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ABSTRACT

A knowledge of the timing of closure of the Meso-Tethys Ocean repres~=teu by
the Bangong—Nujiang Suture Zone (BNSZ), i.e., the timitg »>f the
Lhasa-Qiangtang collision, is critical for understanding the Mesozo.~ *:ctonics of
the Tibetan Plateau. But this timing is hotly debated with exising suggestions
varying from Middle Jurassic (ca. 166 Ma) to Late Cretac ous (ca. 100 Ma). In
this study, we describe the petrology of the Zhongg~ng .gneous—sedimentary
rocks in the middle segment of the BNSZ, and prescnt results of zircon U-Pb
geochronology, whole-rock geochemistry, and Sr-—'Nd isotope analysis of the
Zhonggang igneous rocks. The Zhonggang igncous—sedimentary rocks have a
thick basaltic basement (> 2 km thick) cov--ed by limestone with interbedded
basalt and tuff, trachyandesite, che-t, and poorly-sorted conglomerate
comprising limestone and basalt (‘b is. There is an absence of terrigenous
detritus (e.g., quartz) within the sedimentary and pyroclastic rocks. These
observations, together with thc ‘ypical exotic blocks-in-matrix structure between
the Zhonggang igneous -s :é 'mentary rocks and the surrounding flysch deposits,
lead to the concluzion that the Zhonggang igneous—sedimentary rocks are
remnants of 2.1 c¢.c.n island within the Meso-Tethys Ocean. This conclusion is
consistent with the ocean island basalt-type geochemistry of the Zhonggang
basalts an-' tiachyandesites, which are enriched in light rare earth elements
(La/YVn = 4.72-18.1 and 5.61-13.7, respectively) and have positive Nb-Ta
anomalies (Nbpm/Thpm > 1, Tapm/Upm > 1), low initial 3’Sr/%6Sr ratios (0.703992—
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0.705428), and positive mantle &na(f) values (3.88-5.99). Zircon U-Pb dates
indicate that the Zhonggang ocean island formed at 141-135 Ma; thcovewure,
closure of the Meso-Tethys Ocean and collision between the chaca and

Qiangtang terranes must have happened after ca. 135 Ma.

INTRODUCTION

The Tibetan Plateau is the highest topographic feat+e (. Earth. It consists of
Gondwana-derived terranes that accreted progressively vnto the southern margin of
Eurasia during the Phanerozoic opening, growth, an!' clc sure of the Paleo-, Meso- and
Neo-Tethys oceans (Fig. 1a; Yin and Harrison, ~00u, Zhu et al., 2013; Metcalfe, 2013;
Xu et al., 2015; Kapp and DeCelles, 2019).

The Meso-Tethys Ocean, which is represented by the Bangong—Nujiang Suture
Zone (BNSZ) in the central Tibetai. Plateau, places important constraints on the
Mesozoic tectonic history of the Tiberan 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 wtl in central Tibet (Geng et al., 2016; Li et al., 2018). The
BNSZ has been studiea oxtensively since the 1980s (Allegre et al., 1984; Yin and
Harrison., 200€, Kap» et al., 2007; Pan et al., 2012; Shi et al., 2008, 2012; Zhang et
al., 2014a, 2017; Li et al., 2014, 2018, 2019 a, b, 2020; Zhu et al., 2016; Wang et al.,
2016; Zengat ul., 2016; Geng et al., 2016; Liu et al., 2017; Chen et al., 2017; Fan et
al., 2015& 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. The
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timing of closure of the Meso-Tethys Ocean is central to these controversies.

Timing of closure of the Meso-Tethys Ocean are commonly assigned to 2= aest
Jurassic (ca. 145 Ma) because ophiolitic rocks and flysch deposits it the BNSZ
overlain by Upper Jurassic to Lower Cretaceous shallow-marine strata, »=d the 140—
130 Ma arc-related pause in igneous activity within the southern (;i~ngtang Terrane
were interpreted to result from the Lhasa-Qiangtang collision | “tirardeau et al., 1984;
Wang and Dong, 1984; Chen et al., 2004; Zhu et al. 2016; Huazg et al., 2017; Li et al.,
2019a, b). Some studies suggest that the Meso-Tethy., Ocean closed as early as
Middle Jurassic (ca. 166 Ma), based on a Mildle Jurassic unconformity and
associated shift in provenance from arc-relatec *o uplifted orogenic source within the
southern Qiangtang Terrane, consistent with a .= jor tectonic event such as the Lhasa—
Qiangtang collision (Ma et al., 2017).

These ideas of early (ca. 166 ~r ca. 145 Ma) Meso-Tethys Ocean closure,
however, cannot explain the well-exposed Early Cretaceous igneous rocks (e.g., basalt,
trachyandesite and gabbro) ~na the related sedimentary rocks (e.g., limestone and
chert) in the Zhongganz aid Tarenben areas of the BNSZ (Figs. 1b-lc). The
geochemistry of the [ariy Cretaceous basalts resembles those of modern ocean island
basalts (OIB); *aer.1c e, some studies inferred that they record intraplate ocean island
magmatism (Zhu et al., 2006; Bao et al., 2007; Fan et al., 2014, 2018a; Zhang et al.,
2014a). 1n this case, the Meso-Tethys Ocean must have remained open until the Early
Crefacer .~ (Fan et al., 2018a). Therefore, the interpretation of early closure times (ca.
166 or ca. 145 Ma) needs revision. The abundant late Mesozoic mineralization in
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central Tibet must be genetically associated with the Meso-Tethys seafloor subduction
(Lietal., 2014; Fan et al., 2015).

However, the question is whether the Early Cretaceous geochemicaly Clbs-like
igneous rocks and the related sedimentary rocks in the Zhonggang and ~*2nben areas
of the BNSZ indeed represent remnants of intraplate ocean islanc~ Some studies
suggest these rocks formed in a marine setting on continenta: <rust after the Lhasa—
Qiangtang collision, rather than as ocean islands in deex wzeer (Zhu et al., 2016;
Huang et al., 2017; Li et al., 2019a, b). In this model, thc source of the igneous rocks
was enriched asthenosphere that ascended throug. slib windows formed by slab
break-off after the Lhasa—Qiangtang collision y “hu ct al., 2016; Wu et al., 2018), and
the sedimentary rocks formed within a post-ca'usional submarine basin (Zhu et al.,
2016; Li et al., 2019a).

In this study, we present detailcd retrological descriptions of the igneous and
sedimentary rocks in the Zhonggang area, and results of U-Pb zircon geochronology,
whole-rock geochemistry, an? 5. -Nd isotope analysis of the igneous rocks. All these
data show a strong affini:y o~ the Zhonggang igneous—sedimentary rocks association
with an intraplate oce~n i.!and, allowing us to conclude that they were remnants of an
ocean island i t'.¢ 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-T:thv~ Ccean and Lhasa—Qiangtang continental collision after ca. 135 Ma.
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GEOLOGICAL BACKGROUND

The Tibetan Plateau is located within the eastern Alpine—Himalayan tecteric
domain, and is divided into the Himalayan, Lhasa, southern Qiangtang, nc rthcon
Qiangtang, Bayan Har—Garze, and Qaidam terranes. These terranes are s>rurated by
the Indus—Yarlung Zangbo (IYZSZ), Bangong—Nujiang (BNSZ), Lon.,;muco—
Shuanghu—Lancangjiang (LSLSZ), Jinshajiang (JSSZ), and Ea.* Kunlun—
A’nyemaqgen (EKASZ) suture zones, respectively (Fig. la: Allczre et al. 1984; Yin
and Harrison. 2000; Pan et al. 2012; Metcalfe, 2013; Zhu ot al., 2013; Zhai et al.,
2016). It is generally accepted the three suture zones (E¥.ASZ, JSSZ, and LSLSZ) in
northern Tibet represent remnants of the Paleo-" =tnys that opened in the early
Paleozoic and closed in the Permian—Triassic. v'.ereas the IYZSZ in southern Tibet
represents the Neo-Tethys mainly develpec in the Mesozoic (Fig. 1a; Yin and
Harrison, 2000; Pan et al., 2012; Metcalfs, 2013; Zhu et al., 2013; Xu et al., 2015;
Zhai et al., 2013, 2016; Hu et al., 2014, 2015; Kapp and DeCelles, 2019).

The BNSZ in central [ihet forms the boundary between the Lhasa and southern
Qiangtang terranes (Fig. 1.), and represents the remnant of the Meso-Tethys
(Girardeau et al., 1984: Nistcalfe, 2013; Zhai et al., 2013; Zhang et al., 2014a; Chen et
al., 2017; Fan et ai.. 2017; Kapp and Decelles, 2019). This suture zone extends
eastward for ~2500 km from Kashmir to the Bangong Co, Gerze, Dongqgiao, Amdo,
Dengge., a»d Jiayuqiao areas (Allégre et al., 1984; Girardeau et al., 1984; Pan et al.,
2017). /. °ts eastern end, this suture zone connects with the Myitkyina, Meratus, and
Lok-Ulo suture zones of Southeast Asia (Metcalfe, 2013; Liu et al., 2016).
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The BNSZ is dominated by scattered fragments of latest Paleozoic to Mesozoic
ophiolites (Shi et al., 2012; Wang et al., 2016; Zhang et al., 2016, 2017; Wai e al.,
2019), ocean island suites (Fan et al., 2014, 2017, 2018b; Zhang et al., 2014a),
intra-oceanic arcs (Shi et al., 2008; Liu et al., 2014; Zeng et al., 2016, Yuang et al.,
2017; Tang et al., 2019; Fan et al., 2019; Yan and Zhang, 2020,, flysch deposits
(Huang et al., 2017; Fan et al., 2018a), and high-pressure meta. *orphic rocks (e.g., the
Dongco eclogite; Zhang et al., 2016, 2017). In additior, wiuespread Paleozoic to
Mesozoic sedimentary and volcanic rocks occur on both .ides of the BNSZ (Zhang et
al., 2013; Li et al., 2014, 2018, 2020; Chen et al., 201¢; Fan et al., 2015; Liu et al.,
2017; Hu et al., 2017). World-class porphyry ¢. aoei—gold mineral deposits, formed at
170-110 Ma (e.g., Duolong deposit), and Fc, “b—Zn, and W mineral deposits are

documented in and around the BNSZ (Ceng et al., 2016; Li et al., 2018).

PETROLOGY OF THE ZHONGGANG IGNEOUS-SEDIMENTARY ROCKS

Igneous and sedimentar;” rocks occur over an area of more than 400 km? within
the Zhonggang area of t'e n iddle segment of the BNSZ (Fig. 2a; Fan et al., 2014).
The Zhonggang ignecis— edimentary rocks are taupe, gray—green, and bright white in
remote sensing im .g. 3, and can be distinguished easily from the ophiolites and flysch
deposits in the BNSZ (brown and gray—green) and Jurassic sedimentary strata on the
souther. Qi~ngiang Terrane (yellow—brown; Fig. 2b).

Th. Zhonggang igneous—sedimentary rocks comprise a thick basaltic basement
(>2 km thick; Fig. 2¢) beneath a cover sequence of limestone (Fig. 2¢), limestone with
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intercalated basalt (Figs. 2d, 3a), basalt—tuff-limestone (Fig. 3b), interbedded
limestone—tuff (Fig. 3c), basalt-trachyandesite—limestone (Fig. 37} — and
trachyandesite—limestone (Fig. 3¢). Despite slight modification by alteration \~ig. 4a),
primary igneous textures of the basalt intercalated with the limesto.» are mostly
preserved; it has spilitic textures, and contains skeletal microcrysi.'line plagioclase
(Fig. 4a). The trachyandesite is in the upper part of the Zhonggang igneous—
sedimentary rocks, and is conformable with the basalt and lin.zstone (Figs. 3d-3e); it
has interwoven textures, and contains weakly orientea microcrystalline plagioclase
(Fig. 4b). The limestone in the cover sequenc: is compositionally pure with
recrystallized calcite (Fig. 4c), and the tuff co, s clasts and matrix, both of which
are dominated by basalt and limestone (Fig. 4¢)

Chert (Fig. 3f) and colluvial conglomerate (Fig. 3g) occur within the
northeastern margin of the Zhooocang igneous—sedimentary rocks in the
Zhagangnisang area (Fig. 2a). The cnert contains minor calcite clasts in addition to
chalcedony (Fig. 4e). The cclivial conglomerate contains gravels and matrix, both of
which are entirely poor y sorted limestone (e.g., reef limestone) and basalt with
angular to subangulor shape (Figs. 3g, 4f), indicating a rapid accumulation of
sediments with pre x1.1al and restricted provenance. Terrigenous detritus (e.g., quartz)
was not ohserved within the limestone, chert, colluvial conglomerate, or tuff,
indicatig 2 setting distal to land. In the Zhanong area, the Zhonggang igneous—
sediner..-y rocks contain gabbro that intrudes as dykes into the basalt and limestone
(Fan et al., 2014). In the Zhonggang area, the Zhonggang igneous—sedimentary rocks
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were thrust onto the Mugagangri Group, and formed widespread exotic blocks within

the matrix of the flysch deposits (Figs. 3h-31).

ANALYTICAL METHODS AND RESULTS
Methods for zircon U-Pb, whole-rock major- and trace-elen.>nt, and Sr—Nd

isotope analyses are provided in the Data Repository.

Whole-rock major- and trace-element geochemistry

A total of 38 samples (4 trachyandesite, 34 t2sal., loss-on-ignition < 4 wt.%)
were collected for whole-rock major- and tra. *-eicinent analysis, some of which (2
trachyandesite, 32 basalt) are previous renor.ot (Fan et al., 2014; Yu et al., 2015;
Wang et al., 2016). Data are provided in “able DR1. The samples have undergone
varying degrees of alteration (Fig. “2); resulting in variable values of LOI and
changes in the concentrations of mobiie elements (e.g., Na, K, Ca, Cs, Rb, Ba, and Sr)
compared with protolith va'nes. However, concentrations and ratios of immobile
elements (e.g., REE, Nb, T4, Zr, Hf, Ti, and P) and transition metal elements (e.g., V,
Ni, and Cr) have not heca affected by these processes and can therefore be used to
investigate the pef v, enesis and tectonic setting of the samples (Verma, 1981; Hart
and Staudigel. 1982; Hu et al., 2019).

Tk Zkanggang basalt samples have variable SiO2 (44.9-52.5 wt.%) and MgO
(3.2-8 L, wt.%) contents, variable Mg” values [100 x molar Mg/(Mg + Fe)] (43—66),
and high TiO2 contents (1.90-4.57 wt.%). The Zhonggang trachyandesite samples
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have high Si02 (53.2-55.4 wt.%) and TiO2 (1.78-2.21 wt.%) contents, and low MgO
contents (1.58-2.46 wt.%) and Mg" values (26-41). All of the basalt sarles are
classified as alkaline basalts, based on the Nb/Y vs. Zr/TiO2 classification Jiagram,
and the trachyandesite samples are classified as trachyandesite and trachkyte (Fig. 5;
Winchester and Flody, 1977).

All of the Zhonggang trachyandesite and basalt samples a. > enriched in light rare
earth elements (LREE; Lan/Ybn = 5.61-13.7 and 4.77—.2.1, respectively) and
high-field-strength elements (Nb, Ta, Zr, and Hf), yieldig chondrite-normalized REE
patterns and primitive-mantle-normalized trace ele mert patterns that are similar to

those of OIB (Figs. 6a—6d; Sun and McDonoug™ 1569).

Zircon U-Pb ages

Three trachyandesite samples were selected for zircon U-Pb dating by laser
ablation—inductively coupled plasma—mass spectrometry (LA-ICP-MS). Data are
provided in Table DR2.

Zircon grains select:d fur dating included whole crystals and fragments of long
euhedral crystals with. lengths of 40—-120 um and length-to-width ratios of 1.5:1 to 3:1.
All crystals ure i clatively homogeneous, and show oscillatory zoning in
cathodoluminescence (CL) images (Fig. 7), consistent with an igneous origin
(Belousuva et al., 2002; Hoskin and Schaltegger, 2003). These zircons yield
wei ' hte s mean 2°°Pb/>*®U ages of 141.0 £ 2.4 Ma (MSWD = 1.7), 140.0 £ 2.2 Ma
(MSWD =2.2), and 135.3 + 2.5 Ma (MSWD = 0.9), respectively (Fig. 7).
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Whole-rock Sr—Nd isotopic compositions

A total of 16 samples (2 trachyandesite samples, 14 basalt saiipics) were
selected for whole-rock Sr—Nd isotope analysis in this and previous ctuies (Table
DR3; Wang et al., 2016). Initial Sr isotope ratios and end(f) values were calculated
using the new mean-age of ca. 140 Ma reported in this study.

The Zhonggang igneous rocks have a wide range oi :nitial ¥’Sr/®*Sr ratios
(0.703992-0.705428), and positive end(¢) values of +3.85 *2 +5.99 (Fig. 8). Strontium
is more mobile than Nd during seawater alteration (Verma, 1981), so the wide range

of initial #’Sr/*Sr ratios might reflect alteration,

DISCUSSION

Ages of the Zhonggang igneous—seaimentary rocks

The Early Cretaceous azes {e.g., whole-rock *“’Ar/*’Ar ages of 141-123 Ma of
basalt, and zircon U-Pb 1ges of 132—116Ma of gabbro; Fig. DR1; Bao et al., 2007;
Fan et al., 2014; Zhavo coal., 2014a) from the Zhonggang igneous rocks indicate the
formation timir.g ¢« Jhese rocks in the Early Cretaceous. However, some researchers
suggest that these ages might be problematic, because the CL images of dated zircons
from th_ gakbh1y are not typical of mafic rocks, and the Ar-Ar isotopic system of the
bas: its 7.y have been reset (Ma et al., 2017; Li et al., 2019a). Therefore, the timing
of formation of the Zhonggang igneous—sedimentary rocks remains controversial.
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The dated trachyandesite is conformable with the basalt and limestone (Figs. 3d—
3e), indicating that the age of the trachyandesite records the timing of formatiz= o1 the
Zhonggang igneous—sedimentary rocks. The zircon grains have broad. wedkly-, or
unzoned cores, and weak to strong zoning toward the rims (Fig. 7), typio=t of zircon
grains within trachyandesites (Akal et al., 2012; Tang et al., 2012; »ng et al., 2015;
Shu et al., 2017; Xu et al., 2019; Liu et al., 2020) and andesi.»s (Wang et al., 2015;
Zeng et al., 2016; Liu et al., 2018). Therefore, the zircon "'—*%, ages of 141-135 Ma
record the timing of crystallization of the trachyandesitc. The new age data provide
strong evidence for Early Cretaceous (141-135 N'a) [ormation of the Zhonggang

igneous—sedimentary rocks.

Petrogenesis of the Zhonggang igneovs r¢-ks

The role of crustal contamination

Thorium and tantalum &= scasitive indicators of crustal contamination, which
increases Th/Ta ratios (CHndi -, 1993). All of the Zhonggang basalts and
trachyandesites have =la..vely low Th/Ta ratios (0.57-2.76, and 0.47—1.16,
respectively), s'mi ar ‘o 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
indicate s th~* ti.e basalts and trachyandesites were not contaminated by crustal
mat rial. I loreover, there is no negative correlation between SiO2 and end(?) values
(Fig. 9a), which is further evidence against crustal contamination.
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Magma source

The REE characteristics of mafic rocks constrain the features of the riag.ca
source (McKenzie and O’Nions, 1991; Ellam, 1992; Zhao and Zhou, 2027, Basaltic
magmas are commonly derived from the partial melting of mantle lhc:olite, and their
REE patterns are controlled mainly by the contents of garnet ai. spinel in their
magma source rather than by the contents of olivine, clinorvrc:ene, or orthopyroxene,
or by pressure and temperature (McKenzie and O’Nions, 1991; Horn et al., 1994;
Schwandt et al., 1998; Oyan et al., 2017). In general, basalts derived from spinel
lherzolite have flat chondrite-normalized REE ; ~ttcins with weak or absent
fractionation between LREE and heavy REE (i EE). However, HREE (e.g., Yb) are
more compatible in garnet than the othe REE (McKenzie and O’Nions, 1991; Oyan
et al., 2017), so basalt derived from game. lherzolite shows strong fractionation
between LREE and HREE, and has high Lan/Ybn and Cen/Ybn ratios (McKenzie and
O’Nions, 1991; Hart and Duin, +993; Hauri et al., 1994). In addition, partial melting
of spinel lherzolite does 1 o a fect its Sm/YDb ratio, because Sm and Yb have similar
partition coefficients; how 2ver, such melting might decrease the La/Sm ratio and Sm
content of the r.elt (+ ldanmaz et al., 2000). Therefore, partial melts of spinel
lherzolite plot on melting trends sub-parallel to, and nearly coincident with, a mantle
array deine” by depleted to enriched source compositions (Fig. 9b; Aldanmaz et al.,
2009). It contrast, garnet partitions Yb (Dgamevmelt = 6.6) strongly relative to Sm
(Dgarnetmelt = 0.25; Johnson, 1994), so partial melts of garnet lherzolite mantle with
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residual garnet define trends on plots of Sm/Yb vs. La/Sm that slope steeply relative
to the trends defined by melts of spinel lherzolite (Fig. 9b; Aldanmaz et al., 2020;
Zhao and Zhou, 2007).

The Zhonggang basalts have LREE-enriched chondrite-normalizea P EE patterns
(Lan/Ybn = 4.72-18.1, Fig. 6a), and high Cen/YDbn ratios (4.52—14.7), similar to those
of basalts derived from garnet lherzolite (McKenzie and O’Nic. s, 1991; Hart and
Dunn, 1993; Hauri et al., 1994). Furthermore, the Zhongge=o v zsalts plot in the field
of garnet lherzolite on the Sm/YDb vs. La/Sm diagram (Fig. 9b; Aldanmaz et al., 2000).
These observations indicate that the Zhonggang bas:'ts formed by partial melting of a
garnet lherzolite mantle source.

The Zhonggang trachyandesites have simil=+ initial 8’Sr/%Sr ratios and enda(?)
values to the Zhonggang basalts (Fig. 8. Th=y have high Sm/Yb (3.22-4.45), and
La/Sm (2.43-4.41) ratios, and they plct ir similar positions to the basalts, within the
field of garnet lherzolite on the Sm/Y v vs. La/Sm diagram (Fig. 9b). Moreover, the
Zhonggang trachyandesites a~d vasalts show a continuous evolutionary trend on the
immobile elements (e.g., Si, £ 1, Nb, Ta, Th, and Ce) vs. MgO diagrams (Fig. DR2).
These features lead tc the conclusion that the Zhonggang trachyandesites were formed

by fractional crst i -ation of the Zhonggang basalts.

Geodyr.am~ sctting of the Zhonggang igneous—sedimentary rocks
Th.io are two possible geodynamic settings for the Zhonggang igneous—
sedimentary rocks: (1) an ocean island sequence within a deep marine basin (Fan et
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al., 2014, 2018a); (2) an ocean island-like sequence formed in a collisional 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 ocean island sequence is mostly based o1 the prototypical
Hawaiian model that formed on the fast moving Pacific plate (:*amalho et al., 2010a).
The Hawaiian ocean islands record an initial basement-bild.-g stage, with frequent
and voluminous eruptions of OIB-type lava. Towards tio end of basement-building,
the plate moves away from the hotspot center and .nag natism diminished gradually.
Erosion, mass-wasting events, and cooling an." sinsing of plates cause ocean islands
to subside and eventually disappear beneath - surface of the ocean as submarine
guyots and seamounts (Darwin, 1842; "enard and Ladd, 1963; Detrick and Crough,
1978; Grigg, 1982; Menard, 1983; Moigan et al.,, 1995; Ramalho et al., 2010a).
Limestone cover sequence deposited on the guyot is expected to receive little
magmatism as the guyot ncs 1.oved away from the hotspot (Fig. 10a; Sano and
Kanmera, 1991; Kusky ¢t «l. 2013). Large amounts of colluvial conglomerate form
on the margins of oc~an ‘slands, with clasts and matrix dominated by poorly-sorted
limestone and Fasz i« lasts (Fig. 10a). Cherts form at the base of the ocean island (Fig.
10a). It is exnected that terrigenous material (e.g., quartz) is absent from sedimentary
and pyrocla-tic rocks that form far from continental margins (Fig. 10a; Sano and
Kanmer,:1991; Kusky et al., 2013).

An alternative to the Hawaiian model is provided by ocean islands such as Cape
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Verde and Selvagen within the Atlantic Ocean, which form on slow moving or
near-stationary plates (Ramalho et al., 2010a). Here their formation is concez*raiized
as the Cape Verde model. During formation of these islands, tie .'ow or
near-stationary plate permits volcanic islands to remain close to hotsnc* ~nters over
long periods of time, so that alternating basaltic magmatism and limc-tone deposition
results in basalt intercalated with limestone and pyroclastic ock layers (Fig. 10b;
Robertson et al., 1984; Geldmacher et al., 2001; Dyhr and "ol.z; 2010; Ramalho et al.,
2010b). Trachyandesite, trachyte, and phonolite are found within modern ocean island
sequences (e.g., Hawaii, Samoa, Azores, and Cape Verde; Geldmacher et al., 2001;
Beier et al., 2007; Ramalho et al., 2010a; Moui"a evadl., 2012; Haase et al., 2019).

In summary, the thick basaltic basemc=. covered by limestone, limestone
interbedded with basalt and tuff, marzing' colluvial conglomerates, and chert, in
association with the absence of terrigenous material (e.g., quartz) from the limestone,
colluvial conglomerate, and pyroclastic rocks, are characteristic features of ocean

island sequences (Figs. 10a—10b,.

Ocean island-like seqences formed in collisional settings

Ocean isl-ad- s 2 sequences in collisional settings form within post-collisional
submarine basins on continental crust (Zhu et al., 2016; Li et al., 2019a), and it is
difficul’ 1o =~ccncile the existence of thick basaltic basement and a cover sequence of
rela‘ed ro'tuvial conglomerate with the features of this setting. Uplifted orogenic belts
typically surround post-collisional submarine basins, and the uplifted rocks provide
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terrigenous clasts that are preserved within sedimentary rocks (e.g., limestone and
conglomerate). Typically, Ti-rich alkaline basalts interbedded with ter=izenous
sandstones, siltstones, and shales form in this setting (Sutton, 1978; Shesce et al.,
1997). These rocks differ from ocean island sequences, which lack teri.z=aous clasts

(Figs. 10a—10b).

Zhonggang igneous—sedimentary rocks: Remnants of ~ t);.cal Cape Verde-type
ocean island within the Meso-Tethys Ocean

The Zhonggang igneous—sedimentary rocks ccmprise a thick basaltic basement
covered by limestones with interbedded basa’s aud tuffs (Figs. 2d, 3a—3c), and a
characteristic colluvial conglomerate (Fig. 3¢ [hese rocks resemble modern Cape
Verde-type ocean island sequences (Fig. 1Ch; Robertson et al., 1984; Geldmacher et
al., 2001; Dyhr and Holm, 2010; Rar.2lko et al., 2010b). The absence of terrigenous
clasts (e.g., quartz) from the limestone, colluvial conglomerate, and tuff (Figs. 4c—4f)
is inconsistent with the coili~ion.al model, but supports the ocean island model. We
therefore infer that the ZI 0 1g zang igneous—sedimentary rocks are remnants of a Cape
Verde-type ocean is!anau. Further support for this inference is provided by the
following two !.ne = " evidence.

(1) Ocean islands that form within deep ocean basins accrete onto the
accretic.aar wedge as exotic blocks within a matrix of flysch deposits during
subr.uct'v.> of oceanic lithosphere. In contrast, ocean island-like sequences produced
in collisional settings form after the accretionary wedge, so they typically occur above
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the accretionary wedge after collision. The widespread occurrence of exotic
block-in-matrix structures on contacts between the Zhonggang igneous—sed:en.ary
rocks and the flysch deposits (Figs. 3h-3i) provide strong eviderice that the
Zhonggang igneous—sedimentary rocks are ocean island remnants.

(2) All of the Zhonggang basalts and trachyandesites are enriched in LREE (Figs.
6a, 6¢), and have positive Nb—Ta anomalies (Figs. 6b, 6d). Ti ey are derived from a
garnet-facies mantle source, and the ascending magmas w-+e ...t contaminated by the
crust (Figs. 9a-9b). These characteristics are similar to (hose of igneous rocks from
modern intraplate ocean islands (Sun and McDonotoh. 1989; Niu et al., 2011; Haase
et al.,, 2019). Furthermore, the whole-rock <r—i\d isotopic compositions of the
Zhonggang igneous rocks are similar to those ¢* igneous rocks from modern intraplate
ocean islands (e.g., Cape Verde and Azcres, Atlantic Ocean; Figs. 8, 11; Widom et al.,
1997; Pfander et al., 2007; Tanaka et ol _~2008; Niu et al., 2011; Garapic¢ et al., 2015;
Mata et al., 2017).

In summary, we inter thot the Zhonggang igneous—sedimentary rocks are
remnants of a typical Caj e vk rde-type ocean island that formed within the deep ocean

basin of the Meso-Tethvs Dcean (Fig. 11).

Timing of closure of the Meso-Tethys Ocean

Th: Z%ornggang igneous—sedimentary rocks are remnants of a typical Cape
Verce-tv > ocean island that formed at 141-135 Ma, which indicates that the
Meso-Tethys Ocean was still opening at this time (Fig. 12a). Therefore, final closure
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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 ¢c'2cuic of
the Meso-Tethys Ocean was diachronous from east to west during th: laiz Early
Cretaceous (130—100 Ma; Fig. 12b; Fan et al., 2018a), based on palec.»~gnetic 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 er. ironments occurred at
125-118 Ma within the Nyima area of the Lhasa Terrane (“1g. 1b; Kapp et al., 2007),
and continental fluvial-lacustrine strata and a related a..zular unconformity formed
within the BNSZ and surrounding areas at 118-92 .1a (118-113 Ma within Baingoin
in the east, 108—-103 Ma within Gerze in the ¢ ~ter, and 96-92 Ma within Ritu in the
west; Fig. 1b; Liet al., 2016; Hu et al., 2017 resi et al., 2018a; Zhu et al., 2019; Lai et
al., 2019). However, if the Meso-T:thys Ocean closed during the late Early
Cretaceous (130-100 Ma), the Middlc ™rassic (ca. 166 Ma) and the latest Jurassic (ca.
145 Ma) geological events in the bNSZ and southern Qiangtang Terrane must be
considered.

The unconformity ad as sociated provenance changes that support an event at ca.
166 Ma are recordec from the Amdo region, where the Amdo microcontinent and
associated gne’ss “.ulerwent amphibolite- to granulite-facies metamorphism at 190—
170 Ma (Guvnn et al., 2006; Zhang et al., 2014b). Some researchers have linked the
ca. 166 la ~veat to the Amdo—Qiangtang collision (Zhu et al., 2016; Hao et al., 2019;
Li ec al, 2019b). Some researchers also argued that the ca. 166 Ma event may be
associated with the accretion of the ca. 185 Ma oceanic plateau (Zhang et al., 2014a)
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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 revz~led by
this study (Fig. 12a) and the 169—148 Ma ophiolitic mélange near the / mac region
(Zhong et al., 2017; Tang et al., 2020), we conclude that the ca. 166 X1~ event was
more likely related to the subduction of microcontinent, oceanic 'ateau or ocean
ridge within the Meso-Tethys Ocean, rather than the Lhasa-Qia. otang collision.

As for the ca. 145 Ma event, we proposed it is asso~*ateZ with subduction of a
Jurassic intra-oceanic arc, rather than the Lhasa-Qiangtang collision. Remnants of this
Jurassic intra-oceanic arc within the Meso-Tethys C<ea1 extend eastwards for ~1500
km through the Ritu, Julu, Zhongcang, Dong. ». Laingoin areas, and into the Naqu
area (Tang et al., 2019; Fan et al., 2019; Yan ax< 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—-162Ma (Shi et o! 2008; Liu et al., 2014; Zeng et al., 2016;
Huang et al., 2017; Tang et al., 2019; ran et al., 2019; Yan and Zhang, 2020).

The 160-155 Ma gracoaiorites were emplaced directly onto 180-162 Ma
intra-oceanic arc sequer ces within the Dongco area (Fig. 2a). The granodiorites
contain large number: o1 nherited zircons with similar age spectra to those of detrital
zircons within *ae Lu.vounding graywackes of the accretionary wedge, suggesting that
many of these graywackes were assimilated during formation of the 160-155 Ma
Dongce gro=odiorites (Fan et al., 2016). Relationships amongst the 160-155 Ma
Dorgco ,ranodiorites, 180-162 Ma intra-oceanic arc, and accretionary wedge
indicate that the 180—162 Ma intra-oceanic arc was accreting, or had accreted, onto
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the accretionary wedge during the Late Jurassic (160—155 Ma). Subsequent Late
Jurassic—Early Cretaceous (150-130 Ma) subduction of the intra-oceanic 2= nught
have occurred, causing the ca. 145 Ma geological event (Fig. 12a) in cen ral Tibet. In
addition, subduction of an intra-oceanic arc, which has a greater height >»< buoyancy
than oceanic crust, commonly chokes the receiving subduction zonc ‘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 Zhoneratng igneous—sedimentary
rocks are remnants of a typical Cape Verde-type ocecn island that formed on a
slow-moving or near-stationary plate within the Mc~o-"ethys Ocean, which provides

further evidence for subduction of an intra-oce ric arc at 150-130 Ma (Fig. 12a).

CONCLUSIONS

(1) The Zhonggang igneous—seuimentary rocks formed at 141-135 Ma, and are
remnants of a Cape Verde-t;ne cean island formed within the deep ocean basin of
the Meso-Tethys Ocean. T'ie 7 provide strong evidence that the Meso-Tethys Ocean
was still opening at cc. 1.5 Ma.

(2) Final r1os . 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 Mn),
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Figure Captions

Figure 1 (a) Tectonic framework of the Tibetan Plaiccn. EKASZ, East Kunlun—
A’nyemagen Suture Zone; JSSZ, Jinshajiang Sucire Zone; LSLSZ, Longmuco—
Shuanghu-Lancangjiang Suture Zone; BNSZ, 7~ angung—Nujiang Suture Zone; [YZSZ,
Indus—Yarlung Zangbo Suture Zone. (b) Geoic-ical map of the middle and western
segments of the BNSZ, showing the igreou: and sedimentary rocks in the Zhonggang
and Tarenben areas. (c) Field photogrenb of Zhonggang igneous—sedimentary rocks of

the BNSZ.

Figure 2 (a) Geologica' raa» of the Zhonggang area. Cz, Cenozoic; Kiq, Lower
Cretaceous Qushenla Foi.mation comprising volcanic (108—103 Ma; Hao et al., 2019)
and non-marin . ¢ as ic rocks; J3Kis, Upper Jurassic-Lower Cretaceous Shamuluo
Formation comprising marine sandstone, conglomerate, and limestone; Ji-2, Lower—
Middle Jur=-sic Sewa, Shaqiaomu, and Jiebuqu formations dominated by marine
sancstor.c and limestone; JM, Mugagangri Group comprising flysch deposits; DO,
Dongco ophiolites that represent the remnants of a 180—162 Ma intra-oceanic arc (Fan
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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 Miudle
Triassic—Jurassic intra-plate ocean island; ZISR, Zhonggang igneous- seaimentary
rocks. (b) Remote sensing image from Google Earth showing tho “honggang
igneous—sedimentary rocks. (c) A typical two-layered structure co.~orising a thick
basaltic basement and a limestone cover sequence. (d) Limes.~nes interbedded with

basalts within the cover sequence (Fan et al., 2014).

Figure 3 (a) Limestone interbedded with amyguaicidal basalt. (b) Basalt—tuff—
limestone sequence. (¢) Limestone interbedded vi.h tuff. (d) Basalt-trachyandesite—
limestone sequence. (e) Trachyandesite—liriwcsione sequence. (f) Chert. (g) Reef
limestone gravel within the colluvia congiomerate. (h, 1) Typical exotic
blocks-in-matrix structure between the 2 hor ggang igneous—sedimentary rocks and the

surrounding flysch deposits.

Figure 4 Photomicrograph: o the Zhonggang igneous—sedimentary rocks in
cross-polarized light. (a) Bugalt with carbonate alteration in the cover sequence. (b)
Trachyandesite. (c) Lu.oeswne. (d) Limestone—tuff sequence. (e) Chert. (f) Colluvial

conglomerate. P!, nlag =clase; Cal, calcite; B, basalt debris; Ls, limestone debris.

Figure 5 Tamobile incompatible element discrimination diagram showing

trachyai.iesit » and basalt data.

Figure 6 (a) Chondrite-normalized REE variation diagram for the basalt. (b)
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Primitive-mantle-normalized trace element variation diagram for the basalt. (c)
Chondrite-normalized REE variation diagram for the trachyandes.: (d)
Primitive-mantle-normalized trace element variation diagram for the trach,andesite.
Normalizing values are from Sun and McDonough, 1989. OIB, ocean ‘si.nd basalt;

BCC, bulk continental crust.

Figure 7 Representative cathodoluminescence images of zircon frains and zircon U—

Pb concordia plots.

Figure 8 Diagram of ena(?) vs. initial ®’Sr/*®Sr shoving the basalt and trachyandesite
samples, where () refers to the eruption ages { ncdified after Meng et al., 2015;
Zhong et al., 2017). OIB, ocean island basalt MUORB, mid-ocean ridge basalt; DMM,
depleted MORB mantle; EM, enriched ma.»ie: LCC, lower continental crust; GLOSS,

global subducting sediment.

Figure 9 (a) end(?) vs. SiO2, (b’ Cm/Yb vs. La/Sm (Aldanmaz et al., 2000). gt, garnet;
sp, spinel. DM, depletec ma..tle; N-MORB, normal-mid-ocean-ridge basalt; PM,

primitive mantle.

Figure 10 Schr mz .ic illustrations of typical intra-plate ocean island lithostratigraphic

sequences for (a) Hawaii-type ocean island. (b) Cape Verde-type ocean island.

Figv-¢ 11 Tatial Sr—Nd isotope plot for the trachyandesite and basalt (modified after
Widowwoo al., 1997; Elliott et al., 2007; Tanaka et al., 2008; Garapi¢ et al., 2015; Mata

etal., 2017).
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Figure 12 Schematic illustration of the Zhonggang igneous—sedimentary rc.xs: (a)

During development of the ocean island; (b) After the Lhasa—Qiangtang collis:~.
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