yeba volcanic rocks but similar to that
of the typical shale (~70—75; Taylor and McLennan, 1985). The
Shexing and Ngamring samples have lower CIA values of 49—59,
revealing limited chemical modification and short distance trans-
portation of the clastics. All the samples fall on a trend deviating
from that of diagenetic K-metasomatism (smectite-illite trans-
formation; Fedo et al., 1995), but consistent with weathering being
the sole control (McLennan et al., 1993). When plotted in A-CNK-FM
ternary diagram (Fig. 8B), the samples show trends that are best
understood as mixing sources. These results further indicate that
the CIA values of the clastic samples were decoupled from the
compositional variation of their precursors.

Another geochemical index, Th/U, is commonly used to estimate
the impact of chemical weathering (McLennan et al., 1993; Taylor
and McLennan, 1985). In most cases, chemical weathering under
oxidizing environment can transform U** to more soluble U%*. The

subsequent dissolution and loss of U®* results in elevation of Th/U
in clastic rocks, especially for mudstones and shales, where heavy
minerals are less likely to be an interfering factor (McLennan et al.,
1993). It appears that the data follow the trend consistent with
weathering being the primary control (Fig. 9); however, the Yeba
samples show indistinguishable Th/U ratios and Th abundances
from the Shexing counterparts, which contradict their distinct CIA
values. It is also noted that the Th/U ratios in the sandstone samples
overlap with those of the Yeba volcanic rocks (Fig. 5C) and are
proportional to the content of volcanic lithics (Fig. 3K). Therefore,
we suggest that Th/U ratios of the sandstones largely reflect the
nature of the provenance rocks rather than the extent of chemical
weathering.

5.2. Hydraulic sorting

The most commonly used approach to examine the influence of
sorting on sedimentary rocks is to evaluate the textural maturity
using characteristic grain sizes and shapes (McLennan et al., 1993).
Sorting processes are usually accompanied by fractionation or
enrichment of heavy minerals (notably zircon), which can signifi-
cantly modify abundances of the elements that are at trace levels in
most sedimentary rocks (e.g., Zr and Hf in zircon). Therefore,
geochemical composition of clastic rocks is also useful in evaluating
the impact of sorting. Zr/Sc ratio is a promising tracer for zircon
accumulation, since Zr is mostly concentrated in zircon whereas Sc
is not enriched but generally inherited from the precursors. Th/Sc
ratio is suggested as a potential indicator of magmatic differentia-
tion, because Th behaves conservative during sedimentary pro-
cesses (McLennan et al., 1993). In most of the samples, Zr/Sc
covaries with Th/Sc, which can be attributed to compositional
variation of the precursors. Note that the Chumulong samples show
some variation in Zr/Sc with unvarying Th/Sc (Fig. 10A). Generally,
fine-grained clastic rocks such as shales and mudstones are
deposited in low-energy environment so that they are less prone to
accumulating zircon. In this case, the Zr/Sc variations in the Chu-
mulong samples are best understood as a consequence of hydraulic
sorting. Considering that zircon is a weathering-resistant mineral
with high density, its fractionation during sedimentary processes
reveals a long-distance transportation of the clastic materials
before deposition. The other sandstone samples lie on the trend
that is consistent with compositional variations of the source rocks,
indicating insignificant zircon fractionation. In some sediments of
mineralogical immaturity, sorting can result in accumulation of
plagioclase and volcanic fragments (McLennan et al., 1993). In the
Ngamring and Shexing sandstones, the Eu/Eu* is most likely
controlled by the enrichment of plagioclase-rich volcanic lithic
fragments (Fig. 3L), suggesting that the samples were deposited in a
volcanically active region with short distance transportation of the
clastic materials.

5.3. Two-component mixing model

Elements having conservative behavior in sedimentary pro-
cesses and low residence time in seawater, such as Th, Nb, Zr, Co, Sc
and LREEs, are promising indicators for the source rock signature
(Bhatia and Crook, 1986). In the Th-Sc-Zr/10 ternary diagram
(Fig. 10A), most of the samples show compositional similarity to the
clastic rocks from oceanic or continental arcs. The Chumulong
samples show a linear trend away from the Zr/10 apex, consistent
with the fact that mudstones are depleted in zircon due to sorting.
In Fig. 10B, the samples plotted in the array of Gangdese magmatic
arc, likely signifying mixing of two endmembers (mafic and silicic
source rocks). A diagram of La/Sc vs. Co/Th (Fig. 11) is constructed to
further test the two-component mixing model. All the data points
lie on the mixing curve and show good agreement with the bimodal
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mixing model. The Ngamring samples display largest composi-
tional variations, among which RK1605 with lowest SiO, abun-
dance (46.7 wt%) and highest Co/Th ratio (21.2) requires >90% mafic
component contribution. This result is concordant with the petro-
graphic observation showing a large proportion of basaltic lithic
fragments in the Ngamring samples, and reveals that the low SiO,
abundances of the Ngamring samples are not attributed to the
presence of carbonate characterized by low Co/Th ratio. The
Shexing samples have overall intermediate to silicic provenance
with >50% silicic component contribution. The Yeba and Chumu-
long sediments have most acidic provenance with >80% silicic
component.

6. Sedimentary provenances and tectonic implication
6.1. Yeba Formation (~192-168Ma)

The Yeba sandstones are characterized by high CIA values and
significant negative Eu/Eu* anomalies (Fig. 7) with strong depletion
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McLennan et al., 1993). Yeba Formation volcanic rock data from Wei et al. (2017) and
Zhu et al. (2008).

10 30

in alkali and alkaline earth metals (Fig. 7E), indicating a low-relief
provenance with tropical climate. According to the mixing model
(Fig. 11), the Yeba sandstones are best interpreted as being sourced
from silicic provenance. Petrographic observation shows that the
modal compositions of the Yeba samples fall into the recycled
orogen region in the Q-F-L plot (Fig. 3). Detrital zircon data reveal
that the Yeba Formation sediments were recycled from the pre-
Jurassic strata in the Lhasa terrane without exotic clastic addition,
because: (1) the Mesozoic ages are relatively rare (~5.7%, 6 out of
104 results) in the sample D54, suggesting a limited supply of ju-
venile materials; and (2) the age spectrum is subparallel to those of
the Paleozoic and Triassic metasedimentary rocks (notable age
peak of ~1170Ma; Fig. 13B, C, 13D) in the Lhasa terrane but distinct
from those of the western Qiangtang clastic rocks (characterized by
significant peak of ~950Ma; Fig. 13G). These results suggest that the
Lhasa terrane was an isolated geological block drifting in the
Tethyan ocean and had not collided with the Qiangtang terrane
during the Early Jurassic.

Previous research has suggested that subduction zones were
developed on both northern and southern sides of the Lhasa
terrane (Zhu et al., 2013, 2016). Substantial Triassic-Jurassic sub-
duction-related volcanism (237-168Ma) occurred in the southern
Lhasa subterrane (e.g., Kang et al., 2014; Liu et al., 2018; Tafti et al.,
2014; Wang et al., 2016; Wei et al., 2017) indicates that the north-
ward subduction of the Neo-Tethyan oceanic lithosphere beneath
the Lhasa terrane should initiate prior to the Middle Triassic (Wang
et al,, 2016). An alternative view presumed that the Early Mesozoic
magmatism was induced by southward subduction and rollback of
the Bangong Tethyan oceanic lithosphere (Zhu et al., 2013). It is
noted that the Triassic-Jurassic subduction-related volcanism
exposed in the area ~250—300 km south of the Bangong Suture
without considering ~60% crustal shortening occurring during the
Late Jurassic — Cretaceous (Murphy et al., 1997). However, the mean
distance from arc volcanoes to trench in the modern subduction
zones is 166 + 60 km (Stern, 2002). In this case, it is more reason-
able that the volcanisms in southern Lhasa terrane were associated
with northward subduction of the Neo-Tethyan oceanic
lithosphere.

In the southern Lhasa terrane, the subduction-related Xiongcun
porphyry Cu deposit with ore-bearing country rocks of the Early-
Middle Jurassic Xiongcun Formation volcano-sedimentary
sequence was developed to the west of the Yeba Formation (Lang
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et al., 2014, 2018; Tafti et al., 2009, 2014; Tang et al., 2015). Sillitoe
(1998) favored the compressional regime for the formation of
subduction-related porphyry Cu deposits in terms of the statistic
study on global Cu deposits; however, no Cu deposits have been
found in the Yeba Formation, which was previously considered to
be formed in continental arc setting (Zhu et al., 2008). The Xiong-
cun sandstones are classified as lithic arenite and have modal
composition of Q/F/L=21:11:68 (Fig. 3) with positive detrital
zircon Hf isotopic fingerprints (+10.5 to +16.2) (Lang et al., 2018).
These results indicate that the Xiongcun and Yeba sandstones were
deposited in different tectonic settings. The high proportion of
volcanic lithic fragments reveals that the Xiongcun sandstones
were sourced from uplifting volcanic arcs, while the high degree of
chemical weathering (CIA=77—-85) suggests a tropical climate

(Lang et al, 2018). The Yeba sandstones, however, are
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Fig. 11. Binary diagram of La/Sc—Co/Th showing two-component mixing trend. Mafic
endmember is represented by the Yeba Formation basalt (sample YB1307 in Wei et al.,
2017) with Co=39.3 ppm, Th= 118 ppm, La=10.9 ppm and Sc=33.8 ppm. Silicic
endmember is represented by the Yeba Formation rhyolite (sample YB1318 in Wei
et al,, 2017) with Co =3.1 ppm, Th =8.89 ppm, La =27.3 ppm and Sc = 6.4 ppm.

predominated by recycled quartz and underwent high chemical
weathering, indicating that they were gradually deposited in the
basin with relatively subdued uplift and low elevations (Fig. 14A). A
reasonable explanation is that the Yeba Formation was deposited in
the back-arc basin close to the central Lhasa terrane, whereas the
Xiongcun Formation represents the Gangdese volcanic arc front.
The southern margin of the Lhasa terrane most likely resembles the
present-day Ryukyu-Okinawa arc-basin system in the Early-Middle
Jurassic. This proposal is reinforced by the study on the volcanic
rocks suggesting the Yeba Formation were formed in extensional
setting (Liu et al., 2018; Wei et al., 2017).

6.2. Chumulong Formation (~121-105Ma)

In this study we calculate a maximum depositional age of 121Ma
for the Chumulong Formation, which is ~22Myrs younger than
reported in Leier et al. (2007c). The Chumulong samples have
similar geochemical characteristics to the Yeba Formation coun-
terparts (i.e., high CIA values, low Na,0/K;0, strong depletion in
Na™ and Sr?* and significant negative Eu anomalies; Figs. 7E and
12), revealing a high degree of chemical modification during
weathering and clastic transportation processes. Taking into ac-
count that the Chumulong Formation is dominated by mudstones
and subordinate fine-grained sandstones accompanied with fossil
wood debris, we suggest that the climate and relief were not
markedly changed from the Jurassic and the southern Lhasa terrane
maintained at low elevations (Fig. 13C).

Note that detrital zircon data indicate that source regions of the
Early Cretaceous sediments were inconsistent with the pre-
Cretaceous samples. Firstly, detrital zircon age peak of ~950Ma
appears in the Early Cretaceous samples (Fig. 12E). Secondly, the
Early Cretaceous samples show insignificant age population around
~1170Ma, which differs from those of the pre-Cretaceous samples.
These results strongly imply a Middle-Late Jurassic tectonic event
that could result in the change of source region of the sediments in
the Lhasa terrane. One of the most significant tectonic events for
the Lhasa terrane prior to the India-Asia collision is its collision with
the Qiangtang terrane, which was speculated to initiate as early as
the Middle Jurassic (Lai et al., 2019; Li et al., 2019; Sun et al., 2019)
and completed during the Late Jurassic to Early Cretaceous (Zhu
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et al., 2016). The discrepancies of detrital zircon age spectra be-
tween the pre-Cretaceous and Cretaceous samples are best inter-
preted as resulting from the Lhasa-Qiangtang collision. As a
consequence, a foreland basin was probably formed in the Lhasa
terrane (Fig. 13B) and clasts from Qiangtang were transported to the
Lhasa terrane by south-directed rivers. This proposal is supported
by the appearance of the Berriasian-Valanginian (~145-134Ma)
foreland molasse association in the central Lhasa terrane with
paleocurrent directions mainly toward the south (Zhang et al.,
2012).

However, a simple foreland basin model is probably insufficient
to explain the sedimentary records in the northern Lhasa terrane.
During the Early Cretaceous, extensive volcanism (i.e., Zenong
Group; Zhu et al,, 2011a) occurred in the northern Lhasa terrane
and overprinted the foreland basin in some localities. Subordinate

basins (e.g., Cogen and Selin Co basins; Sun et al., 2017; Zhang et al.,
2011) were consequently formed with deposition of the Duoni
Formation. Sun et al. (2017) suggested that the Duoni Formation
was mainly sourced from the Zenong volcanic rocks and basement
rocks from the southern portion of the northern Lhasa subterrane.
It is also noted that the detrital zircons from the Duoni clastic rocks
exhibit significant age peaks of 950 and 1170Ma (Leier et al., 2007c;
Zhang et al., 2011), similar to those of the Early Cretaceous samples
in the southern Lhasa terrane (Fig. 12E). Furthermore, the detrital
zircons are characterized by negative ¢Hf(t) (Fig. 5), implying no
sediment supply from the Gangdese magmatic arc to the south.
Paleocurrents measured from Duba section of the Duoni Formation
and Linzhou section of the Chumulong Formation are overall south-
directed, although few of them indicate north-directed flows (Leier
et al., 2007a). Considering all the geological evidences, we suggest
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that clastic contribution from the Qiangtang terrane cannot be
precluded in the Early Cretaceous sedimentary basins of the
northern Lhasa terrane, and the Lhasa terrane was still a south-
dipping foreland basin as a whole. This model is consistent with
the study of Wang et al. (2017b) on Damxung conglomerates in the
central Lhasa terrane, who suggested the initial topographic
growth took place in the northern part of the Lhasa terrane by the
early Albian time. A composite foreland basin model (Fig. 14C) is
suitable, where multiple subordinate sedimentary basins were

developed with clastic materials coming from both the Qiangtang
terrane and the interiors of the Lhasa terrane.

6.3. Ngamring Formation (~104-83Ma)

As the first and main turbiditic fill of the Xigaze forearc basin
(An et al., 2014; Wang et al., 2012), the Ngamring Formation is in
conformable contact with underlying deep-water sediments of the
Chongdui Formation (Wang et al., 2017a). The change of lithofacies
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association from deep-water sediments to turbidites indicate a late
Early Cretaceous tectonic event occurred along the southern
margin of the Lhasa terrane. Overall, the Ngamring sandstones are
characterized by low CIA values, high Na;O/K;O and weak to
absence of Eu anomalies, displaying high compositional and
textural immaturity (Fig. 12). The Lower Ngamring Formation is
supposed to have a maximum depositional age of 104Ma (An et al.,
2014). The Lower Ngamring samples are characterized by low SiO,
and high Na0/K;0, from which detrital zircons are predominately
of Cretaceous age with positive eHf(t) values (An et al., 2014; Wu
et al, 2010). According to the two-component mixing model
(Fig. 11), significant contribution of mafic component (40—92%) is
required for the Ngamring sandstones. These results reveal that the
Gangdese magmatic arc was in a period of strong volcanic activities,
consistent with the petrographic observation showing abundant
volcanic lithic fragments in the Ngamring samples. Therefore, we
advocate that the Gangdese magmatic arc was quickly uplifting
above sea level (Fig. 14D) and changing the shelf and submarine
canyon morphology since the late Early Cretaceous. Leier et al.
(2007b) drew a similar conclusion via addressing the sandstone
provenance of the age-equivalent Takena Formation in the north of
the Gangdese magmatic arc. Samples of the Middle Ngamring
Formation (~99-88Ma; An et al., 2014) have higher SiO, and lower
NayO/K;0 than the Lower Ngamring counterparts indicating an
additional supply of dissected magmatic arc materials. This infer-
ence can be verified by the appearance of older detrital zircons
peaking at ~157Ma with positive eHf(t) values in the Middle
Ngamring sandstones (An et al., 2014; Wu et al., 2010). This means
that by this time the south-flowing rivers had penetrated the
Gangdese magmatic arc. Samples of the Upper Ngamring Forma-
tion (~88-84Ma; An et al., 2014; Wu et al., 2010) are the most acidic
with lowest NayO/K,0, showing diversity of the source rocks.
Abundant pre-Cretaceous detrital zircons with large variation of
eHf(t) values in the Upper Ngamring sandstones suggest the sedi-
ments be transported from the northern portion of the Lhasa
terrane or even from the Qiangtang terrane. The expansion of river
catchments was most likely to be the result of regional uplift of the
northern Lhasa and Qiangtang terranes during the Late Cretaceous.
Above all, the Ngamring Formation turbidites record the denuda-
tion of the Gangdese magmatic arc, which reflects uplifting history
of the southern margin of the Lhasa terrane.

6.4. Shexing Formation (~87-72Ma)

It is suggested that deposition of the Shexing Formation likely
initiated by ~87Ma constrained by detrital zircon geochronology in
this study, and ended by ~72Ma yielded by the volcanic rocks
interbedded in the uppermost Shexing sequence (Sun et al., 2012).
Characterized by low CIA, K;O/NayO, weak to absence of Eu
anomalies and large proportion of lithic grains, the Shexing sand-
stone samples illustrate a tectonically active source region that was
rapidly uplifting with surface rocks disintegrated by physical
weathering. Consider that the Lhasa terrane located at low latitudes
(~15°N) during the Late Cretaceous, a high altitude (cold climate) is
required to keep the chemical weathering intensity of the Shexing
sandstones to a low level. A counter example is the Xiongcun lithic
arenite with high chemical weathering intensity, which indicates
the Lhasa terrane was at low elevation during the Jurassic. A
possible mechanism for the Late Cretaceous uplift of the Gangdese
magmatic arc is the Neo-Tethyan mid-ocean ridge subduction
(Zhang et al., 2010). The positive ¢Hf(t) values of young detrital
zircons (<105Ma) indicate that the Gangdese magmatic arc serves
as a main provenance. This inference is further supported by the
paleocurrents recording locally northward-flowing rivers during
the Late Cretaceous (Leier et al., 2007b). Considering that there are
also abundant Mesozoic detrital zircons with eHf(t) <0 (Fig. 5),

more sources in addition to the Gangdese magmatic arc are
required for the Shexing sandstones. Detrital zircon age spectrum
of the Late Cretaceous samples (Fig. 13F) shows more evident peaks
of ~800Ma and ~950Ma than the Early Cretaceous samples,
revealing an increasing sediment supply from the Qiangtang
terrane during the Late Cretaceous.

These results reconcile that the Lhasa and Qiangtang terranes
were uplifted simultaneously during the Late Cretaceous (Fig. 14E).
At the end of the Cretaceous, the crust of the Lhasa terrane was
likely thickened to approximately twice the normal thickness prior
to the India-Asia collision (Kapp et al., 2005, 2007; Murphy et al.,
1997; Zhu et al., 2017).

7. Summary

(1) Twenty-Three Jurassic-Cretaceous clastic rock samples from
the southern Lhasa terrane were analyzed for petrology and
major and trace elements composition with the aim of
illustrating the possible tectonic evolution of the Lhasa
terrane. Overall, the samples from the Yeba and Chumulong
Formations show higher compositional maturity than those
of the Ngamring and Shexing Formations. All the samples
display smooth REE patterns with LREE enrichment and
varying Eu anomalies.

(2) Sediments from the Jurassic-Early Cretaceous sequences (i.e.,
Yeba and Chumulong Formations) show high textural and
compositional maturity and experienced moderate to high
degree of chemical weathering, whereas those from the Late
Cretaceous sequences (i.e., Ngamring and Shexing Forma-
tions) are characterized by low textural and compositional
maturity and less affected by chemical weathering.

(3) Maximum depositional ages of the strata in the southern
Lhasa terrane are estimated to be 179Ma for the Yeba For-
mation, 121Ma for the Chumulong Formation and 87Ma for
the Shexing Formation. In-situ Hf isotope data show either
positive or negative eHf(t) for the detrital zircons with
Mesozoic ages, revealing a joint contribution of juvenile
(from the Gangdese magmatic arc) and recycled (from the
Qiangtang terrane and the interiors of the Lhasa terrane)
components to the Cretaceous sediments in the southern
Lhasa terrane.

(4) During the Early-Middle Jurassic (~192-168Ma), arc-basin
system was developed in the southern Lhasa terrane. The
Middle Jurassic-Early Cretaceous Lhasa-Qiangtang collision
has resulted in the formation of a composite foreland basin
with southward-flowing rivers carrying clastic materials
from the uplifted northern Lhasa and/or Qiangtang terranes.

(5) From the late Early Cretaceous to Late Cretaceous (~104-
72Ma), the Gangdese magmatic arc was uplifted rapidly
above the sea level, forming turbidites (Ngamring Forma-
tion) in the Xigaze forearc basin and fluvial red beds (Shexing
Formation) on the retro-arc side. At the end of the Late
Cretaceous, the entire Lhasa terrane was likely to have been
uplifted to high elevations forming an Andean-type margin
in the south before the India-Asia collision.
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