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ABSTRACT

Spatiotemporal distribution of magma-
tism in continental arcs is generally accom-
panied by compositional change of igneous
rocks. However, it remains unclear whether
and how the variation footprint and geo-
chemical affinities of magmatism in fossil
magmatic arcs are effective for reconstruct-
ing subduction polarity. In this study, new
geochronological, mineralogical, geochemi-
cal, and Sr-Nd-Hf isotope data are presented
to characterize the Early Cretaceous (ca.
130-110 Ma) bimodal volcanic rocks of the
Zenong Group in central Lhasa, central Ti-
bet. Our data show that the Zenong Group
volcanic rocks are dominated by rhyolite
and dacite, subordinate basalt, and local
andesite. The basalts have enriched Sr-Nd-
Hf isotopic compositions and arc-like trace
elements, suggesting a lithospheric mantle
source in the spinel stability field with mi-
nor asthenospheric mantle contributions.
The andesites have similar Mg# values and
isotopic compositions, indicating a fraction-
ation origin from the basaltic magmas. The
coeval dacites and rhyolites display relatively
low Mg# values and variable isotopic com-
positions, pointing to an ancient lower crust
source with minor mantle contribution. The
bimodal compositional characteristics and
contrasting magma sources of the volcanic
rocks indicate an extensional setting. We
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propose that the northward migration of the
Early Cretaceous (ca. 130-110 Ma) magma-
tism in central Lhasa is the result of backarc
rifting associated with slab rollback of the
subducting Neo-Tethyan oceanic plate. The
backarc rifting model helps to reconcile ca.
130-110 Ma sedimentary-magmatic evolu-
tion records in a broader region, including
the Xigaze forearc spreading, magmatic lull
in the Gangdese arc, and volcanic-sedimen-
tary rocks in the central Lhasa subterrane.

INTRODUCTION

The spatiotemporal variation of arc mag-
matism is controlled by many processes such
as trench retreat versus advance, flat slab or
rollback subduction, frontal arc migration, and
changes in the upper plate deformation over time
(DeCelles et al., 2009; Sharples et al., 2014).
However, quantifying the relationship of the slab
geometry and kinematics to the tectonics poses
a major challenge due to the commonly incom-
plete preservation of deformational and struc-
tural records. In this regard, magmatic arcs in
fossil orogens are useful for geometry and kine-
matic reconstructions (e.g., Collins et al., 2011;
Guo et al., 2021) because slab movement—related
deep dynamic processes may cause melting of
diverse crustal and mantle sources, generating
a wide range of magmatic rocks with distinct
mineral assemblages and whole-rock composi-
tions. As the surface expression of crust-mantle
processes in depth, volcanic arcs record intrinsic
information about the generation and evolution
of large silicic magmatic systems (Forni et al.,
2018), such as rates and time scales of magmatic
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processes and involved potential sources and
geodynamic settings (Bustamante et al., 2016;
Chapman et al., 2017; Castro et al., 2021).

The geological evolution of the central Lhasa
subterrane between ca. 130 Ma and 110 Ma is
characterized by the deposition of a series of
thick carbonate and siliciclastic rocks in a shelf-
coastal and fluvial environment (Sun et al., 2017,
Xu et al., 2022), and the voluminous eruption
of volcaniclastic and volcanic rocks in a con-
tinental environment located hundreds of kilo-
meters inland from the coast (Zhu et al., 2011;
Chen et al., 2014; Chapman and Kapp, 2017; Li
et al., 2023). This extensive sedimentary-mag-
matic evolution records the gradual change of
the sedimentary environment from the marine
to the continental facies (Sun et al., 2017; Lai
et al., 2019a, 2019b), as well as the oceanward-
directed magmatism migration (Li et al., 2023) in
the central and northern Lhasa subterranes. Fur-
thermore, this sedimentary-magmatic episode
occurred simultaneously with the magmatic lull
in the southern Lhasa subterrane and the forearc
extension in the Xigaze forearc basin (Ji et al.,
2009; Wang et al., 2017). Nevertheless, despite
its widespread impact on the tectonic develop-
ment of the Lhasa terrane, the exact mechanisms
that initiated this major sedimentary-magmatic
episode remain controversial.

One hypothesis to explain the flip in tectonic
regime involves the transition to low-angle or
flat-slab subduction during the Early Cretaceous
(Kapp et al., 2003; Kapp and DeCelles, 2019;
Leier et al., 2007; Zhang et al., 2004; Chapman
etal., 2018). Alternatively, magmatic flare-ups in
central Tibet have been proposed to be a result
of the southward subduction of the Bangong-
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Nujiang Tethys Ocean based on their arc-like
geochemical signatures (Zhu et al., 2009; Chen
et al., 2014; Li et al., 2018). Crucial points of
these two models are conflicting and present
distinct alternatives for the petrogenesis of the
relevant volcanism as well as coeval plutonic
rocks (Li et al., 2023; Wang et al., 2023; Yu
et al., 2024). To help resolve these possibilities,
we examined and analyzed volcanic rocks from
the central Lhasa subterrane. Bimodal distinc-
tions in the volcanic rock compositions provide
clarity on possible tectonic regimes.

GEOLOGICAL BACKGROUND AND
SAMPLING

The Himalayan-Tibetan plateau is a typical
continent-continent collisional zone, which is
interpreted to have formed by the northward
accretion of several roughly east-west—trending
terranes, including the Songpan—Ganze, Qiang-
tang, and Lhasa, and the Tethyan Himalaya from
north to south (Fig. 1A; Yin and Harrison, 2000).
The Lhasa terrane is sandwiched between the
Himalayan belt to the south and the Qiangtang
terrane to the north, bounded by the Bangong—
Nujiang and Indus—Yarlung Zangbo suture
zones, respectively (Fig. 1A; Yin and Harrison,
2000; Zhu et al., 2011). Based on the differ-
ences of the basement rocks and the sedimentary
cover, the Lhasa terrane has been subdivided into
the northern, central, and southern Lhasa subter-
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ranes that are roughly separated by the Shiquan
River—Nam Tso Mélange Zone to the north and
the Luobadui—Milashan fault to the south of
central Lhasa (Fig. 1A; Zhu et al., 2009). The
northern Lhasa subterrane is mainly composed
of Triassic—Cretaceous sedimentary rocks and
extensive Early Cretaceous volcanic rocks and
associated coeval intrusive rocks (Zhu et al.,
2011). The central Lhasa subterrane is a micro-
continent with Archean to Proterozoic base-
ment rocks, overlain by Carboniferous—Permian
metasedimentary and Late Jurassic—Early Cre-
taceous volcano-sedimentary sequences (Kapp
et al., 2005; Leier et al., 2007; Zhu et al., 2011,
2013), and minor Late Jurassic to Early Creta-
ceous granitoids. Spatially extensive arc-like
magmatic rocks occur in the north of the cen-
tral Lhasa subterrane (Zhu et al., 2011, 2013).
The southern Lhasa subterrane is characterized
by the Gangdese batholith and Early Jurassic—
Cenozoic volcanic successions (Fig. 1B; Mo
et al., 2008; Ji et al., 2009; Ma et al., 2021; Wen
et al., 2023; Zhu et al., 2023), the latter of which
consists of the Early Jurassic Yeba Formation,
the Sangri Group, and the Cenozoic Linzizong
volcanic succession (Zhu et al., 2013).

The volcanic rocks investigated here belong
to the Zenong Group in central Lhasa (Fig. 1B).
Available studies mainly focus on the relation-
ship between the petrogenesis and the geody-
namic processes, revealing only limited infor-
mation on the field relationships. Stratigraphic

section measurements indicate that the Zenong
Group unconformably overlies the Paleozoic
strata and mainly consists of basaltic to rhyo-
litic lavas, volcaniclastic rocks, and sedimen-
tary rocks (carbonate and siliciclastic rocks;
Figs. 2A-2F; Coulon et al., 1986; Pan, 2006).
Thirty-eight relatively fresh volcanic rock sam-
ples were collected in the central and eastern
parts of the Zenong Group (Fig. 1), including
17 basaltic, 10 andesitic, three dacitic, and eight
rhyolitic samples. The basalts mainly display
an intergranular texture with phenocrysts of
plagioclase (5%—-10%) and minor clinopyrox-
ene (<10%) in an intergranular groundmass of
fine-grained plagioclase, pyroxene, magnetite,
and glass (Figs. 2C and 2G). The andesites are
porphyritic with phenocrysts of plagioclase and
minor clinopyroxene (Figs. 2D and 2H). The
dacites and rhyolites are dominated by plagio-
clase (25%-30%) and quartz (15%) phenocrysts,
while the groundmass mainly consists of micro-
litic felsic minerals (Figs. 2I-2J). Minor sec-
ondary alteration occurs in most rock types and
mainly includes epidote and calcite, replacing
the plagioclase (Figs. 2H and 2I).

The Zenong Group is dominated by the pres-
ence of mafic—silicic volcanic rocks and volca-
niclastic rocks, interbedded within bimodal vol-
canic eruptive cycles (Fig. 3). For instance, the
rhyolite-dacite-volcaniclastic rocks and basalt
assemblages record three felsic to mafic erup-
tive cycles in the Deqing section and one in the
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Figure 1. (A) Tectonic subdivisions of the Tibetan Plateau (Zhu et al., 2013), showing the main suture zones between the major terranes:
BNS—Bangong-Nujiang suture; IYZS—Indus-Yarlung-Zangpo suture; SNM—Shiquan River-Nam Tso suture. (B) Simplified geological
map showing the time-space distributions of the Late Jurassic—Early Cretaceous igneous rocks in the Lhasa Terrane. CL—central Lhasa;
NL—northern Lhasa; SL—southern Lhasa; LMF—Luobadui—-Milashan fault. See Table S8 for the data source (see text footnote 1).
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Early Cretaceous arc-like volcanic rocks in central Tibet

Figure 2. Representative photos of geological field observations and petrography (plane-polarized light) of the Zenong Group volcanic
rocks: (A-B) stratigraphic contact between the Zenong Group and Paleozoic Laga Formation and Late Cretaceous Daxiong Formation;
(C-F) field outcrop of basalt, andesite, dacite, and rhyolite; (G-J) photomicrographs of representative basalt, andesite, dacite, and rhyolite.
Ap—apatite; Cal—calcite; Chl—chlorite; Cpx—clinopyroxene; Kfs—K-feldspar; Pl—plagioclase; Qz—quartz.
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Figure 3. Compositional and lithologic variations of the representative Zenong Group volcanic—volcaniclastic rock sections: (A) Deq

section, (B) Dangreyong Tso section, and (C) Cishixiang section.
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Early Cretaceous arc-like volcanic rocks in central Tibet

Dangreyongcuo section (Figs. 3A and 3B). In
comparison, the Cishixiang bimodal volcanic
suite mainly comprises basalt and felsic volcanic
breccias (Fig. 3C). The compositional bimodal-
ity and evolution of the Zenong Group volcanic
rocks are revealed by field survey profiles and
whole-rock major elements analysis, as shown
by three stratigraphic columns (Fig. 3).

ANALYTICAL METHODS

Zircon U-Pb Age Dating and Trace
Element Analyses

Zircon laser ablation—inductively coupled
plasma-mass spectrometry (LA-ICPMS) U-Pb
dating was carried out at State Key Laboratory
for Mineral Deposits Research, School of Earth
Sciences and Engineering, Nanjing Univer-
sity (MiDeR-NJU), Nanjing, China, utilizing
a system consisting of ASI RESOlution S-155
193 nm ArF Excimer laser coupled to Thermo
Scientific iCAP Qc quadrupole ICP-MS.

U-Pb age data were collected by ablating with
laser beam diameters of 29 jum, a beam energy
density of ~3.5 J/cm?, and a repetition rate of
5 Hz. Each analysis includes 20 s of background,
50 s ablation, and 20 s of washout. With an abla-
tion rate of ~0.1 pm/pulse, 50 s ablation at the
smallest beam diameter will produce an ablation
crater with a diameter/depth ratio of <1. A fully
analytical session typically consists of several
blocks of eight standard analyses (two zircon
standard 91500, two zircons standard PleSovice,
one NIST610 standard glass, one NIST612
standard glass) followed by eight unknown
samples. The 297Pb/2%Pb, 200Pb/238U, 207U/23U
(33U = $80U/137.88), and 29%Pb/232Th ratios
were corrected by using zircon standard 91500
as an external standard (isotope dilution—thermal
ionization mass spectrometry 2°Pb/23U age data
at 1062.4 + 0.8 Ma; Wiedenbeck et al., 1995).
Data reduction was performed using ICPMS-
DataCal version 9.9 (Liu et al., 2008), and Iso-
plot version 4.15 (Ludwig, 2012) was used to
make concordia plots and calculate weighted
averages.

Zircon Hf Isotopes

Hafnium isotopic ratios of zircon were con-
ducted in situ using a Nu Plasma II multicollec-
tor (MC)-ICP-MS (Wrexham, UK) in combina-
tion with an ASI RESOlution S-155 193 nm ArF
excimer ablation system (Canberra, Australia) at
the Nanjing FocuMS Technology Co. Ltd. The
193 nm ArF excimer laser, homogenized by a
set of beam delivery systems, was focused on a
zircon surface with a fluence of 4.5J/cm?. Each
acquisition incorporated a 20 s background (gas

blank), followed by a spot diameter of 50 pm at
a 9 Hz repetition rate for 40 s. Helium (370 ml/
min) was applied as a carrier gas to efficiently
transport aerosol out of the ablation cell and was
mixed with argon (~0.97 L/min) via a T-con-
nector before entering the ICP torch. The inte-
gration time of the Nu Plasma II was set to 0.3
s (equating to 133 cycles during the 40 s). Stan-
dard zircons (including GJ-1, 91500, PleSovice,
Mud Tank, and Penglai) were treated as quality
control for every 15 unknown samples.

Whole-Rock Major and Trace Elements

Major element whole-rock analyses were con-
ducted using an X-ray fluorescence spectrom-
eter (Primus II, Rigaku, Japan) at the Wuhan
Sample Solution Analytical Technology Co.,
Ltd., Wuhan, China. The detailed procedure of
sample digestion for the major element analyses
is described by Zong et al. (2017). Trace ele-
ment whole-rock analyses were carried out at the
Nanjing FocuMS Technology Co. Ltd., Nanjing,
China. About 40 mg of powder was mixed with
0.5 mL HNOj and 1.0 mL HF in high-pressure
PTFE (polytetrafluoroethylene) bombs. These
bombs were steel-jacketed and placed in the
oven at 195 °C for 48 h for mafic samples and
72 h for felsic samples. Rock digestion diluent
was nebulized into Agilent Technologies 7700x
quadrupole ICP-MS (Hachioji, Tokyo, Japan)
to determine the trace element abundances. The
deviation was better than £10% for elements
exceeding 10 ppm and better than £5% for ele-
ments exceeding 50 ppm.

Whole-Rock Sr-Nd Isotope Analysis

Isotopic compositions of Sr—Nd were mea-
sured at the Nanjing Hongchuang Geological
Exploration Technology Service Co., Ltd, Nan-
jing, China, using a Nu Plasma IT MC-ICP-MS.
The Sr and Nd were extracted from natural
rock samples using the procedure described by
Weis et al. (2006). For each sample, the powder
was weighed in high-pressure Teflon capsules
with 0.5 ml 60 wt% HNO; and 1.0 ml 40 wt%
HF, and then dissolved at 190 °C for 120 h.
Afterward, samples were taken to dryness on
a hotplate and reconstituted in 1.5 ml of 0.2
N HBr + 0.5 NHNO; prior to redissolution
for ion exchange purification of Sr and Nd. A
standard cation exchange column of Bio-Rad
AG50W-X8 resin was used to separate Sr and
rare earth element (REE), and high field strength
elements (HFSE). Neodymium was separated
from the other REE on a column using LN-spe-
cific HDEHP-coated Teflon powder as the ion
exchange medium. Measured values for these
U.S. Geological Survey reference materials, and
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U.S. National Institute of Standards and Tech-
nology (NIST) Standard Reference Material 981
were in good agreement and both within error
of recommended reference values reported by
Weis et al. (2006). Total procedural blanks were
~48 pg for Sr and ~36 pg for Nd. The 87Sr/30Sr
data were normalized to a value of 0.1194 for the
NBS 987 standard and the '“*Nd/'#Nd ratios to a
value of 0.7219 for the JNdi-1 standard.

Mineral Chemistry

Mineral compositions were analyzed at the
electron microprobe laboratory of the MiDeR-
NJU (State Key Laboratory for Mineral Deposits
Research at Nanjing University). A JEOL JXA-
8230 electron microprobe analyzer was used to
analyze the chemical composition of the respec-
tive minerals. The operating conditions were
set to an acceleration voltage of 15 kV, a beam
current of 20 nA, a beam diameter of 5 um for
pyroxenes, and 3 pm for feldspars.

Mineral In Situ Trace Element Analysis

The LA-ICP-MS (Agilent 7500a) at the
MiDeR-NJU was used to analyze the trace
element compositions of calcite, hornblende,
and orthopyroxene. A Photon Machines Excite
LA system (RESOlution S-155) was used in
combination with a Thermo Fisher Scientific
i-CAP-Q ICP-MS instrument. An ablation
spot diameter of 43 pm was used, with a rep-
etition rate of 4 Hz and laser energy of 4.8 J/
cm?. During the hornblende and orthopyroxene
measurements, helium was used as the carrier
gas. NIST standard reference materials NIST-
610 and NIST-612, and U.S. Geological Survey
basaltic glasses BCR-2G and GSE-1G were
used as external standards, while 2°Si was used
as an internal standard to correct for instrument
drift. Off-line data processing was performed
using the ICPMS DataCal program (Liu et al.,
2008). The estimated precision was better than
+5% for major elements and £10% for trace
elements.

ANALYTICAL RESULTS

Zircon U-Pb Ages and Hf Isotopic
Compositions

Six samples from the Zenong volcanic rocks
in central Lhasa were selected for LA-ICP-MS
zircon U-Pb dating, including two andesite (21-
ZN-32 and 21-ZN-35), one dacite (21-ZN-07),
and three rhyolite (21-ZN-03, 21-ZN-79, and
21-ZN-80) samples. The cathodoluminescence
images of representative zircon grains are illus-
trated in Fig. S1, and the zircon U-Pb isotope



data are plotted in Fig. S2 and listed in Table S1.!
The euhedral to subhedral zircon grains have a
short to long prismatic habitus (50-200 pm in
length), with length-to-width ratios from 1:1 to
3:1, and clear oscillatory zoning (Fig. S1). All
analyzed spots exhibit varying thorium (35—
1583 ppm), uranium (51-2266 ppm), and Th/U
ratios (0.30-1.54; Table S1). These textural and
compositional characteristics indicate an igne-
ous origin (e.g., Belousova et al., 2002).

Zircon from the two andesite samples have
variable Th (95.9-909 ppm) and U contents
(138-1451 ppm) with high Th/U ratios (0.30-
0.77). Twenty-four spot analyses on 24 zircon
grains from sample 21-ZN-32 yielded a con-
cordant age of 114.8 £ 0.7 Ma (mean square
weighted deviates [MSWD] = 0.23; Fig. S2A).
Twenty-one analyses on 21 zircon grains from
sample 21-ZN-35 defined a concordant age of
111 £ 0.6 Ma (MSWD = 1.5), neglecting three
strongly discordant ages, probably due to lead
loss (Fig. S2B).

Zircon from the dacite sample 21-ZN-07
have variable Th (70.4-431 ppm) and U con-
tents (87.1-400 ppm) with Th/U ratios of 0.66—
1.52. Twenty-two analyses on 22 zircon grains
revealed a concordant age of 110.5 + 0.9 Ma
(MSWD = 0.36; Fig. S2C).

Zircon from the three rhyolite samples have
varying contents of U (53.3-687 ppm) and Th
(35.5-806 ppm), with high Th/U ratios of 0.62—
1.51. Eighteen spot analyses on zircon grains
from sample 21-ZN-03 yielded a concordant age
of 110.8 = 0.9 Ma (MSWD = 0.78; Fig. S2D).
Twenty-one analyses on 21 zircon grains from
sample 21-ZN-79 revealed a concordant age of
126.2 + 1.0 Ma (MSWD = 0.48), and 20 analy-
ses on 20 zircon grains from 21-ZN-80 yielded
a concordant age of 126.1 + 1.1 Ma (MSWD =
0.32; Figs. S2E and S2F).

The zircon grains from five volcaniclastic
rock samples have a similar morphology and
internal texture as those intermediate-acid vol-
canic rocks. They exhibited variable Th and U
contents of 35.2-3006 ppm and 50.7-3706 ppm,
respectively, with variable Th/U mass ratios
(0.42-2.56). The zircon grains from volcani-
clastic rock samples yielded a weighted mean
206ph/238U age of 125.2 + 1 Mato 105.0 £+ 1 Ma
(Figs. S2G-S2K).

The zircon Hf isotopic data are listed in
the Table S2. The zircon grains from the two
andesite samples have enriched Hf isotopic
compositions, with initial 7*Hf/'7’Hf ratios of
0.282294-0.282506, corresponding to ey(?)

!Supplemental Material. Table S1-S9 and Figures
S1-S6. Please visit https://doi.org/10.1130/GSAB
.S.28593104 to access the supplemental material;
contact editing @geosociety.org with any questions.
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values of —14.4 to —7.0 (mean = —9.7). The
zircon grains from the dacite and rhyolite sam-
ples also generally show enriched Hf isotopic
compositions but higher initial '7®Hf/!"’Hf ratios
of 0.282288-0.282722, corresponding to ey(?)
values of —14.4 to +0.7 (mean = —7.2).

Whole-Rock Major and Trace Element
Geochemistry

The Zenong Group volcanic rocks have
a varying high loss on ignition (LOIL; 0.61-
5.00 wt%), and the variable amounts of second-
ary minerals (such as calcite, epidote, and chlo-
rite) indicate varying degrees of post-magmatic
alteration, during which some mobile trace ele-
ments could have been modified. In the present
study, we use Zr as an alteration-independent
index element, since Zr is one of the most
immobile elements during low-grade metamor-
phic and hydrothermal alteration processes (cf.
Gibson et al., 1982). Thus, the possible mobil-
ity of elements during post-magmatic processes
can be revealed—apart from a high LOI—by
correlations or the lack of correlations of Zr
with other elements (Polat and Hofmann, 2003).
For the Zenong Group volcanic rocks with high
LOI (>5 wt%), the alkali metals (such as Rb
and K) and the alkaline earth metals (such as Ca,
Sr, and Ba) show no correlations with Zr (Figs.
S3A and S3B), thereby suggesting that their
original concentrations may have been modified
during post-magmatic processes (Polat and Hof-
mann, 2003). In contrast, the HFSE including
Nb, Ta, and Hf (Figs. S3C and S3D), Y, and the
REE (Figs. S3C-S3G) strongly correlate with
Zr, indicating that these elements were essen-
tially immobile during post-magmatic alteration
(Polat et al., 2002). On primitive-mantle—nor-
malized trace-element and chondrite-normal-
ized REE diagrams, the Zenong Group volcanic
rocks generally exhibit subparallel patterns of
REE and HFSE concentrations (Fig. 4), which
is consistent with limited mobility of the REE
and HFSE as well as Th and Ti in these samples
during alteration (Bienvenu et al., 1990; Staudi-
gel et al., 1996). Therefore, these elements were
used to investigate the petrogenesis of their host
rocks. However, samples with very high LOI
(>5.0 wt%) and pervasive alteration overprints
were not considered further for the geochemical
interpretation. Whole-rock major and trace ele-
ment analyses are listed in Table S3 and plotted
in Figure 4.

The samples show a wide range of SiO, with
contents ranging from 47.7 wt% to 75.6 wt%,
with a characteristic bimodal pattern (Fig. 4A).
Most of the volcanic rock samples fall in the
sub-alkaline field, with a few basalt and andesite
samples plotting in the transition field between
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the alkaline and sub-alkaline series on the total
alkalis versus silica (TAS) diagram (Fig. 4A).
The basalt and andesite samples have higher
Mg# (55-39) than the coeval dacite and rhyo-
lite samples (Mg# = 37-14) and plot above the
field of meta-basalt partial melting at pressures
between 1.5 GPa and 3.8 GPa in the Mg# versus
SiO, diagram (Fig. 4B).

The normalized multi-element patterns
(Fig. 4C) of the basalts are relatively depleted in
Nb, Ta, and Ti and enriched in incompatible ele-
ments like Ba, Th, U, and Pb, exhibiting arc-like
geochemical signatures. The chondrite-normal-
ized REE patterns (Fig. 4D) of all samples are
characterized by low REE abundances, flat heavy
REE (HREE) pattern, minor light REE (LREE)
enrichment with (La/Sm)y ratios of 2.70-3.09,
and the lack of Eu anomalies, similar to modern
enriched mid-ocean-ridge basalt (E-MORB). The
chondrite-normalized REE patterns of the coeval
andesites display a LREE enrichment with (La/
Sm)y ratios of 2.24-4.26 and slightly negative
Eu anomalies (Fig. 4C). Likewise, all andesite
samples are characterized by HFSE (Nb, Ta, P,
and Ti)—depleted and large-ion lithophile ele-
ments (LILE; e.g., Rb, Ba, Pb, and Th)—enriched
normalized multi-element patterns (Fig. 4D),
but have higher REE and incompatible elements
when compared with the coeval basalts. In com-
parison with intermediate to mafic volcanic rocks,
the dacite and rhyolite samples exhibit significant
enrichments of REE and incompatible elements
but show moderately negative Eu anomalies (Eu/
Eu* = 0.48-0.84) as displayed by the chondrite-
normalized REE and primitive mantle-normal-
ized multi-element patterns (Fig. 4).

Whole-Rock Sr-Nd Isotopes

Whole-rock Sr and Nd isotopic data are listed
in Table S4. The initial Sr isotopic ratios and
ena(?) and ey(f) values were calculated using the
zircon U-Pb ages (t = 115 Ma).

Seven basalt samples have a wide range of ini-
tial 87Sr/36Sr ratios from 0.70734 to 0.71069 and
eng(?) values from —5.22 to +1.97. Two andes-
ite samples exhibit variable initial 8Sr/%°Sr ratios
of 0.70762-0.71037 and gy4(?) values of —5.39
to —1.47. Both the dacite and rhyolite samples
have relatively constant initial 8’Sr/%6Sr ratios of
0.70752 and 0.70745 and ey,(?) values of —2.97
and —2.80, respectively.

Mineral Chemistry

Clinopyroxene from the basalt (21-ZN-24,
21-ZN-99, and 21-ZN-155) and the andesite
(21-ZN-93) are augites with a relatively homo-
geneous composition of Wos,_,Engg 47Fs 3 5
and Wosg 4 Eng, 45Fs 4 19, and Mg# values of
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Figure 4. (A) SiO, vs. (Na,O + K,0) discrimination diagram (after Middlemost, 1994), and (B) SiO, vs. Mg# diagrams for the Zenong
Group volcanic rocks. Mg# values of metabasaltic experimental melts at 1.5-3.8 GPa are from Rapp and Watson (1995). (C) Primitive man-
tle-normalized multielement patterns. (D) Chondrite-normalized rare earth element patterns (values for primitive mantle and chondrite
are from Sun and McDonough, 1989). Literature sources of the Early Cretaceous magmatic rocks are listed in Table S8 (see text footnote 1).

0.67-0.77 and 0.69-0.77, respectively (Table
S5 and Fig. 5A). Clinopyroxene in these sam-
ples exhibit Fe-Mg equilibrium conditions with
the whole-rock compositions (Fig. 5A; Putirka,
2008). Plagioclase in the basalt has labradorite
to bytownite composition, with Ans, g5 (Table
S5). All of the plagioclase grains in the basalt
samples show typical core-rim textures and nor-
mal zoning and are characterized by bytownite
cores and labradorite rims.

The chondrite-normalized REE patterns of the
clinopyroxene from the basalts are bell-shaped,
showing relative depletions in both the LREE
and the HREE with respect to the middle REE
(MREE; Table S6 and Fig. 5B). However, the
clinopyroxenes from the andesite are about three
times more enriched in LREE and five times
in MREE-HREE than those from the basalts
(Fig. 5B). In addition, the clinopyroxenes in the
basalt are characterized by weak to insignificant

negative Eu anomalies (Eu/Eu* = 0.69-1.05,
calculated as Eu/Eu* = Euy/Squrt [Smy*Gdy],
normalized to CI) and high Sr (13.7-139 ppm)
and Ba (0.0-63.6 ppm) concentrations, whereas
clinopyroxenes from the andesite show signifi-
cant Eu anomalies (Eu/Eu* = 0.48-0.63) and
relative low Sr (9.67-15.2 ppm) and Ba (0.0—
2.37 ppm) contents (Table S6).

DISCUSSION

Spatiotemporal Distribution of the Zenong
Group Volcanic Rocks

The results of the present study, in conjunc-
tion with detailed field investigation and pub-
lished geochronological and geochemical data
of the Zenong Group volcanic rocks, allow us to
constrain the timing and the compositional volca-
nic evolution. The new zircon U-Pb ages of this
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study indicate that the Zenong Group volcanism
began to erupt at ca. 126 Ma and ceased at ca.
105 Ma. The rhyolite sample (21-ZN-79) from
the bottom of the Zenong Group volcanic succes-
sions, which unconformably overlies the Permian
clastic sediments (Fig. 2A), revealed an age of
126 Ma, while two pyroclastic samples (21-ZN-
135 and 21-ZN-2) with a younger 2°Pb/?38U age
of 105 Ma from the Cuogen and Deqin areas of
the Zenong Group are overlain by the Daxiong
Formation (conglomerate-bearing deposits) and
the Langshan Formation (limestone), respec-
tively (Fig. 2B). Consequently, volcanism of
the Zenong Group formed in the span from ca.
126 Ma to ca. 105 Ma, which is supported by the
field survey data (Figs. 2A, 2B, and 3).

Late Mesozoic magmatic rocks in the Lhasa
Terrane have a distinct spatial and temporal dis-
tribution. The Jurassic—Early Cretaceous (200—
130 Ma) magmatism is exposed across the entire



Ding-Jun Wen et al.

0.9 100¢
A o t B [ Clinopyroxene in basalt (LA)
| 7 I [ Clinopyroxene in basalt
/,/’ A Clinopyroxene in andesite (LA)
T A Clinopyroxene in andesite (LA)
0.8 Clinopyroxene removal e e A /\ Clinopyroxene in andesite
1 = - =
=) y -
2 s % el &)
2 T g B
50.7F e : § s10
E //// //QQ/ /// 5
8 | // o /// . >
= 7 7 c Accumulation 3
O e 7 o £
0.6 // // .‘5 o
y s =
/ .~ ot
s [
s =
/// D
05 //I L 1 L L L 1.|.|.|||||||||||||||||.|||.
0.2 0.3 0.5 0.6 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

0.4
Whole-rock Mg#

Figure 5. (A) Whole-rock Mg# vs. clinopyroxene Mg# to test the Fe-Mg exchange equilibrium. Tests employ a D g, i, = 0.28 + 0.03 for
clinopyroxene (Putirka, 2008). (B) Chondrite-normalized rare earth element pattern diagrams of clinopyroxenes from the basalt and an-
desite. Chondrite values are taken from Sun and McDonough (1989).

Lhasa Terrane (Li et al., 2023). Comparatively,
Early Cretaceous magmatic rocks (130-110 Ma),
represented by the Zenong Group volcanic rocks
and coeval plutons, are restricted to the central
and northern Lhasa subterranes (Fig. 1). Such
a distribution is indicative of northward migra-
tion of magmatism during the Early Cretaceous.
Subsequent Early Cretaceous—Late Cretaceous
(<110 Ma) magmatic rocks, represented by the
Gangdese batholith, mostly occur in the southern
Lhasa subterrane (Fig. 1). Sporadic exposures of
Late Cretaceous magmatic rocks in the central
and northern Lhasa subterrane are consistent with
a later stage of southward migration of magma-
tism initiating at ca. 110 Ma. The northward
and then southward migration of the late Meso-
zoic magmatism of the Lhasa terrane requires a
switching regime of Neo-Tethyan subduction.
One possibility to explain the distribution of
magmatic rocks is an episode of flat subduction
followed by slab roll-back. This migration pat-
tern is consistent with those documented across
the NE Asia and South China Blocks, implying a
similar late Mesozoic subduction evolution (Tang
etal., 2024). The adjustments in the Neo-Tethyan
subduction angle should balance heat flow and
mass to control the spatiotemporal footprint of
magmatism (e.g., DeCelles et al., 2009; Sharples
et al., 2014; Tang et al., 2024).

Petrogenesis of the Zenong Volcanic Rocks
Effects of Crustal Contamination

Mantle-derived basaltic magmas commonly
undergo crustal contamination during their

ascent to the surface (Wilson, 1989). However,
the lack of inherited zircon in the Zenong Group
volcanic rocks is indicative of minor crustal
assimilation. This is consistent with the obser-
vation that the majority of samples of the Zenong
Group andesites and basalts display lower ini-
tial 87Sr/8Sr ratios (0.7076-0.7107) and more
negative eyy(#) values (—1.5 to —5.4) than the
crustal-derived Early Cretaceous (130110 Ma)
volcanic-intrusive rocks (Fig. 6A). Moreover, the
Sr—Nd-Hf isotope compositions of the volcanic
rocks do not exhibit a linear correlation with
increasing SiO, (not shown), reflecting a limited
role of crustal contamination in the formation of
basalts and andesites, since these elements are
highly sensitive to the assimilation of crustal
materials. Thorium and lanthanum are sensitive
indicators of crustal contamination. The basalts
have relatively low Th/La ratios (0.09-0.23),
much lower than those of continental crust
(Th/La = ~0.30; Plank, 2005), indicating that
crustal contamination had a minor impact on
the petrogenesis of these rocks. However, some
of the andesite samples may have been affected
by crustal contamination as suggested by their
continental crust-like Th/La ratios (0.30-0.63).

Origin of the Zenong Basalt

The Zenong Group basalts are character-
ized by low SiO, and high MgO, high compat-
ible element contents, moderate fractionation
between LREE and HREE, LILE enrichment,
and HFSE depletion (Table S3; Fig. 3). Low LOI
values and the lack of pervasive hydrothermal
overprints indicate relatively minor degrees of
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post-magmatic alteration. These geochemical
signatures are similar to those of contemporane-
ous arc-like basalts for which the magmas were
interpreted to have originated from an enriched
mantle wedge (Chen et al., 2014). However,
the Zenong basalts in this study exhibit arc-like
trace element patterns and enriched isotopic
compositions (Figs. 4C, 4D, and 5) with high
Mg# values, implying that their mantle source
was refractory, ancient, and fertile, suggesting
a lithospheric mantle source (Zhu et al., 2012).
The relative depletion of HFSE (e.g., Nb, Ta,
and Ti) in the spider diagram is thought to be
due to subduction-related metasomatism (e.g.,
Thirlwall et al., 1994; Duggen et al., 2005).
Therefore, it is suggested that the mantle source
of the Zenong basaltic rocks in the central Lhasa
subterrane may have been previously modified
by subduction-derived fluids/melts. The Zenong
basalts show a significant enrichment of LILE
and have relatively low K,O contents, indicating
a LILE-enriched mantle source (Ma et al., 2014),
similar to a phlogopite- and amphibole-bearing
enriched lithospheric mantle (Foley et al., 1996;
Yang et al., 2007). Silicate melts in equilibrium
with amphibole in the source are expected to
have low Rb/Sr (<0.1) and high Ba/Rb (>20),
whereas melts derived from phlogopite-bearing
sources would have low Ba and Ba/Rb values
(Furman and Graham, 1999; Yang et al., 2007;
Ma et al., 2014). The Zenong basalts have rela-
tively low Rb/Sr (0.01-0.13) and high Ba/Rb
(3.9-129), indicating the presence of amphibole
in their mantle source. Partial melts of the gar-
net-bearing mantle sources generally have high
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(Gd/Yb) ratios (>2.0), whereas melting of spi-
nel-bearing mantle sources would produce melts
with low (Gd/Yb). ratios (<2.0; Deng et al.,
2017). To help determine the melting process in
the source, non-modal batch melting modeling
was conducted using REE. Model parameters,
partition coefficients, and all calculations are
provided in Table S9. The modeling results show
that the majority of the Zenong basalts have (Gd/
Yb). ratios ranging from 1.25 to 1.85, with an
average value of 1.5, plotting along the partial
melting curves of the spinel-bearing mantle
(Fig. 7A). This implies that partial melting may
have taken place in the spinel stability field (Dug-
gen et al., 2005). In addition, the Zenong basalts
have relatively low Sm/Yb (1.5-2.3) and La/Yb
(4.5-13.3) ratios, plotting close to the partial
melting curves of mixed mantle sources (90%
enriched mantle + 10% asthenospheric man-

tle) with variable degrees (2%—15%) of partial
melting (Fig. 7B). The inferred contribution of
asthenospheric material in the mantle sources is
further supported by some of the basalt samples
(21-ZN-10) showing positive Nd isotopic com-
positions [eyy(f) = 2]. We, therefore, conclude
that the magmas of the Zenong Group basalts
were mostly derived from low-degree partial
melting of an amphibole-bearing lithospheric
mantle in the spinel stability fields, with a minor
input of asthenospheric mantle melt.

Origin of the Zenong Andesite

The formation mechanism of andesites
remains enigmatic, and various models have
been proposed, including: (1) crystallization-
differentiation of mantle-derived basaltic melts
(Sisson and Grove, 1993; Grove et al., 2003),
(2) partial melting of the subducting slab (Kay,
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bulk silicate earth; CHUR—
chondritic uniform reservoir;
MORB—mid-ocean-ridge
basalt.

2000 3000

1978), (3) hydrous melting of mantle wedge
peridotite (Kushiro, 1975; Kelemen, 1986;
Grove et al., 2003), (4) partial melting of mafic
lower crust (Rapp and Watson, 1995; Lustrino,
2005), and (5) hybridization of silicic magmas
and mantle-derived melts (Hildreth and Moor-
bath, 1988; Clemens et al., 2011).

Slab melting or slab-derived melts interacting
with the mantle wedge can generate andesitic
magmas (Castro, 2013), requiring the involve-
ment of oceanic subduction. However, previ-
ously it has been suggested that the collision of
the Lhasa and Qiangtang terranes occurred in
the Late Jurassic, based on an integrated strati-
graphic, sedimentological, and provenance study
of the Jurassic stratigraphic units in the southern
Qiangtang basin (Ma et al., 2017). Consequently,
the central Lhasa subterrane is believed to have
constituted an intra-continental block during the



Ding-Jun Wen et al.

4.0 6
Al B
Garnet |lherzolite .
3.5k 5F Garnet lherzolite
Decreasing degree of melting - L
or source enrichment °
3.0f [ 4t
©
=< oo o [
0 5% ££
Z 2.5+ o= >\E_3 L . .
3 0% ) g ® Spinel Iherzolite
~ Garnet Spinel Iherzolite E “ i B,
P v AL EELV CELEEEEELEEEEEE R EEEat 2t
Spinel
. 1% 3 @ (90%)enriched mantle+
15k 30% S (10%)depleted mantle
200, (90%)enriched mantle+| |
1 | o?{\q‘ 1 1 | 1 (10:%)de|pleteld rna|rItle 1 1 1 1 1
1.05 1 2 3 4 5 6 % 30
(La/Sm), La/Yb
600 1.0
L | @ Basalt o c D 1085 —O0—0.1 GPa, dry
A Andesite i ° 7 ——0.3 GPa
500" | ¢ Rhyolite g 0.8k 2 1%H,0
L | O Literature data / 1025°C g Y, —~—03GPa
= < % 4%H,0
400 @ (\'1
E L §0.6— %
& 3001 2t
= o
N r a"0.4f
200 B
@) @)
0.2
100
0 0.0
45 45

Si0, (Wt%)

SiO, (Wt%)

Figure 7. Plotting of (A) (La/Sm) vs. (Gd/Yb). and (B) La/Yb vs. Sm/Yb diagrams point to a spinel-bearing source for the Zenong Group
basalts. (C-D) Zr and P,0; systematics of volcanic rocks from the Zenong Group. Normalization values of the chondrite C1 after Sun and
McDonough (1989). Also shown are the simulation results of non-batch melting of spinel-bearing lherzolite and garnet-bearing lherzolite
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Early Cretaceous when the Zenong andesites
erupted. In addition, partial melting of the sub-
ducting slab would have produced intermediate
magmas with adakite-like affinities and depleted
Sr-Nd-Hf isotopic compositions, whereas the
andesite samples studied here have calc-alkaline
affinities and enriched Sr-Nd-Hf isotopic com-
positions (exq4(t) = —7.26 to —4.81).
Experimental studies indicate that partial
melting of the mafic lower crust would generate
low Mg# (<40) melts, regardless of the degree
of melting at melting pressures between 1.0 and
4.0 GPa (Rapp et al., 1999). The Zenong Group
andesites have higher Mg# values (40—51)
than pure crust-derived melts (Fig. 4B), which
is inconsistent with partial melting of the mafic
lower crust. Furthermore, direct melting of the

depleted mantle can also be excluded for the
origin of the andesites studied here, since such
andesites would have inherited the radiogenic
isotopic signatures of the mantle peridotite
instead of the enriched isotopic compositions
observed in the Zenong andesites. In addition,
the low MgO, Mg#, and compatible element
(e.g., Cr and Ni) values of the Zenong ande-
sites indicate that the depleted mantle is not an
appropriate source for these volcanic rocks. In
general, the mixing of crust-derived and man-
tle-derived melts could produce andesitic mag-
mas; however, we suggest that magma-mixing
is incompatible with the origin of the Zenong
andesites, for the following reasons: (1) the lack
of mafic enclaves and complex mineral zoning
in the andesite samples (Figs. 2D and S4), (2)

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38080.1/7168025/b38080.pdf

bv Naniina Universitv user

the presence of subparallel REE patterns in the
basalt and andesite samples (Fig. 4D), and (3)
relatively uniform Lu-Hf isotopic compositions
(Fig. 6B).

The andesites are temporally and spatially
associated with mantle-derived basalts and have
amore evolved composition than primitive mag-
mas. Thus, the andesites could have been derived
from basaltic magmas, which had undergone
various degrees of intra-crustal differentiation.
A magmatic suite formed by fractional crystal-
lization of a primitive magma commonly shows
kink-shaped patterns in Zr versus SiO, and
P,05 versus SiO, diagrams (Figs. 7C and 7D;
Lee and Bachmann, 2014). The Zr and P,0O5 of
studied andesites display an early decrease with
increasing Si0O,, implying that the magma evolu-
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tion was dominated by the wet cogenetic frac-
tionation of plagioclase accompanied by horn-
blende and accessory minerals (Figs. 7C and
7D). Clinopyroxene in both andesite and basalt
exhibit subparallel REE patterns. However, the
clinopyroxene in the andesite displays three
times the total REE contents and Eu depletion
than the clinopyroxene in the basalt (Fig. 5B).
The observed compositional change in the clino-
pyroxene is consistent with the incompatible ele-
ments enrichment and the Eu depletion during
the compositional evolution of mantle-derived
magma. Therefore, we suggest that the Zenong
andesites were generated by crystallization dif-
ferentiation of temporally and spatially coexist-
ing basaltic magmas.

Origin of the Zenong Dacite and Rhyolite
Most felsic volcanic rocks from the Zenong
Group have high SiO, (66.6-75.6 wt%) and
low Mg# (14.4-36.9), suggesting that they
were not directly formed by fractional crystal-
lization of basaltic magma. In addition, the
felsic volcanic rocks have relatively low Nb/U
(3.0-5.5) and Ce/Pb (2.7-9.0) ratios, which are
comparable to those of the average continental
crust (Nb/U = 6.2, Ce/Pb = 3.9; Rudnick and
Fountain, 1995), but significantly lower than
those of mantle-derived oceanic island and mid-
ocean ridge basalts (Nb/U =47 £ 10 and Ce/
Pb = 25 £ 5; Hofmann et al., 1986), supporting
their crustal origin. Zircon Hf isotopic composi-
tion can provide robust constraints both on the
source composition and the related magmatic
processes of their host rocks (Belousova et al.,
2006; Zhu et al., 2022). Significant zircon Hf
isotopic variations within a sample could be a
consequence of the decoupled release of zircon
Hf and non-zircon Hf during crustal anatexis or
magma mixing involving diverse sources (Tang
et al., 2014; Griffin et al., 2002; Kemp et al.,
2007). The Zenong felsic volcanic rocks show
a limited range of negative ey(7) values and nor-
mal mineral zoning (Fig. 6B), indicating that
their parental magma was produced by partial
melting of ancient continental crust. This is fur-
ther supported by the enriched Sr—Nd isotopic
compositions (Fig. 6A). Given that the central
Lhasa subterrane is a microcontinent with an
ancient crustal basement, the Zenong felsic vol-
canic rocks and the coeval plutonic rocks have
similar enriched isotopic compositions and are
most likely produced by partial melting of the
lower continental crust (Chen et al., 2014, 2021).

A Transcrustal Magma Plumbing System
Mantle-derived mafic magma that underplates

the lower continental crust at the mantle—crust
interface can drive partial melting and assimi-

lation while the magma undergoes fractional
crystallization during subsequent magma stor-
age and emplacement (Annen et al., 2006).
The Zenong basalts have MgO contents of 6.1—
3.1 wt%, and Cr and Ni contents of 96-0.8 ppm
and 40-0.9 ppm, respectively (Table S3), all of
which are lower than those of mantle-derived
primary melts (MgO > 8 wt%, Cr > 750 ppm,
and Ni > 300 ppm; Herzberg and O’Hara,
2002). This suggests that the parental magmas
of the Zenong basalts have undergone crystal
fractionation, most likely of mafic minerals
(e.g., olivine and clinopyroxene), either in the
magma chamber or en route to the surface (Pfin-
der et al., 2002). The substantial fractionation of
clinopyroxene during the magmatic evolution is
supported by the observation that a basalt sample
(21-ZN-99) from the bottom of the Cishixiang
section mainly consists of clinopyroxene and
plagioclase and has a Cr content of 55 ppm,
whereas a basalt sample (21-ZN-110) from the
top of this section is mainly composed of pla-
gioclase with subordinate clinopyroxene and
has a much lower Cr content of 2.7 ppm (Table
S3; Fig. 3). However, magma differentiation is
thought to be dominated by clinopyroxene and
chromite crystallization as reflected by Cr con-
tents <250 ppm (Song et al., 2009). Overall,
the Cr contents of the Zenong Group basalts
are lower than 250 ppm (average 20 ppm; Table
S3), suggesting olivine and clinopyroxene frac-
tionation, as well as chromite crystallization.
The plagioclase fractionation during magma
differentiation is negligible because both the
whole-rock and the clinopyroxene show insig-
nificant Eu anomalies in the chondrite-normal-
ized REE patterns (8Eu = 0.90-1.05 for basalts,
OEu = 0.90-1.05 for clinopyroxenes; Figs. 4D
and 5B; Table S6).

As mentioned as mentioned in spatiotemporal
distribution of the Zenong Group volcanic rocks,
the andesites are temporally coeval and spatially
coexisting with mantle-derived basalts and are
thought to have been generated by fractional
crystallization of basaltic parental magmas. The
andesites have lower MgO (3.94-2.08 wt%)
and Sr (395-188 ppm) contents (Table S3), and
OEu (0.69—0.89) values (Fig. 4), implying that
clinopyroxene and plagioclase were the major
fractionating phases during magma differentia-
tion in the deep crust. The REE pattern of the
clinopyroxene in the andesites shows significant
Eu negative anomalies when compared to clino-
pyroxene from the coexisting basalt (Fig. 4B),
which is consistent with the separation of pla-
gioclase in more evolved magmas.

Although temporally and spatially associ-
ated with intermediate to mafic volcanic rocks,
the volumetrically dominant dacite and rhyolite
are not generated by magma differentiation but
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are thought to be derived from partial melting
of the lower continental crust. Mantle-derived
basaltic magmas underplated the middle-lower
crust and are thought to have provided enough
heat and volatiles to trigger partial melting of
the ancient continental basement. In this context,
depleted mantle—derived materials are believed
to have contaminated the Early Cretaceous
(130-110 Ma) crust-derived magma, which is in
accordance with the progressively depleted zir-
con Hf isotopic compositions during this period
(Fig. 5).

Geodynamic Implications

The voluminous (>7000 km?) Early Creta-
ceous volcanic—sedimentary Zenong Group is
one of the most important constituents of the
central Lhasa subterrane and, thus, provides
crucial insight into the reconstruction of the
Late Mesozoic orogenic evolution of central
Tibet (Fig. 1). Previous studies revealed the
presence of extensive Early Cretaceous (ca.
130—110 Ma) magmatic rocks in the central
Lhasa subterrane (Fig. 1; Zhu et al., 2011; Li
et al., 2018). However, the dynamic mechanism
responsible for this magmatic event is disputed.
It is generally accepted that the Early Creta-
ceous magmatic rocks in the central Lhasa ter-
rane resulted from the northward low-angle or
flat-slab subduction of the Neo-Tethys (Kapp
and DeCelles, 2019). However, this model fails
to account for the magmatic flare-up and the
role of mantle melts in this extensive magmatic
event. For instance, in Mexico, Peru, and Chile
in South America, where flat-slab subduction
is active, volcanism is insignificant or absent,
and the overriding plates are characterized
by low heat flow (Henry and Pollack, 1988;
Manea et al., 2017). These features appear to
argue against northward flat-slab subduction
of the Neo-Tethys with respect to the intense
magmatism in the central Lhasa subterranes.
Some researchers proposed that the southward
subduction and subsequent slab break-off of
the Bangong-Nujiang ocean is responsible for
the generation of the Early Cretaceous volca-
nic rocks in the central Lhasa subterrane (Zhu
et al., 2009; Li et al., 2018; Chen et al., 2014).
Although the timing of the closure of the Ban-
gong-Nujiang ocean remains in dispute, it is
generally believed that the Lhasa-Qiangtang
collision occurred during the latest Jurassic—
earliest Early Cretaceous (before ca. 132 Ma;
Kapp et al., 2005; Murphy et al., 1997; Leier
et al., 2007; Zhu et al., 2013; Ma et al., 2017;
Hu et al., 2022; Song et al., 2024). Furthermore,
slab break-off describes the detachment of a
portion of the subducting slab, which can lead
to localized magmatism but fails to account for



the widespread volcanism observed in the cen-
tral Lhasa subterrane.

Bimodal volcanic suites generally occur in
extensional settings related to intraplate, post-
collisional, or backarc rifting tectonic regimes
(Pin and Paquette, 1997; Shinjo and Kato, 2000;
Chen et al., 2021). The Zenong basalts are char-
acterized by minor LREE/HREE fractionation
and low LREE contents, which is in contrast to
the high LREE contents and strongly fraction-
ated REE patterns of continental arc basalts (Xu
et al., 2020). The Ti/V ratios of the mafic rocks
studied here are between 20 and 50 and fall in
an overlapping field of backarc basin basalt and
MORSB in the Ti versus V diagram (Fig. S5A;
Shervais, 1982). The clinopyroxene composition
in the mafic rocks provides a further constraint of
the tectonic-magmatic affiliation of the Zenong
basalts. Basaltic magmas in extensional settings
(hotspot and rift) typically have low H,O and O,
fugacities relative to arc-axis magmas and are
characterized by clinopyroxenes with relatively
low Al,/TiO, (Al, = percentage of tetrahedral
sites occupied by Al) ratios (Loucks, 1990).
Therefore, subduction-related clinopyroxenes
yield an Al,/TiO, trend that is roughly twice as
steep as that defined by clinopyroxenes from
rift settings in an Al, versus TiO, diagram (Fig.
S5B). Most clinopyroxenes from the Zenong
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Group basalts and andesites plot in the rift-related
compositional field due to their low Al,/TiO,.
The variable TiO, and Cr,0O;, and Al,O; contents
of the clinopyroxenes provide further evidence
that the Zenong Group basalts share similar geo-
chemical affinities with island arc tholeiitic lavas
and backarc basin basalts (Fig. S5C). Therefore,
we suggest a backarc rift model to account for the
petrogenesis of the Early Cretaceous magmatic
rocks in central Lhasa. This model can readily
explain several geological facts:

(1) Sedimentary environment: In the Xigaze
forearc basin, the Early Cretaceous (113—
110 Ma) Chongdui Formation turbidites uncon-
formably overlay the ophiolitic basement (ca.
131-124 Ma; Wang et al., 2017), indicating an
extension-related basin filled with marine clas-
tic sediments (Fig. 8). In the Linzhou basin of
southern Lhasa, the Early Cretaceous Takena
and Shexing Formations document an upward
transition from shallow-marine carbonates to
fluvial sediments (lower part of the Shexing For-
mation), implying marine regression and initial
topographic growth of the Gangdese arc (Leier
et al., 2007). In comparison, the Early Creta-
ceous Zenong Group in central Lhasa is mainly
composed of volcanic—sedimentary rocks that
unconformably overly the continental base-
ment of the Permian Laga Formation (Fig. 3B).

Cogen basin

The association of volcanic assemblages with
limestone is indicative of a gradually shallow-
ing marine environment. Conversely, the Early
Cretaceous (116—99 Ma) shallow-sea Langshan
Formation in northern Lhasa overlies the Early
Cretaceous (125—116 Ma) Duoni Formation
(shelf-fan delta) and is in turn unconformably
overlain by thick conglomerate-bearing depos-
its (Jinzhushan and Daxiong Formation in the
Baingoin and Cogen area, respectively; Fig. 8;
Xu et al., 2022). The variation and difference
in the sedimentary environment from south to
north suggest that the Lhasa terrane underwent
contemporaneous uplift and subsidence.

(2) Magma composition: The Yanhu volca-
nic rocks (131-116 Ma) in northern Lhasa are
potassium-rich, which is indicative of a colli-
sion-related or post-collisional setting rather
than a subduction environment (Table S7; Li
et al., 2018). Furthermore, the late Early Creta-
ceous (114—109 Ma) volcanic rocks in the Yanhu
and Nagqu areas are characterized by bimodal
and high-K calc-alkaline to shoshonitic volca-
nic rocks (Table S7; Sui et al., 2013). Coeval
(134-109 Ma) plutonic rocks in northern Lhasa
mainly have weak peraluminous to peralumi-
nous compositions (Table S7; Zhu et al., 2016;
Sun et al., 2015b). The magmatic rock assem-
blages in northern Lhasa are similar to those in
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Early Cretaceous arc-like volcanic rocks in central Tibet

some extensional basins, which display unique
combinations of calc-alkaline or tholeiitic to
calc-alkaline and peraluminous magmatism,
especially felsic components (Rahimzadeh et al.,
2021). The systematic study of the potassium-
rich Early Cretaceous (126-110 Ma) lavas in
central Lhasa reveals their compositional bimo-
dality, indicative of within-plate geochemical
signatures. Contemporary plutonic rocks (122—
113 Ma) in central Lhasa are characterized by
arc-like high-K calc-alkaline granites and tholei-
itic gabbro with oceanic-island basalt-like REE
patterns. Conversely, sporadic Early Cretaceous
(122-114 Ma) intrusive rocks in southern Lhasa
have arc-like magma compositions, including
positive zircon ey(f) values, and calc-alkaline
and adakitic affinities (Table S7; Wang et al.,
2013, 2022). Consequently, the compositional
variation of magmatism from the south to the
north of the Lhasa terrane can be explained by
arc and backarc rift assemblage.

(3) Crustal thinning: The central Lhasa Late
Jurassic to Early Cretaceous (165-135 Ma) mag-
matic rocks (including volcanic rocks and intru-
sive rocks) have high (La/Yb)y values (254.5)
with an average value of 10 (Fig. S6), thereby
suggesting that they formed in the thickened crust
(ca. 50 km). The negative zircon ey(f) values and
high SiO, contents of these magmatic rocks indi-
cate an origin involving the anatexis of ancient
thickened crust. In contrast, the Early Cretaceous
(130-110 Ma) magmatic rocks (including mafic
to acidic intrusive rocks and the volcanic counter-
parts) in central Lhasa have low (La/Yb)y values
(15-2) with an average value of 6.5 (Fig. S6),

indicating that their origin was related to crustal
thinning (~40 km). The direct source of mantle
materials, coupled with gradually positive zircon
ens(?) values would require a decompressive envi-
ronment and increased mantle contribution to the
Early Cretaceous magmatic rocks. Therefore, the
findings of this study provide robust evidence for
a backarc rift setting of the Early Cretaceous
magmatism in central Lhasa.

Generation and Evolution of Backarc Rift

The origin of the central Lhasa subterrane is
still widely debated. Some researchers argue for
a continental arc origin related to the southward
subduction of the Bangong-Nujiang ocean (Li
et al., 2018), while others favor a foreland basin
origin after the collision of the Lhasa and Qiang-
tang terranes (Leeder et al., 1988; Kapp et al.,
2007). A synthesized analysis of the sedimentary
rocks and sequences, the nature of the basement
underlying the central Lhasa subterrane, and
new geochemical data for the spatial and tem-
poral variations of magmatic rocks are needed to
provide sufficient new information to elaborate
the origin of the central Lhasa terrane.

Geochemical data reveal that the calc-alkaline
volcanic rocks (137-130 Ma) in the southern
Lhasa subterrane (also called Gangdese arc)
provide a magmatic record corresponding to
the northward, high-angle subduction of the
Neo-Tethyan oceanic lithosphere beneath the
Gangdese arc during the Early Cretaceous (Zhu
et al., 2009). Subsequently, the reduction of
the convergence rate of the Indo-Asian plates

(Cande and Stegman, 2011) lead to a mag-
matic lull (130-110 Ma) in the Gangdese arc
(Fig. 9), probably due to subduction rollback
of the Neo-Tethyan oceanic plate, correspond-
ing to the period of the forearc extension and
the birth of the Xigaze forearc basin (Fig. 10A;
Wang et al., 2017). In contrast, contemporaneous
(130-110 Ma) magmatic rocks occur widely in
central and northern Lhasa subterranes (Figs. 1,
9, and 10A), suggesting that the magmatic front
moved farther north due to slab rollback. Asthe-
nospheric mantle upwelling triggers lithospheric
thinning and backarc basin opening during the
Early Cretaceous (Figs. 9 and 10A). The Early
Cretaceous volcano-sedimentary features in cen-
tral and northern Lhasa are similar to those in the
rift systems of the Songpan-Garze Terrane and
the western Yangtze Block where volcanic rocks
unconformably overlie the continental basement,
while pelagic deposits and deep-water turbidites
are absent (Wang et al., 2019; Liu and Wang,
2023). However, this extensional setting did
not extend into the late Early Cretaceous. This
is evidenced by the acceleration of the conver-
gence rate of the Indo-Asian plates (Cande and
Stegman, 2011), the migration of the magmatic
front from central and northern Lhasa to southern
Lhasa subterranes, and the massive exposure of
granites in the Gangdese arc since ca. 110 Ma
(Figs. 1 and 10B; Ji et al., 2009; Chapman and
Kapp, 2017b; Zhu et al., 2022). A strong com-
pression probably occurred after the end of the
Early Cretaceous magmatic activities and is doc-
umented by widespread early Late Cretaceous
conglomerate sedimentation in the Lhasa terrane.

33.00
Early Cretaceous A Northern Lhasa subterrane
r A % O Central Lhasa subterrane
A ﬁ& 4 A At < Southern Lhasa subterrane
32.00

Figure 9. Temporal and spa-

o 31.00 tial distribution of Mesozoic
S magmatic rocks in the Lhasa
-;3 terrane (see Table S8 for data
3 source; see text footnote 1). The
30.00 magmatic rocks migrate north-
ward at ca. 130-110 Ma and
° southward at ca. 110 Ma.
29.00
2 8 ) 00 1 T - T - I - T T - T - T - T N T N 11
50 70 90 110 130 150 170 190 210 230 250
Age/Ma

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38080.1/7168025/b38080.pdf
bv Naniina Universitv user



Ding-Jun Wen et al.

Extension Central Lhasa

Gangdese arc
Retreating hinge

Xigaze i Xainza 3 << Ay
L ipor gt T BT
4+

Damxung
-

+

/)
~
Asthenospheric
upwelling

A :126-110 Ma

Langshan Fm.

counter flow

B :~ 110 Ma

Figure 10. (A, B) Simplified cross section of the Early Cretaceous convergent margin of the
Lhasa terrane, showing different magmatic pulses at >130 Ma, 130-110 Ma, and ca. 110 Ma
in the Lhasa terrane. These panels emphasize the positions of the magmatic front (MF) and
backarc (BA); slab fluids triggering MF magmatism vs. decompression melting triggering
BA magmatism; and subcontinental lithospheric mantle (SCLM) and melting-differentia-
tion-mixing processes beneath both MF and BA. Small wavy red lines in B show the trajec-
tory of slab fluids whereas continuous red lines in A and B show asthenospheric mantle flow.

CONCLUSIONS

The volcanic rocks of the Zenong Group in
central Lhasa are characterized by compositional
bimodality in volcanic rock sections and erupted
from 126 Ma to 105 Ma. The basalts were
mostly derived from low-degree partial melting
of a lithospheric mantle in the spinel stability
field, with minor input of melt from an asthe-
nospheric mantle. The andesites were generated
by crystallization differentiation of temporally
and spatially coexisting basaltic magmas, while
the dacites and rhyolites are interpreted to have
originated from the partial melting of ancient
lower crust. The compositional bimodality of
volcanic rocks coupled with their arc-like and
within-plate-like geochemical features indicate
that the Zenong Group volcanic rocks were
derived from the melting of multiple sources
during the Early Cretaceous backarc extension
triggered by subduction rollback of the Neo-
Tethyan oceanic plate.
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