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ABSTRACT

Knowledge of the timing of the closure of
the Meso-Tethys Ocean as represented by the
Bangong—Nujiang Suture Zone, i.e., the tim-
ing of the Lhasa-Qiangtang collision, is criti-
cal for understanding the Mesozoic tecton-
ics of the Tibetan Plateau. But this timing is
hotly debated; existing suggestions vary from
the Middle Jurassic (ca. 166 Ma) to Late
Cretaceous (ca. 100 Ma). In this study, we
describe the petrology of the Zhonggang ig-
neous—sedimentary rocks in the middle seg-
ment of the Bangong—Nujiang Suture Zone
and present results of zircon U-Pb geochro-
nology, whole-rock geochemistry, and Sr-Nd
isotope analysis of the Zhonggang igneous
rocks. The Zhonggang igneous—sedimentary
rocks have a thick basaltic basement (>2 km
thick) covered by limestone with interbedded
basalt and tuff, trachyandesite, chert, and
poorly sorted conglomerate comprising lime-
stone and basalt debris. There is an absence
of terrigenous detritus (e.g., quartz) within
the sedimentary and pyroclastic rocks. These
observations, together with the typical ex-
otic blocks-in-matrix structure between the
Zhonggang igneous-sedimentary rocks and
the surrounding flysch deposits, lead to the
conclusion that the Zhonggang igneous—sedi-
mentary rocks are remnants of an ocean is-
land within the Meso-Tethys Ocean. This
conclusion is consistent with the ocean is-
land basalt-type geochemistry of the Zhong-
gang basalts and trachyandesites, which are
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enriched in light rare earth elements (Lay/
Yby =4.72-18.1 and 5.61-13.7, respectively)
and have positive Nb-Ta anomalies (Nbp,,/
Thpy > 1, Tapy/Upy > 1), low initial 8’Sr/36Sr
ratios (0.703992-0.705428), and positive
mantle gy,(f) values (3.88-5.99). Zircon U-
Pb dates indicate that the Zhonggang ocean
island formed at 141-135 Ma; therefore, clo-
sure of the Meso-Tethys Ocean and collision
of the Lhasa and Qiangtang terranes must
have happened after ca. 135 Ma.

INTRODUCTION

The Tibetan Plateau is the highest topographic
feature on Earth. It consists of Gondwana-
derived terranes that accreted progressively
onto the southern margin of Eurasia during
the Phanerozoic opening, growth, and closure
of the Paleo-, Meso- and Neo-Tethys oceans
(Fig. 1A; Yin and Harrison, 2000; Zhu et al.,
2013; Metcalfe, 2013; Xu et al., 2015; Kapp and
DeCelles, 2019).

The Meso-Tethys Ocean, which is repre-
sented by the Bangong—Nujiang Suture Zone
in the central Tibetan Plateau, places important
constraints on the Mesozoic tectonic history of
the Tibetan Plateau (Kapp et al., 2007; Pan et al.,
2012; Zhang et al., 2014a; Zhu et al., 2016) and
provides insights into widespread late Mesozoic
mineralization within central Tibet (Geng et al.,
2016; Li et al., 2018). The Bangong—Nujiang
Suture Zone has been studied extensively since
the 1980s (Allegre et al., 1984; Yin and Harri-
son, 2000; Kapp et al., 2007; Pan et al., 2012;
Shi et al., 2008, 2012; Zhang et al., 2014a, 2017;
Li et al., 2014, 2018, 2019a, 2019b, 2020; Zhu
et al., 2016; Wang et al., 2016a; Zeng et al.,
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2016; Geng et al., 2016; Liu et al., 2017; Chen
et al., 2017; Fan et al., 2018a; Hao et al., 2019;
Yan and Zhang, 2020; Tang et al., 2020), but
many aspects about the evolution of the Meso-
Tethys Ocean remain controversial. Timing of
the closure of the Meso-Tethys Ocean is central
to these controversies.

Timing of the closure of the Meso-Tethys
Ocean is commonly assigned to the latest Juras-
sic (ca. 145 Ma) because ophiolitic rocks and
flysch deposits in the Bangong—Nujiang Suture
Zone are overlain by Upper Jurassic to Lower
Cretaceous shallow-marine strata, and the
140-130 Ma arc-related pause in igneous activ-
ity within the southern Qiangtang Terrane was
interpreted to result from the Lhasa-Qiangtang
collision (Girardeau et al., 1984; Wang and
Dong, 1984; Chen et al., 2004; Zhu et al. 2016;
Huang et al., 2017b; Li et al., 2019a, 2019b).
Some studies suggest that the Meso-Tethys
Ocean closed as early as the Middle Jurassic (ca.
166 Ma) based on a Middle Jurassic unconfor-
mity and associated shift in provenance from an
arc-related to uplifted orogenic source within the
southern Qiangtang Terrane, which is consistent
with a major tectonic event such as the Lhasa—
Qiangtang collision (Ma et al., 2017).

These ideas of early (ca. 166 Ma or ca.
145 Ma) Meso-Tethys Ocean closure, however,
cannot explain the well-exposed Early Creta-
ceous igneous rocks (e.g., basalt, trachyandesite,
and gabbro) and the related sedimentary rocks
(e.g., limestone and chert) in the Zhonggang
and Tarenben areas of the Bangong—Nujiang
Suture Zone (Figs. 1B-1C). The geochemistry
of the Early Cretaceous basalts resembles that
of modern ocean island basalts (OIB); therefore,
some studies inferred that they record intraplate
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Figure 1. (A) Tectonic framework of the Tibetan Plateau is shown. EKASZ—East Kunlun-A’nyemaqen Suture Zone; JSSZ—Jinsha-
jiang Suture Zone; LSLSZ—Longmuco-Shuanghu-Lancangjiang Suture Zone; BNSZ—Bangong—Nujiang Suture Zone; IYZSZ—
Indus-Yarlung Zangbo Suture Zone. (B) Geological map of the middle and western segments of the BNSZ shows the igneous and
sedimentary rocks in the Zhonggang and Tarenben areas. (C) Field photograph of Zhonggang igneous—sedimentary rocks of the BNSZ.
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An Early Cretaceous ocean island in the Meso-Tethys Ocean

ocean island magmatism (Zhu et al., 2006; Bao
et al., 2007; Fan et al., 2014, 2018a; Zhang et al.,
2014a). In this case, the Meso-Tethys Ocean must
have remained open until the Early Cretaceous
(Fan et al., 2018a). Therefore, the interpretation
of early closure times (ca. 166 Ma or ca. 145 Ma)
needs to be reconsidered. The abundant late
Mesozoic mineralization in central Tibet must be
genetically associated with the Meso-Tethys sea-
floor subduction (Li et al., 2014; Fan et al., 2015).

However, the question is whether the Early
Cretaceous geochemically OIB-like igneous
rocks and the related sedimentary rocks in the
Zhonggang and Tarenben areas of the Bangong—
Nujiang Suture Zone indeed represent remnants
of intraplate ocean islands. Some studies suggest
these rocks formed in a marine setting on conti-
nental crust after the Lhasa—Qiangtang collision
rather than as ocean islands in deep water (Zhu
etal.,2016; Huang et al., 2017b; Li et al., 2019a,
2019b). In this model, the source of the igneous
rocks was enriched asthenosphere that ascended
through slab windows formed by slab break-off
after the Lhasa—Qiangtang collision (Zhu et al.,
2016; Wu et al., 2018), and the sedimentary
rocks formed within a post-collisional subma-
rine basin (Zhu et al., 2016; Li et al., 2019a).

In this study, we present detailed petrologi-
cal descriptions of the igneous and sedimentary
rocks of the Zhonggang area and results of U-Pb
zircon geochronology, whole-rock geochemis-
try, and Sr—Nd isotope analysis of the igneous
rocks. All of these data show the Zhonggang
igneous—sedimentary rocks to be associated with
an intraplate ocean island, leading us to conclude
that they were remnants of an ocean island in the
Meso-Tethys Ocean. The new U-Pb ages of the
Zhonggang igneous rocks are Early Cretaceous
(141-135 Ma), consistent with late closure of
the Meso-Tethys Ocean and Lhasa—Qiangtang
continental collision after ca. 135 Ma.

GEOLOGICAL BACKGROUND

The Tibetan Plateau is located within the
eastern Alpine—Himalayan tectonic domain and
is divided into the Himalayan, Lhasa, southern
Qiangtang, northern Qiangtang, Bayan Har—
Garze, and Qaidam terranes. These terranes
are separated by the Indus—Yarlung Zangbo,
Bangong—Nujiang, Longmuco—Shuanghu—
Lancangjiang, Jinshajiang, and East Kun-
lun—A’nyemaqgen Suture Zones, respectively
(Fig. 1A; Allegre et al., 1984; Yin and Harrison,
2000; Pan et al., 2012; Metcalfe, 2013; Zhu et al.,
2013; Zhai et al., 2016). The three suture zones
in northern Tibet (East Kunlun—A’nyemagen,
Jinshajiang, and Longmuco—Shuanghu-Lan-
cangjiang Suture Zones) are generally thought
to represent remnants of the Paleo-Tethys Ocean

that opened in the early Paleozoic and closed in
the Permian—Triassic, whereas the Indus—Yar-
lung Zangbo Suture Zone in southern Tibet
represents the Neo-Tethys Ocean that mainly
developed in the Mesozoic (Fig. 1A; Yin and
Harrison, 2000; Pan et al., 2012; Metcalfe, 2013;
Zhu et al., 2013; Xu et al., 2015; Zhai et al.,
2013, 2016; Hu et al., 2014, 2015; Kapp and
DeCelles, 2019).

The Bangong—Nujiang Suture Zone in central
Tibet forms the boundary between the Lhasa and
southern Qiangtang terranes (Fig. 1A) and rep-
resents the remnant of the Meso-Tethys Ocean
(Girardeau et al., 1984; Metcalfe, 2013; Zhai
et al., 2013; Zhang et al., 2014a; Chen et al.,
2017; Fan et al., 2017; Kapp and DeCelles,
2019). This suture zone extends eastward for
~2500 km from Kashmir to the Bangong Co,
Gerze, Donggiao, Amdo, Denggen, and Jiayuq-
iao areas (Allégre et al., 1984; Girardeau et al.,
1984; Pan et al., 2012). At its eastern end, this
suture zone connects with the Myitkyina, Mera-
tus, and Lok-Ulo Suture Zones of Southeast Asia
(Metcalfe, 2013; Liu et al., 2016).

The Bangong—Nujiang Suture Zone is domi-
nated by scattered fragments of latest Paleozoic
to Mesozoic ophiolites (Shi et al., 2012; Wang
etal., 2016a; Zhang et al., 2016, 2017; Wei et al.,
2019), ocean island suites (Fan et al., 2014,
2017, 2018b; Zhang et al., 2014a), intra-oceanic
arcs (Shi etal., 2008; Liu et al., 2014; Zeng et al.,
2016; Huang et al., 2017a; Tang et al., 2018;
Fan et al., 2019; Yan and Zhang, 2020), flysch
deposits (Huang et al., 2017b; Fan et al., 2018a),
and high-pressure metamorphic rocks (e.g., the
Dongco eclogite; Zhang et al., 2016, 2017). In
addition, widespread Paleozoic to Mesozoic sed-
imentary and volcanic rocks occur on both sides
of the Bangong—Nujiang Suture Zone (Zhang
et al.,, 2013; Li et al., 2014, 2018, 2020; Chen
et al., 2015; Fan et al., 2015; Liu et al., 2017;
Hu et al., 2017). World-class porphyry copper—
gold mineral deposits, formed at 170-110 Ma
(e.g., Duolong deposit), and Fe, Pb—Zn, and W
mineral deposits are documented in and around
the Bangong—Nujiang Suture Zone (Geng et al.,
2016; Li et al., 2018).

Petrology of the Zhonggang Igneous—
Sedimentary Rocks

Igneous and sedimentary rocks occur over an
area of more than 400 km? within the Zhonggang
area of the middle segment of the Bangong—Nuyji-
ang Suture Zone (Fig. 2A; Fan et al., 2014). The
Zhonggang igneous—sedimentary rocks are taupe,
gray—green, and bright white in remote sensing
images and can be distinguished easily from the
ophiolites and flysch deposits in the Bangong—
Nujiang Suture Zone (brown and gray—green)
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and Jurassic sedimentary strata on the southern
Qiangtang Terrane (yellow—brown; Fig. 2B).
The Zhonggang igneous—sedimentary rocks
comprise a thick basaltic basement (>2 km
thick; Fig. 2C) beneath a cover sequence of
limestone (Fig. 2C), limestone with intercalated
basalt (Figs. 2D and 3A), basalt—tuff-limestone
(Fig. 3B), interbedded limestone—tuff (Fig. 3C),
basalt—trachyandesite—limestone (Fig. 3D), and
trachyandesite—limestone (Fig. 3E). Despite
slight modification by alteration (Fig. 4A), pri-
mary igneous textures of the basalt intercalated
with the limestone are mostly preserved; it has
spilitic textures and contains skeletal microcrys-
talline plagioclase (Fig. 4A). The trachyandesite
is in the upper part of the Zhonggang igneous—
sedimentary rocks and is conformable with the
basalt and limestone (Figs. 3D-3E); it has inter-
woven textures and contains weakly oriented
microcrystalline plagioclase (Fig. 4B). The lime-
stone in the cover sequence is compositionally
pure with recrystallized calcite (Fig. 4C), and the
tuff contains clasts and matrix, both of which are
dominated by basalt and limestone (Fig. 4D).
Chert (Fig. 3F) and colluvial conglomerate
(Fig. 3G) occur within the northeastern mar-
gin of the Zhonggang igneous—sedimentary
rocks in the Zhagangnisang area (Fig. 2A). The
chert contains minor calcite clasts in addition to
chalcedony (Fig. 4E). The colluvial conglomer-
ate contains gravels and matrix, both of which
are entirely poorly sorted limestone (e.g., reef
limestone) and basalt with angular to subangu-
lar shapes (Figs. 3G and 4F), indicating a rapid
accumulation of sediments with proximal and
restricted provenance. Terrigenous detritus (e.g.,
quartz) was not observed within the limestone,
chert, colluvial conglomerate, or tuff, indicating
a setting distal to land. In the Zhanong area, the
Zhonggang igneous—sedimentary rocks contain
gabbro that intrudes as dykes into the basalt
and limestone (Fan et al., 2014). In the Zhong-
gang area, the Zhonggang igneous—sedimentary
rocks were thrust onto the Mugagangri Group
and formed widespread exotic blocks within the
matrix of the flysch deposits (Figs. 3H-3I).

ANALYTICAL METHODS AND
RESULTS

Methods for zircon U-Pb, whole-rock major-
and trace-element, and Sr—-Nd isotope analyses
are provided in the Supplementary Material.!

ISupplemental Material. Analytical methods
and data for the Zhonggang igneous—sedimentary
rocks.  Please  visit  https://doi.org/10.1130/
GSAB.S.13363451 to access the supplemental
material, and contact editing@geosociety.org with
any questions.
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Figure 2. (A) Geological map shows the Zhonggang area. Cz—Cenozoic; K,q—Lower Cretaceous Qushenla Formation comprising volcanic
(108-103 Ma; Hao et al., 2019) and non-marine clastic rocks; J;K;s—Upper Jurassic—-Lower Cretaceous Shamuluo Formation comprising
marine sandstone, conglomerate, and limestone; J,_,—Lower—Middle Jurassic Sewa, Shaqiaomu, and Jiebuqu Formations dominated by
marine sandstone and limestone; JM—Mugagangri Group comprising flysch deposits; DO—Dongco ophiolites that represent the rem-
nants of a 180-162 Ma intra-oceanic arc (Fan et al., 2019; Li et al., 2019b); DG—160-155 Ma Dongco granodiorite emplaced in the Dongco
intra-oceanic arc sequence (Fan et al., 2016); OI—remnants of Middle Triassic—Jurassic intra-plate ocean island; ZISR—Zhonggang ig-
neous—sedimentary rocks. (B) Remote sensing image from Google Earth shows the Zhonggang igneous—sedimentary rocks. (C) A typical
two-layered structure comprising a thick basaltic basement and a limestone cover sequence. (D) Limestones interbedded with basalts within
the cover sequence (Fan et al., 2014).
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Figure 3. (A) Limestone interbedded with amygdaloidal basalt is shown. (B) Basalt—-tuff-limestone sequence. (C) Limestone interbedded
with tuff. (D) Basalt-trachyandesite-limestone sequence. (E) Trachyandesite-limestone sequence. (F) Chert. (G) Reef limestone gravel
within the colluvial conglomerate. (H, I) Typical exotic blocks-in-matrix structure between the Zhonggang igneous—sedimentary rocks and
the surrounding flysch deposits.

Whole-Rock Major- and Trace-Element
Geochemistry

A total of 38 samples (four trachyandesite,
34 basalt, loss-on-ignition [LOI] < 4 wt.%)
were collected for whole-rock major- and
trace-element analysis, some of which (two
trachyandesite, 32 basalt) were previously
reported (Fan et al., 2014; Yu et al., 2015; Wang
et al., 2016a). Data are provided in Table S1
(see footnote 1). The samples have undergone
varying degrees of alteration (Fig. 4A), result-
ing in variable values of LOI and changes in the
concentrations of mobile elements (e.g., Na, K,
Ca, Cs, Rb, Ba, and Sr) compared with protolith
values. However, concentrations and ratios of
immobile elements (e.g., REE, Nb, Ta, Zr, Hf,
Ti, and P) and transition metal elements (e.g.,
V, Ni, and Cr) have not been affected by these
processes and can therefore be used to inves-
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exotic block] f__ il
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tigate the petrogenesis and tectonic setting of
the samples (Verma, 1981; Hart and Staudigel,
1982; Hu et al., 2019).

The Zhonggang basalt samples have variable
SiO, (44.9-52.5 wt.%) and MgO (3.29-8.56
wt.%) contents, variable Mg# values [100 x
molar Mg/(Mg + Fe)] (43-66), and high TiO,
contents (1.90-4.57 wt.%). The Zhonggang tra-
chyandesite samples have high SiO, (53.2-55.4
wt.%) and TiO, (1.78-2.21 wt.%) contents and
low MgO contents (1.58-2.46 wt.%) and Mg*
values (26—41). All of the basalt samples are clas-
sified as alkaline basalts based on the Nb/Y versus
Z1/TiO, classification diagram, and the trachyan-
desite samples are classified as trachyandesite and
trachyte (Fig. 5; Winchester and Flody, 1976).

All of the Zhonggang trachyandesite and
basalt samples are enriched in light rare earth
elements (LREE; Lay/Yby =5.61-13.7 and
4.72-18.1, respectively) and high field strength
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elements (Nb, Ta, Zr, and Hf), yielding chon-
drite-normalized REE patterns and primitive
mantle-normalized trace element patterns that
are similar to those of OIB (Figs. 6A—6D; Sun
and McDonough, 1989).

Zircon U-Pb Ages

Three trachyandesite samples were selected
for zircon U-Pb dating by laser ablation—induc-
tively coupled plasma—mass spectrometry (LA—
ICP-MS). Data are provided in Table S2 (see
footnote 1).

Zircon grains selected for dating included
whole crystals and fragments of long euhedral
crystals with lengths of 40—120 pm and length-
to-width ratios of 1.5:1-3:1. All crystals are rela-
tively homogeneous and show oscillatory zoning
in cathodoluminescence (CL) images (Fig. 7) that
is consistent with an igneous origin (Belousova
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Figure 4. Photomicrographs show the Zhonggang igneous—sedimentary rocks in cross-polarized light. (A) Basalt with carbonate alteration
in the cover sequence. (B) Trachyandesite. (C) Limestone. (D) Limestone—tuff sequence. (E) Chert. (F) Colluvial conglomerate. Pl—plagio-
clase; Cal—calcite; B—basalt debris; Ls—Ilimestone debris.

et al., 2002; Hoskin and Schaltegger, 2003). These
zircons yield weighted mean 2%Pb/?3¥U ages of
141.0 £ 2.4 Ma (mean square of weighted devi-
ates [MSWD] = 1.7), 140.0 + 2.2 Ma (MSW
D =2.2),and 135.3 £ 2.5 Ma (MSWD = 0.9),
respectively (Fig. 7).

Whole-Rock Sr-Nd Isotopic Compositions

A total of 16 samples (two trachyandesite
samples and 14 basalt samples) were selected
for whole-rock Sr—Nd isotope analysis in this
and previous studies (Table S3 [see footnote 1];
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Wang et al., 2016a). Initial Sr isotope ratios and
ena(?) values were calculated using the new mean
age of ca. 140 Ma reported in this study.

The Zhonggang igneous rocks have a wide
range of initial 87Sr/%¢Sr ratios (0.703992—
0.705428) and positive gyy(?) values of +3.88 to
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problematic because the cathodoluminescence
images of dated zircons from the gabbro are not
typical of mafic rocks, and the Ar-Ar isotopic
system of the basalts may have been reset (Ma
etal., 2017; Li et al., 2019a). Therefore, the tim-
ing of formation of the Zhonggang igneous—sed-
imentary rocks remains controversial.

The dated trachyandesite is conformable with
the basalt and limestone (Figs. 3D-3E), indicat-
ing that the age of the trachyandesite records
the timing of formation of the Zhonggang igne-
ous—sedimentary rocks. The zircon grains have
broad, weakly, or unzoned cores and weak to
strong zoning toward the rims (Fig. 7), which is
typical of zircon grains within trachyandesites
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(Akal et al., 2012; Tang et al., 2012; Feng et al.,
2015; Shu et al., 2017; Xu et al., 2019; Liu et al.,
2020) and andesites (Wang et al., 2016b; Zeng
et al., 2016; Liu et al., 2018). Therefore, the zir-
con U-Pb ages of 141-135 Marecord the timing
of crystallization of the trachyandesite. The new
age data provide strong evidence for Early Cre-
taceous (141-135 Ma) formation of the Zhong-
gang igneous—sedimentary rocks.

Petrogenesis of the Zhonggang Igneous
Rocks

The Role of Crustal Contamination

Thorium and tantalum are sensitive indicators
of crustal contamination, which increases Th/
Ta ratios (Condie, 1993). All of the Zhonggang
basalts and trachyandesites have relatively low
Th/Ta ratios (0.57-2.76 and 0.47-1.16, respec-
tively), similar to those of volcanic rocks derived
from primitive mantle (Th/Ta = 2.3) and much
lower than those of the upper crust (Th/Ta >10;
Condie, 1993). This indicates that the basalts
and trachyandesites were not contaminated by
crustal material. Moreover, there is no nega-
tive correlation between SiO, and eyy(f) values
(Fig. 9A), which is further evidence against
crustal contamination.

Magma Source

The REE characteristics of mafic rocks con-
strain the features of the magma source (McKen-
zie and O’Nions, 1991; Ellam, 1992; Zhao and
Zhou, 2007). Basaltic magmas are commonly
derived from the partial melting of mantle lher-
zolite, and their REE patterns are controlled
mainly by the contents of garnet and spinel in
their magma source rather than by the contents

of olivine, clinopyroxene, or orthopyroxene or
by pressure and temperature (McKenzie and
O’Nions, 1991; Horn et al., 1994; Schwandt
and McKay, 1998; Oyan et al., 2017). In gen-
eral, basalts derived from spinel lherzolite have
flat chondrite-normalized REE patterns with
weak or absent fractionation between LREE and
heavy REE (HREE). However, HREEs (e.g., Yb)
are more compatible with garnet than the other
REEs (McKenzie and O’Nions, 1991; Oyan
et al., 2017), so basalt derived from garnet lher-
zolite shows strong fractionation between LREE
and HREE and has high La/Yby and Cey/Yby
ratios (McKenzie and O’Nions, 1991; Hart and
Dunn, 1993; Hauri et al., 1994). In addition, par-
tial melting of spinel lherzolite does not affect
its Sm/Yb ratio, because Sm and Yb have simi-
lar partition coefficients; however, such melting
may decrease the La/Sm ratio and Sm content
of the melt (Aldanmaz et al., 2000). Therefore,
partial melts of spinel lherzolite plot on melt-
ing trends sub-parallel to, and nearly coinci-
dent with, a mantle array defined by depleted
to enriched source compositions (Fig. 9B;
Aldanmaz et al., 2000). In contrast, garnet par-
titions Yb (Dgymeymerr = 0-6) strongly relative to
Sm (Dgymermern = 0-25; Johnson, 1994), so partial
melts of garnet lherzolite mantle with residual
garnet define trends on plots of Sm/Yb versus
La/Sm that slope steeply relative to the trends
defined by melts of spinel lherzolite (Fig. 9B;
Aldanmaz et al., 2000; Zhao and Zhou, 2007).
The Zhonggang basalts have LREE-enriched,
chondrite-normalized REE patterns (Lay/
Yby =4.72-18.1, Fig. 6A) and high Cey/Yby
ratios (4.52-14.7), similar to those of basalts
derived from garnet lherzolite (McKenzie and
O’Nions, 1991; Hart and Dunn, 1993; Hauri

etal., 1994). Furthermore, the Zhonggang basalts
plot in the field of garnet lherzolite on the Sm/
Yb versus La/Sm diagram (Fig. 9B; Aldanmaz
et al., 2000). These observations indicate that the
Zhonggang basalts formed through partial melt-
ing of a garnet lherzolite mantle source.

The Zhonggang trachyandesites have initial
87S1/%6Sr ratios and eyy(f) values similar to those
of the Zhonggang basalts (Fig. 8). They have
high Sm/YDb (3.22-4.45) and La/Sm (2.43-4.41)
ratios and plot in positions similar to those of
the basalts within the field of garnet lherzolite
on the Sm/Yb versus La/Sm diagram (Fig. 9B).
Moreover, the Zhonggang trachyandesites and
basalts show a continuous evolutionary trend
of the immobile elements (e.g., Si, Al, Nb,
Ta, Th, and Ce) versus MgO diagrams (Fig.
S2; see footnote 1). These features lead to the
conclusion that the Zhonggang trachyandesites
were formed by fractional crystallization of the
Zhonggang basalts.

Geodynamic Setting of the Zhonggang
Igneous—Sedimentary Rocks

There are two possible geodynamic settings
for the Zhonggang igneous—sedimentary rocks:
(1) an ocean island sequence within a deep
marine basin (Fan et al., 2014, 2018a) or (2) an
ocean island-like sequence formed in a colli-
sional setting (Zhu et al., 2016; Li et al., 2019a).
These settings are discussed below.

Ocean Island Sequences in Deep Ocean
Basins

The general view of the ocean island sequence
is mostly based on the prototypical Hawaiian
model that formed on the fast-moving Pacific
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Figure 9. (A) exq4(?) versus SiO, is shown; (B) Sm/Yb versus La/Sm (Aldanmaz et al., 2000). gt—garnet; sp—spinel. DM—depleted mantle;
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plate (Ramalho et al., 2010a). The Hawaiian
ocean islands record an initial basement-build-
ing stage with frequent and voluminous eruptions
of OIB-type lava. Toward the end of basement-
building, the plate moves away from the hotspot
center and magmatism diminishes gradually.
Erosion, mass-wasting events, and cooling and
sinking of plates cause ocean islands to subside
and eventually disappear beneath the surface of
the ocean as submarine guyots and seamounts
(Darwin, 1842; Menard and Ladd, 1963; Detrick
and Crough, 1978; Grigg, 1982; Menard, 1983;
Phipps Morgan et al., 1995; Ramalho et al.,
2010a). Limestone cover sequence deposited on

Jian-Jun Fan et al.

the guyot is expected to receive little magmatism
as the guyot has moved away from the hotspot
(Fig. 10A; Sano and Kanmera, 1991; Kusky et al.,
2013). Large amounts of colluvial conglomerate
form on the margins of ocean islands, and clasts
and matrix are dominated by poorly sorted lime-
stone and basalt clasts (Fig. 10A). Cherts form
at the base of the ocean island (Fig. 10A). It is
expected that terrigenous material (e.g., quartz)
is absent from sedimentary and pyroclastic rocks
that form far from continental margins (Fig. 10A;
Sano and Kanmera, 1991; Kusky et al., 2013).
An alternative to the Hawaiian model is
provided by ocean islands such as Cape Verde

and Selvagen within the Atlantic Ocean, which
form on slow-moving or near-stationary plates
(Ramalho et al., 2010a). Here their formation
is conceptualized based on the Cape Verde
model. During formation of these islands, the
slow-moving or near-stationary plate permits
volcanic islands to remain close to hotspot cen-
ters over long periods of time so that alternating
basaltic magmatism and limestone deposition
results in basalt intercalated with limestone and
pyroclastic rock layers (Fig. 10B; Robertson,
1984; Geldmacher et al., 2001; Dyhr and Holm,
2010; Ramalho et al., 2010b). Trachyandesite,
trachyte, and phonolite are found within modern
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Figure 10. Schematic illustra-
tions show typical intra-plate
ocean island lithostratigraphic
sequences for (A) Hawaii-type
ocean island and (B) Cape
Verde-type ocean island.
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ocean island sequences (e.g., Hawaii, Samoa,
Azores, and Cape Verde; Geldmacher et al.,
2001; Beier et al., 2007; Ramalho et al., 2010a;
Mourio et al., 2012; Haase et al., 2019).

In summary, the thick basaltic basement cov-
ered by limestone, limestone interbedded with
basalt and tuff, marginal colluvial conglomer-
ates, and chert, in association with the absence
of terrigenous material (e.g., quartz) from the
limestone, colluvial conglomerate, and pyro-
clastic rocks are characteristic features of ocean
island sequences (Figs. 10A—10B).

Ocean Island-Like Sequences Formed in
Collisional Settings

Ocean island-like sequences in collisional
settings form within post-collisional submarine
basins on continental crust (Zhu et al., 2016; Li
et al., 2019a), and it is difficult to reconcile the
existence of thick basaltic basement and a cover
sequence of related colluvial conglomerate with
the features of this setting. Uplifted orogenic
belts typically surround post-collisional sub-
marine basins, and the uplifted rocks provide
terrigenous clasts that are preserved within sedi-
mentary rocks (e.g., limestone and conglomer-
ate). Typically, Ti-rich alkaline basalts interbed-
ded with terrigenous sandstones, siltstones, and
shales form in this setting (Sutton, 1978; Soesoo
et al., 1997). These rocks differ from ocean
island sequences, which lack terrigenous clasts
(Figs. 10A—-10B).

Zhonggang Igneous—Sedimentary Rocks:
Remnants of a Typical Cape Verde-Type
Ocean Island within the Meso-Tethys Ocean

The Zhonggang igneous—sedimentary rocks
comprise a thick basaltic basement covered by
limestones with interbedded basalts and tuffs
(Figs. 2D and 3A-3C) and a characteristic col-
luvial conglomerate (Fig. 3G). These rocks
resemble modern Cape Verde-type ocean island
sequences (Fig. 10B; Robertson, 1984; Geldm-
acher et al., 2001; Dyhr and Holm, 2010; Ram-
alho et al., 2010b). The absence of terrigenous
clasts (e.g., quartz) from the limestone, colluvial
conglomerate, and tuff (Figs. 4C—4F) is incon-
sistent with the collisional model but supports
the ocean island model. We therefore infer that
the Zhonggang igneous—sedimentary rocks are
remnants of a Cape Verde-type ocean island.
Further support for this inference is provided by
the following two lines of evidence.

(1) Ocean islands that form within deep oce-
anic basins accrete onto the accretionary wedge
as exotic blocks within a matrix of flysch depos-
its during subduction of oceanic lithosphere. In
contrast, ocean island-like sequences produced
in collisional settings form after the accretionary
wedge, so they typically occur above the accre-

tionary wedge after collision. The widespread
occurrence of exotic block-in-matrix struc-
tures on contacts between the Zhonggang igne-
ous—sedimentary rocks and the flysch deposits
(Figs. 3H-31) provide strong evidence that the
Zhonggang igneous—sedimentary rocks are
ocean island remnants.

(2) All of the Zhonggang basalts and trachy-
andesites are enriched in LREE (Figs. 6A-6C)
and have positive Nb—Ta anomalies (Figs. 6B—
6D). They are derived from a garnet-facies man-
tle source, and the ascending magmas were not
contaminated by the crust (Figs. 9A-9B). These
characteristics are similar to those of igneous
rocks from modern intraplate ocean islands (Sun
and McDonough, 1989; Niu et al., 2011; Haase
etal., 2019). Furthermore, the whole-rock Sr—Nd
isotopic compositions of the Zhonggang igne-
ous rocks are similar to those of igneous rocks
from modern intraplate ocean islands (e.g., Cape
Verde and the Azores, Atlantic Ocean; Figs. 8
and 11; Widom et al., 1997; Pfander et al., 2007;
Tanaka et al., 2008; Niu et al., 2011; Garapi¢
et al., 2015; Mata et al., 2017).

In summary, we infer that the Zhonggang
igneous—sedimentary rocks are remnants of
a typical Cape Verde-type ocean island that
formed within the deep oceanic basin of the
Meso-Tethys Ocean (Fig. 11).

Timing of Closure of the Meso-Tethys
Ocean

The Zhonggang igneous—sedimentary rocks
are remnants of a typical Cape Verde-type ocean
island that formed at 141-135 Ma, which indi-
cates that the Meso-Tethys Ocean was still open-
ing at this time (Fig. 12A). Therefore, final closure
of the Meso-Tethys Ocean and the subsequent
Lhasa—Qiangtang continental collision must have
occurred after ca. 135 Ma. Furthermore, we infer
that the final closure of the Meso-Tethys Ocean
was diachronous from east to west during the
late Early Cretaceous (130-100 Ma; Fig. 12B;

Fan et al., 2018a) based on paleomagnetic data
showing that north-directed movement of the
Lhasa Terrane ceased by ca. 132 Ma (Ma et al.,
2018), the transition from marine to non-marine
environments occurred at 125-118 Ma within
the Nyima area of the Lhasa Terrane (Fig. 1B;
Kapp et al., 2007), and continental fluvial-lacus-
trine strata and a related angular unconformity
formed within the Bangong—Nujiang Suture
Zone and surrounding areas at 118-92 Ma (118-
113 Ma within Baingoin in the east, 108—103 Ma
within Gerze in the center, and 96-92 Ma within
Ritu in the west; Fig. 1B; Li et al., 2016; Hu
et al., 2017; Fan et al., 2018a; Zhu et al., 2019;
Lai et al., 2019). However, if the Meso-Tethys
Ocean closed during the late Early Cretaceous
(130-100 Ma), the Middle Jurassic (ca. 166 Ma)
and the latest Jurassic (ca. 145 Ma) geological
events in the Bangong—Nujiang Suture Zone and
southern Qiangtang Terrane must be considered.

The unconformity and associated provenance
changes that support an event at ca. 166 Ma
are recorded from the Amdo region, where the
Amdo microcontinent and associated gneiss
underwent amphibolite- to granulite-facies
metamorphism at 190-170 Ma (Guynn et al.,
2006; Zhang et al., 2014b). Some researchers
have linked the ca. 166 Ma event to the Amdo—
Qiangtang collision (Zhu et al., 2016; Hao et al.,
2019; Li et al., 2019b). Some researchers have
also argued that the ca. 166 Ma event may be
associated with accretion of the ca. 185 Ma
oceanic plateau (Zhang et al., 2014a) onto the
southern Qiangtang continental margin (Yan
and Zhang, 2020) or ridge subduction (Li et al.,
2020). Combined with the 141-135 Ma ocean
island revealed by this study (Fig. 12A) and the
169-148 Ma ophiolitic mélange near the Amdo
region (Zhong et al., 2017; Tang et al., 2020),
we conclude that the ca. 166 Ma event was more
likely related to the subduction of microconti-
nent, oceanic plateau or oceanic ridge within the
Meso-Tethys Ocean than the Lhasa-Qiangtang
collision.
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Figure 12. Schematic illustration shows the Zhonggang igneous-sedimentary rocks (A) dur-
ing development of the ocean island and (B) after the Lhasa—Qiangtang collision.

As for the ca. 145 Ma event, we propose that it
is associated with subduction of a Jurassic intra-
oceanic arc rather than the Lhasa-Qiangtang
collision. Remnants of this Jurassic intra-oce-
anic arc within the Meso-Tethys Ocean extend
eastwards for ~1500 km through the Ritu, Julu,
Zhongcang, Dongco, and Baingoin areas and
into the Naqu area (Tang et al., 2018; Fan et al.,
2019; Yan and Zhang, 2020). The intra-oceanic
arc might have initially formed at ca. 180 Ma
(Fan et al., 2019; Li et al., 2019b) and evolved
during 172-162 Ma (Shi et al., 2008; Liu et al.,
2014; Zeng et al., 2016; Huang et al., 2017a;
Tang et al., 2018; Fan et al., 2019; Yan and
Zhang, 2020).

The 160—155 Ma granodiorites were emplaced
directly onto 180-162 Ma intra-oceanic arc
sequences within the Dongco area (Fig. 2A). The
granodiorites contain large numbers of inher-
ited zircons with age spectra similar to those
of detrital zircons within the surrounding gray-
wackes of the accretionary wedge, suggesting
that many of these graywackes were assimilated
during formation of the 160-155 Ma Dongco
granodiorites (Fan et al., 2016). Relationships
among the 160-155 Ma Dongco granodiorites,

180-162 Ma intra-oceanic arc, and accretion-
ary wedge indicate that the 180-162 Ma intra-
oceanic arc was accreting, or had accreted, onto
the accretionary wedge during the Late Jurassic
(160-155 Ma). Subsequent Late Jurassic—Early
Cretaceous (150-130 Ma) subduction of the
intra-oceanic arc might have occurred, causing
the ca. 145 Ma geological event (Fig. 12A) in
central Tibet. In addition, subduction of an intra-
oceanic arc, which has a greater height and buoy-
ancy than oceanic crust, commonly chokes the
receiving subduction zone (Hawkins et al., 1984;
Mann and Taira, 2004; Chen et al., 2018), which
slows or stops movement of the subducting plate
(Fig. 12A). The 141-135 Ma Zhonggang igne-
ous—sedimentary rocks are remnants of a typical
Cape Verde-type ocean island that formed on a
slow-moving or near-stationary plate within the
Meso-Tethys Ocean, which provides further evi-
dence for subduction of an intra-oceanic arc at
150-130 Ma (Fig. 12A).

CONCLUSIONS

(1) The Zhonggang igneous—sedimentary
rocks formed at 141-135 Ma are remnants of a
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Cape Verde-type ocean island formed within the
deep oceanic basin of the Meso-Tethys Ocean.
They provide strong evidence that the Meso-
Tethys Ocean was still opening at ca. 135 Ma.

(2) Final closure of the Meso-Tethys Ocean
and the Lhasa—Qiangtang collision might have
been diachronous, from east to west, during the
late Early Cretaceous (130-100 Ma).
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