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ABSTRACT

Exposures of enclave-bearing granitoids
can provide rare opportunities to directly
evaluate the connection between composi-
tional variability and the depth of origin of
arc magmatic rocks. The ~1000 km long
Gangdese batholith is a composite batho-
lith with composition from mafic to felsic;
SiO, ranges from 51 wt% to 70 wt%. New
zircon U-Pb dating of the Nyemo plutons,
Renbu plutons, and Xigaze plutons in the
Gangdese batholith is consistent with their
emplacement and crystallization in the Late
Cretaceous (ca. 90-85 Ma). Mafic magmatic
enclaves (MMEs) in the plutons are char-
acterized by low SiO, (50.9-56.0 wt%) and
Nb/U, Ce/Pb, and Nb/La ratios coupled with
enrichment in light rare earth elements and
large ion lithophile elements and depletion
in high field strength elements. These geo-
chemical features, combined with depleted
whole-rock ey,(¢) (+4.2 to +4.7) and zircon
ene(® (4+9.0 to +13.8), suggest that they were
derived by partial melting of a depleted
mantle source associated with subduction-
related fluids. The granitoids with high SiO,
(55.6-66.9 wt%) display adakitic geochemi-
cal characteristics, such as low Y and Yb con-
tents, and high Sr/Y and La/Yb ratios. Their
positive whole-rock eyy(?) (+4.0 to +5.5) and
zircon e (t) (+6.9 to +14.3) values, as well
as enrichment of incompatible elements,
indicate that the granitoids were derived
from partial melting of the juvenile lower
crust. Geochemical modeling suggests that
the compositional diversities of MMEs and
adakitic granitoids were inherited from het-
erogeneous sources. This genetic relationship
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indicates that the underplated basaltic mag-
mas could have supplied sufficient heat to
trigger the melting of the thickened crust and
thus formation of the enclave-bearing gran-
itoid. In this regard, the origin of arc rocks
can mirror the evolution of crustal thickness.
QOur results reveal that the crust was thick-
ened to ~50 km during the Late Cretaceous
(90-85 Ma) and provide a magmatic record
of crustal thickening prior to the Cenozoic
Indo-Asia collision.

INTRODUCTION

Continental arcs, like those represented
around the modern Circum-Pacific (Hildreth
and Moorbath, 1988; Farner and Lee, 2017),
are characterized by alternating periods of mag-
matic flare-ups and lulls (Ardill et al., 2018).
Arc-related mafic to felsic suites are produced
in response to changes in tectonism during the
subduction of oceanic lithosphere. It is widely
acknowledged that mafic magmatism plays a
critical role in the generation of voluminous
calc-alkalic batholiths in convergent-margin
settings. Mafic melts are the precursor magmas
for crystal fractionation (Bateman and Chappell,
1979; Lee and Bachmann, 2014) and the end-
member components of magma recharge and
mixing (e.g., Allegre and Othman, 1980; Cas-
tro et al., 1991), and they act as heat sources for
partial melting of the lower crust (e.g., Hildreth,
1981; Bergantz, 1989). Although common arc
magmas are compositionally similar to the aver-
age bulk continental crust, which is enriched
in large ion lithophile elements (LILEs) but
depleted in high field strength elements (HFSEs)
(e.g., Rudnick, 1995; Rudnick and Gao, 2003),
there remains considerable controversy about
the mechanisms responsible for generating arc
magmatism. Understanding arc magmatism is
crucial to evaluating models of the generation
and evolution of continental crust.
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Most mafic intrusive rocks are thought to
originate from the partial melting of peridotite in
the mantle wedge, which is associated with the
fluxing of slab-derived fluids and/or possibly the
pressure release of warmer mantle material from
greater depths (Davies and Stevenson, 1992; Sis-
son and Bronto, 1998; Tamura et al., 2002). The
origin of coexistent felsic suites has been attrib-
uted to interplays between fractional crystalliza-
tion, partial melting, assimilation, and/or mixing
(Hildreth and Moorbath, 1988; Ratajeski et al.,
2001; Chapman et al., 2016; Farner et al., 2018)
of magmas derived from basaltic rocks (Defant
and Drummond, 1990; Yogodzinski et al., 1995;
Stern and Kilian, 1996), metasedimentary rocks,
or other basement rocks (Ducea et al., 2015). An
alternative model suggests that silicic magmas
in long-lived magma chambers are commonly
stored as crystal mush within the cold mid—upper
crust (Szymanowski et al., 2017; Tavazzani
et al., 2020; Du et al., 2022). In this interpreta-
tion, the chemical diversity of magmatic rocks
is mainly controlled by the differentiation of
mantle-derived mafic melts along the liquid line
of descent as crystal cumulates are left behind
at various crustal depths (Moyen et al., 2021).
Recently, a number of studies have revealed the
connection between composition of the arc rock
and crustal thickness and suggest that primary
magma composition in the arc can be altered as
a function of crustal thickness (Alasino et al.,
2022). For example, some scholars have pro-
posed that crustal thickness controls the com-
position of primary magmas by modulating the
degree of mantle melting (Plank and Langmuir,
1988; Turner and Langmuir, 2015), whereas for
other magmas, a series of intracrustal differen-
tiation processes regulated by the crustal thick-
ness dilutes the source signal (e.g., Hildreth and
Moorbath, 1988; Lee and Bachmann, 2014;
Farner and Lee, 2017). Although many studies
have examined spatiotemporal and chemical
trends of the coexistent arc-related mafic to felsic



suites (e.g., Bateman, 1992; Lackey et al., 2012;
Klein et al., 2021), the detailed processes regard-
ing how and where magmas interact and differ-
entiate within the crust are not well understood
(Annen et al., 2006; Bachmann et al., 2007). In
this context, felsic intrusive rocks with abundant
mafic magmatic enclaves (MMEs) provide an
excellent opportunity to explore these ques-
tions. The enclave-bearing granitoids studied
here from the Gangdese batholith add to other
well-studied examples, such as in the Halfmoon
Pluton, New Zealand (Turnbull et al., 2010),
Aegean arc, Greece (Klaver et al., 2017), Adam-
ello Massif, Italy (Blundy and Sparks, 1992; Pis-
tone et al., 2017), northern Peninsular Ranges
batholith and Sierra Nevada batholith, California
(Barbarin, 2005; Farner et al., 2018), and Central
Victoria, Australia (Clemens et al., 2017).

Here, we present new mineralogy, geochro-
nology, and whole-rock geochemical data for the
mafic to felsic Nyemo plutons, Renbu plutons,
and Xigaze plutons in the Gangdese batholith in
southern Tibet. Our results, combined with pre-
viously published data for the coeval intrusive
rocks in the region, are used to explore the fol-
lowing fundamental questions regarding the Late
Cretaceous granitoids and MMEs in the south-
ern Lhasa subterrane: (1) what is the genetic link
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between the contemporary mafic and felsic arc
magmatism?, (2) do these mafic to felsic rocks
reflect the thickening of regional crust since the
Late Cretaceous?, and (3) if so, how was the
crust thickened and then uplifted?

GEOLOGICAL SETTING AND
SAMPLING

The Himalayan-Tibetan plateau is a continent-
continent collisional zone that was formed by
the northward accretion of several roughly east—
west-trending terranes. These terranes include
(from north to south) the Songpan—Ganze ter-
rane, Qiangtang terrane, Lhasa terrane, and the
Tethyan Himalaya (Fig. 1A; Yin and Harrison,
2000). The Lhasa terrane is sandwiched between
the Tethyan Himalaya to the south and the
Qiangtang terrane to the north by the Indus—Yar-
lung Zangbo and the Bangong—Nujiang suture
zones, respectively (Yin and Harrison, 2000;
Zhu et al., 2013). According to the distribution
of the ophiolites and the nature of the crystal-
line basement, the Lhasa terrane can be subdi-
vided into the northern, central, and southern
subterranes, which are bounded approximately
by the Shiquan River—-Nam Tso mélange zone
and the Luobadui-Milashan Fault, respectively

(Fig. 1B; Zhu et al., 2009). The northern Lhasa
subterrane is mainly composed of Triassic—
Cenozoic sedimentary rocks, Early Cretaceous
intrusive rocks, and their volcanic counterparts
(Zhu et al., 2011). In comparison, the central
Lhasa subterrane was once a microcontinent
with Archean—Proterozoic basement (Zhu et al.,
2011) overlain by a Carboniferous—Permian
metasedimentary sequence and Late Jurassic—
Early Cretaceous volcanic-sedimentary rocks,
with minor late Mesozoic intrusive rocks (Kapp
et al., 2005; Leier et al., 2007; Zhu et al., 2011).
The southern Lhasa subterrane comprises the
Gangdese batholith and Early Jurassic—Cenozoic
volcanic succession (Fig. 1B; Mo et al., 2008; Ji
et al., 2009; Chapman and Kapp, 2017), with
the latter consisting of the Early Jurassic Yeba
Formation, the Sangri Group, and the Ceno-
zoic Linzizong volcanic succession (Zhu et al.,
2013). Geochronological studies reveal that arc
magmatism in the Gangdese started in the Late
Triassic and persisted until the Paleocene, with
two magmatic flare-up events at ca. 190 Ma and
ca. 90 Ma (Ji et al., 2009; Ma et al., 2013a; Zhu
et al., 2011). The temporal and spatial distribu-
tion of the Gangdese arc magmatism is likely
related to variations in the subduction angle of
the Neo-Tethyan oceanic slab (Kapp et al., 2005;
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Figure 1. (A) Simplified tectonic map of the Tibetan Plateau shows the location of the Lhasa terrane. (B) Geological map of the Lhasa
terrane shows major tectonic subdivisions and the temporal and spatial distribution of Late Cretaceous magmatism (modified from Zhu
et al., 2013). Ages for Late Cretaceous igneous rocks in the Gangdese area (i.e., the southern Lhasa subterrane) are from Table S1 (see text
footnote 1). Abbreviations are as follows: JSSZ—Jinshajiang suture zone, BNSZ—Bangong-Nujiang suture zone, SNMZ—Shiquan River-
Nam Tso mélange zone, LMF—Luobadui-Milashan Fault, IYZSZ—Indus-Yarlung Zangbo suture zone, SL—southern Lhasa subterrane,
CL—central Lhasa subterrane, and NL—northern Lhasa subterrane.
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Late Cretaceous enclave-bearing granitoids in southern Tibet

Figure 2. (A, D, and G) Photographs of field outcrops and (B, C, E, F, H, and I) representative photomicrographs (under cross-polarized
light) of the Nyemo plutons, Renbu plutons, and Xigaze plutons from the Gangdese batholith are shown. Mineral abbreviations: Ap—apa-
tite; Amp—amphibole; Bt—Dbiotite; Pl—plagioclase; Qz—quartz; MME—mafic magmatic enclave.

Maetal., 2013a). In this study, we focus on three
subduction-related plutons (Fig. 1B; Nyemo plu-
tons in the Nyemo area, Renbu plutons in the
Renbu area, and Xigaze plutons in the Xigaze
area) in the southern Lhasa subterrane.

The diorites and granodiorites are the domi-
nant rocks (>90 vol%) of the Nyemo plutons,
and there are minor enclaves (15-30 cm in
diameter; Fig. 2A). The granodiorite is fine-
to medium-grained (1-3 mm) and consists of
hornblende (15%), biotite (5%), plagioclase
(55%), K-feldspar (5%), and quartz (20%),
with minor amounts of zircon, magnetite, and
apatite (Fig. 2B). The equigranular and fine-
grained (1-2 mm) MME:s (e.g., sample 19TB-
27) consist of hornblende (20%), biotite (10%),
plagioclase (55%), K-feldspar (5%), and quartz
(10%), and accessory titanite, magnetite, and
apatite (Fig. 2C).

The Renbu plutons are composed of quartz
diorites and granodiorites with MMEs (~5

vol%) in different shapes (Fig. 2D). The felsic
host is fine- to medium-grained (1-3 mm) and
consists of hornblende (10%), biotite (5%), pla-
gioclase (50%), K-feldspar (15%), and quartz
(20%) with minor amounts of zircon, titanite,
and apatite (Fig. 2E). The equigranular and fine-
grained MME:s (e.g., sample 19TB-25) consist
of hornblende (25%), biotite (10%), plagioclase
(55%), K-feldspar (5%), and quartz (5%), along
with accessory clinopyroxene, titanite, and apa-
tite (Fig. 2F).

The Xigaze plutons are composed of dio-
ritic host and ~20 vol% MMEs (Fig. 2G). The
MME:s show sharp contacts against the host dio-
rite. The diorite is medium- to coarse-grained
(2-3 mm) and consists of hornblende (20%),
biotite (10%), plagioclase (50%), K-feldspar
(10%), and quartz (10%), with minor amounts
of accessory zircon and apatite (Fig. 2H). The
MME:s (e.g., sample 19TB-18) have variable
shapes and sizes (up to ~30 cm; Fig. 2G) and
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consist of hornblende (30%), biotite (5%), pla-
gioclase (65%), and accessory clinopyroxene,
zircon, and apatite (Fig. 2I).

ANALYTICAL METHODS
Zircon U-Pb Dating and Hf Isotopes

Zircon grains were extracted by conven-
tional heavy-liquid and magnetic separation
techniques from crushed rocks. Cathodolu-
minescence (CL) images of the zircon grains
analyzed were obtained using a JEOL JXA-
8100 microprobe at the State Key Labora-
tory for Mineral Deposits Research, Nanjing
University, Nanjing, China (MiDeR-NJU).
Zircon U-Pb isotopic analyses were con-
ducted by laser ablation—inductively coupled
plasma—mass spectrometer (LA-ICP-MS)
using a Thermo Scientific™ ICAP™ RQ
quadrupole ICP-MS equipped with a Coher-



ent GeoLas Pro 193 nm laser ablation system
at MiDeR-NJU. Analyses were performed
with a laser beam diameter of 32 pm, a 5 Hz
repetition rate, and an energy of 10-20 J/cm?.
The ablated material was transported in an He
carrier gas through PVC tubing (inner diam-
eter of 3 mm) and then combined with Ar in
a 30 cm? mixing chamber before entering the
ICP-MS for isotopic quantification. Each run
included ~10-13 unknowns and two zircon
reference material analyses (GEMOC GJ-1;
207Pb/2%Pb age of 608.5 + 1.5 Ma; Jackson
et al., 2004) at the beginning and end of the
run, respectively. The zircon standard “Mud
Tank,” with a reported age of 732 £ 5 Ma
(Black and Gulson, 1978), was analyzed in
every run after two GEMOC GJ-1 analyses
as an independent monitor of the analytical
accuracy. The raw U-Pb isotopic data were
acquired using GLITTER software (version
4.4; http://www.glitter-gemoc.com/), and
common Pb corrections were calculated fol-
lowing Andersen (2002). Concordia diagrams
and weighted mean calculations were made
using Isoplot/Ex_ver3 (Ludwig, 2003).

Zircon Hf isotope analyses were carried out
in situ using a Coherent GeoLas Pro 193 nm LA
system combined with a Thermo Scientific™
Neptune Plus™ MC-ICP-MS at the MiDeR-
NJU. Analyses were carried out with a beam
diameter of 44 pm. The detailed instrumental
conditions and interference correction method
utilized were those described by Wu et al.
(2006). To evaluate the reliability and stabil-
ity of the instrument, the standard “Mud Tank”
was analyzed during the study and yielded a
mean 7SHf/"77Hf value of 0.282495 4 10 (2SD,
n = 52), which is consistent with the recom-
mended values within error (Woodhead and
Hergt, 2005).

The initial 7°Hf/!7’Hf ratios were calculated
using the "°Lu decay constant of 1.867 x 10~!!
yr=! (Soderlund et al., 2004). The chon-
dritic values of 'SHf/'77Hf = 0.282772 and
176Lu/!""Hf = 0.0332 reported by Blichert-Toft
and Albarede (1997) were adopted to calculate
the ey(?) values. The depleted mantle Hf model
age (Tpy) was calculated using the depleted
mantle values with a present-day value of
176Lu/'"7"Hf = 0.0384 and '7°Hf/'""Hf = 0.28325
(Griffin et al., 2000). The crustal model age
(Tpme) was calculated using a '7SLu/!V7Hf
value of 0.015 for the average crust (Griffin
et al., 2002).

Whole-Rock Major and Trace Element and
Sr-Nd Isotope Analyses

Whole-rock major element concentrations
were analyzed by a Thermo Scientific ARL
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9900 X-ray fluorescence spectrometer (XRF)
at the Centre of Modern Analysis, Nanjing
University, with a precision of better than 5%
for all elements. Trace element (including rare
earth element [REE]) abundances were mea-
sured using an Agilent 7700e ICP-MS at the
Wuhan Sample Solution Analytical Technology
Co., Ltd., Wuhan, China. For a detailed sample-
digesting procedure and analytical precision
and accuracy for the trace elements, see Zong
etal. (2017).

For whole-rock Sr—Nd isotope analyses,
~50 mg of powder was digested in a Teflon
beaker with a HF + HNO; mixture. Rb—Sr and
Sm-Nd were separated using AG® 50W-X8
resin and various eluents. Rare earth elements
were first separated from Rb—Sr by conventional
cation exchange chromatography using HCl as
an eluent. Rb and Sr were then separated and
purified using a mixed eluent of pyridinium and
DCTA complex. Sm and Nd were separated
and purified using HIBA as an eluent through a
small volume of cation exchange resin (0.6 mL).
The isotopic compositions of purified Sr and Nd
solutions were determined at the MiDeR-NJU.
Sr isotopic compositions were measured using
a Finnigan TRITON thermal ionization mass
spectrometer. Nd isotopic compositions were
measured using a Thermo Scientific™ Neptune
Plus™ MC-ICP-MS. For details of the chemi-
cal separation and isotopic measurement proce-
dures followed, see Pu et al. (2005). 87Sr/%Sr
and '3Nd/'*Nd ratios are reported as measured,
after normalization to 86Sr/8Sr = 0.1194 and
46N d/'**Nd = 0.7219, respectively, to correct
for instrumental fractionation. Repeat mea-
surements of the Japan JNdi-1 Nd standard
yielded 3Nd/'*Nd = 0.512108 + 0.000006,
and repeat measurements of the NIST SRM
987 Sr standard yielded ®Sr/%Sr = 0.710230
=+ 0.000005.

Mineral Chemistry

Mineral compositions were analyzed at the
electron microprobe laboratory of the MiDeR-
NJU using a JEOL JXA-8230 electron micro-
probe. The operating conditions were set to an
acceleration voltage of 15 kV, a beam current of
20 nA, and a beam diameter of 5 pm for analysis
of amphiboles.

ANALYTICAL RESULTS
Zircon U-Pb Geochronology

Zircon crystals from the Nyemo plutons,
Renbu plutons, and Xigaze plutons are euhe-

dral to subhedral and show clear oscillatory
zoning in cathodoluminescence (CL) images
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and high Th/U values (typically >0.35; Fig. 3;
Supplemental Material Table S2'). These fea-
tures are consistent with a magmatic origin
(Hoskin and Schaltegger, 2003). Therefore,
the U-Pb zircon ages were interpreted to
represent the crystallization age of the mag-
matic rocks.

The analyses of zircon grains from the felsic
rock (diorite and granodiorite) samples (16TB-
24, 16TB-27, and 19TB-27-1) and the MME
sample (19TB-27) from the Nyemo plutons
are concordant and yielded weighted mean
206pp/238YU ages of 84.8 £0.9Ma (n=22;
MSWD = 0.5), 86.7 £ 0.6 Ma (n=21;
MSWD = 1.1), 88.9+0.5Ma (n=21;
MSWD = 0.8), and 89.7 £ 0.5 Ma (n = 24;
MSWD = 0.3), respectively (Figs. 3A-3D).
Two data points from the felsic rock (19TB-27-
1) are discordant, with 2°Pb/233U ages of 85 Ma
and 95 Ma. One older analysis with 29Pb/>38U
age of 214 Ma shows characteristics of a mag-
matic zircon in CL images and was likely inher-
ited from an older crustal component. One data
point from an MME (19TB-27-1) is discor-
dant, with 206Pb/238U ages of 94 Ma. A total of
25 sites from granodiorite sample 19TB-25-1
and 25 sites from MME sample 19TB-25 were
analyzed and yielded weighted mean 2%Pb/?38U
ages of 89.0 £ 0.5 Ma (n =24; MSWD = 1.1)
and 87.4 04 Ma (n=25; MSWD =0.7),
respectively (Figs. 3E and 3F). Two diorite
samples from the Xigaze plutons (19TB-
18-1 and TB-16-1) were analyzed and yield
weighted mean 2%°Pb/?38U ages of 89.9 + 0.7 Ma
(n=122; MSWD =0.5) and 85.1 = 1.1 Ma
(n = 18; MSWD = 0.8), respectively (Figs. 3G
and 3H). Three analyses of sample 19TB-18-1
recorded older 2°Pb/?38U ages of 196-200 Ma
and defined a weighted mean 2°°Pb/>38U age
of 197.3 £ 3.7 Ma (MSWD = 0.3), and these
zircon grains were interpreted as a xenocryst.
Five data points from the sample TB-16-1
were discordant, with 2Pb/238U ages of 80 Ma
and 88 Ma.

Zircon Hf Isotopic Compositions

Zircon grains from seven representative
samples were chosen for Hf isotope analy-
sis. The zircon Hf isotopic compositions are
listed in Table S3 (see footnote 1). Three fel-

ISupplemental Material. Table S1: Results of
synthesized age data. Table S2: Zircon U-Pb dating.
Table S3: Zircon Hf isotopic compositions. Table S4:
‘Whole-rock chemical compositions. Table S5: Whole-
rock Sr—Nd isotopic compositions. Table S6: Mineral
EMPA analysis. Table S7: Non-modal batch melting
modeling. Please visit https://doi.org/10.1130/GSAB
.S.21397245 to access the supplemental material, and
contact editing @ geosociety.org with any questions.
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Figure 3. Laser ablation—inductively coupled plasma—mass spectrometry zircon U-Pb con-
cordia diagrams are shown for the Nyemo plutons, Renbu plutons, and Xigaze plutons
from the Gangdese batholith along with representative zircon cathodoluminescence im-
ages. Black and white circles denote the spot locations of U-Pb age and in situ Hf isotope

analyses, respectively.

sic rock (diorite and granodiorite) samples of
the Nyemo plutons (16TB-24, 16TB-27, and
19TB-27-1) were analyzed, and these samples
have similar Hf isotopic compositions. Twenty

Hf isotopic analyses on 20 zircon grains from
sample 16TB-24 revealed ey(¢) values of +6.9
to +12.7 and two-stage Hf model ages, Tpy,
(Hf), of 0.71-0.34 Ga. Nineteen spot analy-
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ses on 19 zircon grains from sample 16TB-27
yielded ey(f) values of +-9.0 to +12.0 and Ty,
(Hf) of 0.58-0.39 Ga. Fourteen spot analyses on
14 zircon grains from sample 19TB-27-1 gave
eni(?) values of +11.8 to +13.0 and Ty, (Hf)
of 0.40-0.33 Ga. In addition, the MMEs from
sample 19TB-27 show relatively homogeneous
eps(?) values of +11.9 to +13.3 (n = 12), with
Tome (HF) 0f 0.39-0.30 Ga.

Twelve spot analyses on zircon grains from
granodiorite sample 19TB-25-1 from the Renbu
plutons revealed ey(7) values of +12.5to +13.6
and Tpy, (Hf) of 0.35-0.28 Ga. Sixteen spot
analyses on zircon grains from the MMEs
(19TB-25) of the Renbu plutons gave ey(f) val-
ues of +11.9 to +13.8 and Ty, (Hf) of 0.39—
0.27 Ga. Thirteen spot analyses on zircon grains
from diorite sample 19TB-18-1 from the Xigaze
plutons revealed () values of +11.0 to +12.8
and Tpy, (Hf) of 0.45-0.33 Ga.

Whole-Rock Major and Trace Elements

Whole-rock major- and trace-element
data for the Nyemo plutons, Renbu plutons,
and Xigaze plutons are provided in Table S4
(see footnote 1). Most samples are subalka-
line in the SiO, versus Na,O + K,O total
alkali-silica (TAS) diagram (Fig. 4A). The
granitoids in the Nyemo plutons, Renbu plu-
tons, and Xigaze plutons have variable SiO,
(55.57-66.89 wt%), K,O (1.41-4.69 wt%), and
MgO (1.63-4.44 wt%). They plot in the high-
K calc-alkaline field on the SiO, versus K,O
diagram and are metaluminous with A/CNK
[molar Al,0,/(CaO + Na,O + K,O)] ratios of
0.80-0.95 (Figs. 4B—4D). The MME:s in the
Nyemo plutons, Renbu plutons, and Xigaze
plutons have low SiO, (50.91-56.00 wt%),
K,O (1.02-2.92 wt%), and high MgO (3.90-
6.07 wt%). They fall in the domains of high-K
calc-alkaline to calc-alkaline on the SiO, versus
K,O diagram (Fig. 4B) and are metaluminous
with A/CNK ratios of 0.73-0.80 (Fig. 4D). In
the Harker diagrams (Fig. 5), all of these sam-
ples form clearly continuous major element
variation arrays with the coeval gabbros. Most
of the felsic rocks have lower heavy rare earth
elements (HREE; Yb = 0.94-2.95 ppm) and Y
concentrations (10.7-32.1 ppm), as well as high
Sr (329-801 ppm) relative to those of MMEs.
Therefore, these felsic rocks exhibit an adakite-
like characteristic according to the definition of
Defant and Drummond (1990), which is sup-
ported by the distribution of compositions on
La/Yby versus Yby and St/Y versus Y discrimi-
nation diagrams (Figs. 6A and 6B). In addition,
these felsic rocks mostly have relatively low Cr
(2.67-71.0 ppm) and Ni (6.77-39.3 ppm) con-
tents (Figs. 6C and 6D), which are also similar
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lower crust (Wang et al., 2006).

In the chondrite-normalized rare earth ele-
ment (REE) diagram (Figs. 7A-7C), both the
felsic rocks and MMEs are characterized by
a flat HREE pattern ([Dy/Yb]y = 0.93-1.42
for felsic rocks and [Dy/Yb]y = 0.96-1.38
for MMEs) and slightly negative Eu anoma-
lies (Eu/Eu* = 0.56-1.02 for felsic rocks and
Eu/Eu* = 0.59-1.07 for MMEs). The felsic
rock samples are enriched in LILEs (Rb, Th,
and K) but depleted in HFSEs such as Nb, Ta,
and Ti (Figs. 7D-7F). Compared to the felsic
rocks, the MMEs exhibit less enrichment of
incompatible elements (e.g., Rb, Th, U, Nb,
Ta, Zr, and Hf) and light rare earth elements
(LREEs; Fig. 7).

Whole-Rock Sr-Nd Isotopic Compositions

Whole-rock Sr—Nd isotopic compositions of
representative samples from the Nyemo plu-
tons, Renbu plutons, and Xigaze plutons are
listed in Table S5 (see footnote 1). For com-
parison, the initial isotopic ratios of all samples
are calculated at 90 Ma. The felsic rocks have
depleted Sr—Nd isotopic compositions, with ini-
tial 87Sr/%6Sr ratios of 0.7038-0.7044 and ey,(r)
values of +4.0 to +5.5, which correspond to a

0.62-0.45 Ga. The MMEs have similar Sr—Nd
isotopic compositions, with $7Sr/%6Sr values
of 0.7037-0.7041 and ey,(#) values of 4.2 to
+5.1, and yield young single-stage Nd model
ages (T [Nd]) of 0.65-0.57 Ga.

Mineral Compositions

Major element compositions of amphibole
from the Nyemo plutons, Renbu plutons, and
Xigaze plutons are shown in Figure 8 and listed
in Table S6 (see footnote 1). Calcic amphiboles
within the felsic rocks and MMEs have distinct
major element compositions and define trends of
increasing bulk-rock silica content. Amphiboles
in the felsic rocks are magnesiohornblende and
ferrotschermakite (Fig. 8A; Leake et al., 1997);
those in the MMEs are magnesiohornblende
and tremolite (Fig. 8A). Amphiboles in felsic
rocks have lower MgO contents and higher FeO,
Al,0O;, and Cl contents than the amphibole in the
MME:s (Figs. 8B—8D). Amphibole Mg numbers,
with Mg# = molar (100¥*Mg/ [Mg + Fe]), of the
felsic rocks range from 0.44 to 0.63 for Nyemo
plutons and 0.45-0.59 for Renbu plutons, which
is slightly lower than those of the MMEs (0.52—
0.71 for Nyemo plutons and 0.53-0.60 for Renbu
plutons).
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Petrogenesis of the Mafic Magmatic
Enclaves

Late Cretaceous (ca. 90-85 Ma) intrusive
rocks are widely exposed in the Gangdese
batholith. The lithologies include gabbro, gab-
broic diorite, diorite, monzonite, quartz diorite,
and granodiorite with high-K calc-alkaline and
metaluminous (A/CNK = 0.65-0.96) signatures
(Fig. 4). The main exposures of Late Cretaceous
intrusive rocks of the Nyemo plutons, Renbu
plutons, and Xigaze plutons are adakitic gran-
itoids that exhibit high K,O contents, St/Y, and
La/Yb ratios (Figs. 6A and 6B). They are distinct
from contemporaneous slab-derived, sodium-
rich adakites in the Lhasa terrane (ca. 90-85 Ma)
(Fig. 4B; Zhang et al., 2010; Yin et al., 2020).
The mechanisms enabling the generation of
coeval calc-alkaline rocks and adakite in the
Gangdese batholith remain poorly understood.

Several genetic models have been proposed
for the genesis of the Gangdese batholith. These
include combinations of (1) partial melting of
the continental lower crust (Wen et al., 2008; Ji
et al., 2014); (2) partial melting of the subduct-
ing oceanic crust (Zhang et al., 2010; Ma et al.,
2013a, 2013b); (3) fractional crystallization of
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Figure 5. Harker diagrams illustrate the different fractionation trends for the Nyemo plu-

tons, Renbu plutons, and Xigaze plutons.

basaltic arc-type lavas (Xu et al., 2015); and (4)
magma mixing of slab-derived melts with melts
formed from the mantle wedge (Ma et al., 2017).
An integrated petrogenetic model is presented
here to elucidate the genetic link responsible
for forming the diverse lithological and min-
eral characteristics of plutonism in the southern
Lhasa subterrane.

The ca. 90-85 Ma intrusive rocks in the Gang-
dese batholith represent a continuous gabbroic
to granodioritic magmatic suite (Fig. 4A). The
mafic rocks in the Nyemo plutons, Renbu plu-
tons, and Xigaze plutons occur as MMEs within
the host granitoid. Three main models have been
proposed to explain the generation of MMEs
hosted in granitoids, including restites after par-

tial melting, autoliths formed by crystal-liquid
separation, and hybrids of magma hybridization
during mechanical mixing (e.g., Vernon, 1984;
Dodge and Kistler, 1990; Didier and Barbarin,
1991; Wiebe et al., 1997; Weinberg et al., 2021).
A wall-rock or restite origin for the MMEs in
the Gangdese batholith can be precluded for the
following reasons. The MMEs are ellipsoidal,
spindle-shaped, or subangular and exhibit typi-
cal fine-grained, equigranular magmatic textures
rather than those of metamorphic or residual
sedimentary fabrics (Fig. 2). In addition, MMEs
as wall-rock or restite origin should be older than
their host rocks, but instead the crystallization
ages of the MMEs and host granitoids overlap
within uncertainty.
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MME:s do not display characteristics of crys-
tal cumulates either. (1) The absence of biotite-
rich rinds and accumulate texture of the enclaves
studied does not support cognate origin. (2)
The chondrite-normalized REE patterns of the
MME:s and host granitoids almost overlap with
one another and exhibit similar Eu anomalies. If
the MMEs were formed by accumulation, dis-
tinct REE patterns would have been observed.
In particular, LREEs are largely incompatible
elements in rock-forming minerals (e.g., pla-
gioclase, clinopyroxene, and amphibole) dur-
ing magma differentiation (Dai et al., 2017),
which implies that fractionation of these miner-
als would have caused an enrichment in LREEs
and negative Eu anomalies in the residual felsic
magmas. Segregation of LREE-rich accessory
minerals (e.g., titanite) would not significantly
change the REE patterns of the MMEs, since this
process usually occurs in silicic magmas rather
than in mafic melts (Bea, 1996).

The presence of mineral textures indicative of
disequilibrium (e.g., biotite mantled by amphi-
bole and amphibole mantled by clinopyroxene)
and rapid cooling (e.g., acicular apatites; Fig. 2)
further indicates that MMEs were more likely
to have formed via magma mingling and repre-
sent the extraneous globules of a mafic magma
entrained into felsic magma chambers (Sparks
and Marshall, 1986; Staby and Martin, 2008).
This interpretation is further supported by the
correlations among SiO, and major oxides for
the MMESs and the host granitoids (Fig. 5),
which indicate a binary mixing pattern (Dodge
and Kistler, 1990).

The geochemical and isotopic characteristics
of the MMEs provide clues to the magma ori-
gin of the Gangdese batholith. The depletion of
Nb, Ta, Zr, Hf, and Ti and enrichment of LREE
(Fig. 7) of the MMEs suggests a distinctive ori-
gin relative to common arc magmas (Kelemen
et al., 2003) and the continental crust generally
(Rudnick and Gao, 2003). The positive whole-
rock eyy(?) values (4+4.2 to +5.1) and zircon
eps(?) values (+11.9 to +13.8; Fig. 9) are con-
sistent with their origin from a mantle source,
possibly with contributions from a fluid of the
slab or via crustal contamination (Ma et al.,
2015; Xu et al., 2019).

The following lines of evidence allow us to
elucidate that the derivation of metasomatized,
mantle-derived magmas was responsible for the
origin of the MMEs. All MMEs display a range
of Ba/La, Th/Yb, and Nb/Yb ratios (Fig. 10) that
is consistent with generation from a subduction-
modified mantle source (Pearce, 2014; Chap-
man and Clarke, 2021). These enriched charac-
teristics of mantle-derived rocks probably result
from the contribution of slab-derived fluids or
melts during the subduction of the Neo-Tethys
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oceanic slab. While it is generally believed that
the depleted Nd—Sr—Hf isotopic compositions
of the MMEs are consistent with an astheno-
spheric mantle (Ji et al., 2014), the MMEs stud-
ied exhibit enrichment in LREEs and LILEs and
depletion in HFSEs (Fig. 7), which indicates a
different mantle end-member or more involve-
ment of enriched materials. The lower Nb/U
(3.51-18.37), Ce/Pb (5.01-12.22), and Nb/La
(0.22-0.48) ratios of the MMEs as compared
with those of mid-oceanic-ridge basalt (MORB)
and oceanic-island basalt (OIB) with consistent
Nb/U ratios of 47 = 10, Ce/Pb ratios of 25 & 5,
and Nb/La ratios >1 (Hofmann et al., 1986;
Bradshaw and Smith, 1994; Smith et al., 1999)
imply a depleted subcontinental lithospheric
mantle source rather than an asthenospheric
mantle source.

Primary magmas generated by partial melt-
ing of the lithospheric mantle generally occur
at great depth in the stability fields of garnet or
spinel, which can be identified by middle rare
earth element (MREE)/HREE ratios (Karsli
et al., 2017). Both the MMEs and coeval gab-
bro exhibit negatively inclined MREE to HREE
patterns (Fig. 7) with Gd/Yb ratios of 1.5-2.5
and 1.6-2.9, respectively which indicates
melting of the spinel-bearing mantle sources.
Meanwhile, the MMEs plot along a mantle
array and the modeling results imply that low
portions (~1%-8%) of partial melting of a

spinel-bearing mantle is consistent with the
generation of those samples (Fig. 11A). To bet-
ter constrain the source mineralogy and mantle
melting history of the MMEs, we performed a
non-modal batch melting modeling experiment
(Shaw, 2000) to quantify the degree of melting
(Fig. 11B). Model parameters, partition coeffi-
cients, and all calculations are provided in Table
S7 (see footnote 1). The model results show that
the REE pattern of the MME parental magma is
best reproduced by a low degree (F = 0.05) of
melting of a spinel lherzolite (2% spinel), using
a depleted MORB mantle (DMM) with 10%
altered oceanic crust (AOC) melt as the magma
source. Therefore, we propose that the precursor
magma of the enclaves was produced by partial
melting of the depleted lithospheric mantle (spi-
nel-bearing lherzolite) that was metasomatized
by slab-derived fluids.

Genetic Link between the Mafic Enclave
and Their Host Felsic Rocks

The origin of felsic magmas in arc settings
has been attributed to a combination of two main
processes: (1) derivation from a primary basal-
tic magma, or (2) partial melting of a previous
crustal rock (Chappell et al., 1987; Annen et al.,
2006; Bachmann and Huber, 2019). Addition-
ally, crustal assimilation involving mixing of
melts from diverse sources has been suggested in
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different studies (Hildreth and Moorbath, 1988;
Xu et al., 2019). Large-scale magma mixing
between mantle- and crust-endmember compo-
nents to generate intermediate compositions is
not realistic here, as detailed geochemical and
isotopic compositions obtained for coeval intru-
sion (Fig. 1B) have convincingly shown that
magma mixing was inefficient in these magmas
(Zhang et al., 2010; Xu et al., 2015; Guo et al.,
2020; Wang et al., 2021). Thus, we focus our
attention on models of fractional crystallization
and partial melting.

The widespread MMEs in granitoids are gen-
erally considered to be petrological evidence of
the formation of host magmas via extensive dif-
ferentiation of basaltic magma, for which the
MMEs represent early crystallized cumulates.
In the SiO, variation diagrams (Figs. 4A—4C
and 5), virtually all major elements show cor-
relations with SiO, contents from granitoids.
For example, MgO, Fe,0,T, CaO, TiO,, and
MnO decrease with increasing SiO,, whereas
Na,O + K,0, K,O, and Na,O + K,0-CaO
increase with increasing SiO,. Such correla-
tions could be controlled by either fractional
crystallization, magma mixing, or partial melt-
ing. However, in the diagrams of La versus
(La/Sm)y and Th versus Th/Nd (Fig. 12), the
granitoids plot along the partial melting/magma
mixing trend rather than the fractional crystal-
lization trend. Therefore, fractional crystalliza-
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values used for normalization are from Boynton (1984) and McDonough and Sun (1995), respectively.

tion does not account for the petrogenesis of
these granitoids.

Most of the granitoids in the Nyemo plutons,
Renbu plutons, and Xigaze plutons are meta-
luminous (A/CNK < 1.1) and Na-rich (only
two granite samples have Na,O/K,0 < 1.1).

Na-rich granitic magma could originate from
H,0O-fluxed melting of metapelite at high pres-
sure (~10 kbar; Patifio Douce and Harris, 1998)
or the partial melting of metabasic rock such as
amphibolite (Richards and Kerrich, 2007). All of
the granitoids are metaluminous, with low Rb/
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Sr and Rb/Ba ratios and high MgO and Fe,O;"
contents, which are distinct from metapelite-
derived melts (Rong et al., 2017). Moreover,
the adakitic geochemical characteristics of the
granitoids studied that have weak to negative
Eu anomalies (Eu* = 0.56-1.02; Table S4) are
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consistent with the partial melting of garnet-
bearing amphibolite, eclogite, and oceanic slab.
Furthermore, compared with the coeval slab-
derived, sodium-rich adakites in the Gangdese
batholith, the adakite-like granitoids studied, as
a whole, have significantly higher SiO, and K,O
contents (Fig. 4B). This suggests that the gran-

itoids studied were derived from partial melting
of the thickened lower crust. The granitoids in
the Nyemo plutons, Renbu plutons, and Xigaze
plutons are enriched in LILEs (Th, U, K, and
Pb) and LREEs and depleted in HFSEs (Nb,
Ta, Ti, and P; Fig. 7), similar to the continen-
tal crust. In the (37St/%6Sr); versus ey,(f) diagram

(Fig. 9A), isotopic compositions of Mesozoic
to Cenozoic granitic rocks in the Gangdese
batholith are plotted for comparison (Ma et al.,
2013a,2013b; Jiang et al., 2012; Yin et al., 2020;
Wang et al., 2021). The granitoid of the Nyemo
plutons, Renbu plutons, and Xigaze plutons,
similar to coeval granitoids in the Gangdese
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batholith but lower than Neo-Tethyan ophiol-
ites, have depleted isotopic compositions with
the (¥7Sr/30Sr), of most samples ranging from
0.702 to 0.704, with positive eyy(f) (+4.95 to
+6.50) and ey(?) (4+6.14 to +13.33; Fig. 9),
which is consistent with these granitoids being
derived from lower continental crust rather than
the subducted slab.

Construction of the Transcrustal Magmatic
System

Models for the generation of granitic magma
within the crust involve partial melting of the
pre-existing crust (Chappell et al., 1987) and/or
derivation of mantle-derived basaltic magmas in
the deep crustal hot zone (Annen et al., 2006;
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Davidson et al., 2007). Underplating or flux of
mafic magma may play a major role in driving
the differentiation of high-silica compositions
by reactivating magma reservoirs (Bachmann
and Bergantz, 2004). The extensive exposure
of mafic enclaves within the Nyemo plutons,
Renbu plutons, and Xigaze plutons as well as
within coeval plutons is direct evidence of their
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Figure 13. Schematic model
shows the Gangdese tran-
scrustal magmatic system in
which the magmas represented
by the rock assemblages de-
scribed in this study were
generated. The successive un-
der-plating or intra-plating of
mantle-derived basaltic mag-

juvenile lower crust

Mantle-derived basaltic magmas

,o%o%, Recharge adakitc mas formed deep crustal hot
| - 3 | | zones in which partial melting

of the juvenile crust and frac-

%, tional crystallization and re-
\%,, Partial melting of plenishment of primitive mafic

magma occurred at various
depths. The different shades of
gray represent probable crustal
compositions due to magmatic
differentiation.

Not to scale

replenishment and the interaction between
the mantle-derived and crust-derived magmas
beneath the Gangdese batholith. Amphiboles
are common hydrous minerals in magmatic
rocks and particularly in those arc-related rocks.
Amphibole textures and compositions therefore
have been utilized to decipher magmatic pro-
cesses and crystallization conditions (Chelle-
Michou and Chiaradia, 2017; Davidson et al.,
2007). Amphiboles from the MMESs and granit-
oids are characterized by different compositional
trends in both Nyemo plutons and Renbu plu-
tons, which indicates that they crystallized from
the different host magmas (Fig. 8). Meanwhile,
a negative correlation between Al,0; and Mg#
in the amphibole crystals (Fig. 8C) indicates that
mafic magma replenishment plays a significant
role in the petrogenesis of these plutons (Kiss
et al., 2014; Ridolfi et al., 2010). If the amphi-
bole chemistry of MMESs in the different plutons
is taken as a proxy for melt evolution, then the
Nyemo plutons, Renbu plutons, and Xigaze
plutons evolved from the different magmatic
systems, which is indicative of episodic mafic
injection. The large magma bodies could have
been generated by partial melting of the mafic
lower crust, which is continually heated by a
periodic influx of basaltic magma (Petford and
Gallagher, 2001).

Taken together, a plausible petrogenetic
model is proposed in which multiple magma
reservoirs and magma recharge events at various
crustal levels led to the formation of the Gang-
dese batholith (Fig. 13). Initially, partial melting
of metasomatized lithospheric mantle generated
basaltic magmas that underplated at the man-

tle—crust interface (Fig. 13). Subsequently, the
calc-alkaline granitoids were generated by par-
tial melting of the mafic lower continental crust,
whereas the coeval adakites were derived from
partial melting of the subducted oceanic crust
(Fig. 13). Finally, replenishment of the mantle-
derived basaltic magmas led to the formation of
enclave-bearing granitoids, as represented by the
Nyemo plutons, Renbu plutons, and Xigaze plu-
tons in the Gangdese batholith (Fig. 13).

Crustal Thickening in Late Cretaceous

The thick crust and high elevation of the pres-
ent-day Tibetan Plateau are commonly attrib-
uted to the Cenozoic collision of India with Asia
(Turner et al., 1993; Chung et al., 1998; Zhu
et al., 2017). Previous studies suggested that
the Late Cretaceous granitoids might have been
generated by melting of the oceanic slab or sea-
mount (Zhu et al., 2013, 2017), and hence the
geochemical proxies are not considered valid
for reconstructing crustal thickness. However,
increasing regional geological observations are
consistent with the crust of southern Tibet hav-
ing been thickened since the Late Cretaceous.
These include a transition in sedimentation
from shallow marine limestones of the Takena
Formation to clastic sediments at the base of the
Shexing Formation in the Linzhou Basin, which
reflects the onset of topographic growth and
crustal thickening of the southern Lhasa terrane
(Leier et al., 2007b; Wang et al., 2020). In addi-
tion, interformational structural relationships are
consistent with the Takena Formation experienc-
ing contractional deformation during the Late
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Cretaceous, which involved at least 26%—50%
of the north—south shortening in the Lhasa ter-
rane (Burg et al., 1983; Kapp et al., 2005; Leier
et al., 2007a). Detailed studies of the Al-in-horn-
blende barometry reveal the exhumation history
of the Gangdese batholith, and the middle- to
lower-crustal rocks show progressive burial from
20 km to 40 km during the Late Cretaceous (ca.
95-72 Ma; Cao et al., 2020). The country rocks
of the Gangdese batholith record high-pressure
granulite-facies metamorphism at ca. §7-89 Ma
that is consistent with burial to depths of up to
55 km (Ding et al., 2022; Zhang et al., 2022).
Detrital zircons separated from modern river
sands in the Gangdese belt reveal two episodes
of crustal thickening (to 6070 km) during the
Late Cretaceous and early Cenozoic (Fig. 14A;
Tang et al., 2021).

The Late Cretaceous subduction-related inter-
mediate to felsic rocks in the southern Lhasa ter-
rane provide additional constraints on the crustal
thickness of the region. The granitoids studied
show adakitic signatures but with higher K,O
contents than coeval subducted, slab-derived
adakites (Fig. 4B; Zhang et al., 2010; Jiang
etal., 2012), which indicates that they originated
from thickened lower crust. The St/Y and La/
Yb ratios of intermediate—felsic igneous rocks
in continental arcs correlate well with crustal
thickness at global and regional scales (Chap-
man et al., 2015; Profeta et al., 2015). The ratio
of Sr to Y is a commonly used geochemical
index for tracking changes in the Cretaceous
crustal thickness of the southern Lhasa terrane.
The (La/Yb)y and Sr/Y ratios of granitoids in
this study, combined with a compiled data set
of magmatic rocks from the southern Lhasa ter-
rane, indicate that the crustal thickness of the
southern Lhasa terrane started at ~40 km dur-
ing the Early Cretaceous and early Cenozoic
(Fig. 14). A gradual increase to an average thick-
ness of ~50 km occurred in the Late Cretaceous
(Figs. 14B and 14C). Previous studies have sug-
gested that the incompatible element abundances
of the arc have shown a strong correlation with
the crustal thickness (i.e., Moho depth). Turner
and Langmuir (2015) reconstructed global arc
crustal thickness based on MREE/HREE ratios
(i.e., Dy/YDb) of arc magmatic rocks. All Late
Cretaceous magmatic rocks studied here show a
similar steep slope going from LREE to HREE
to that of the arc samples in the Southern Vol-
canic Zone of Chile and in Central America,
which exhibit consistent and high Dy/YDb ratios
(1.5-2.1 for the MME:s and 1.4-2.2 for the gran-
itoid). This suggests that the Late Cretaceous
magmatic rocks in the Gangdese batholith are
produced through the limited crustal melting in a
thick-crusted arc (45-50 km), resembling volca-
nic rocks in the Popocatepetl and Don Casimiro
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volcanoes (Turner and Langmuir, 2022). Our
results, combined with existing data, indicate
that Late Cretaceous (ca. 90-85 Ma) subduction
prior to Indo-Asia collision might have played
an important role in the thickening of the south-
ern Lhasa terrane.

CONCLUSIONS

Field and petrological observations show
that the Late Cretaceous batholiths in the Gang-

dese are mainly composed of enclave-bearing
granitoids. Both MMEs and granitoids crystal-
lized between 90 Ma and 85 Ma. Geochemical
and isotopic data suggest that the MMEs were
derived from the partial melting of a depleted
mantle component with a contribution from the
subduction-related materials. The granitoids
were generated by partial melting of juvenile
crust. The underplating and replenishing of
mantle-derived magmas could have supplied
sufficient heat to trigger melting of the thick-
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ened crust that led to the construction of enclave-
bearing granitoids in the Nyemo plutons, Renbu
plutons, and Xigaze plutons. In this context,
contrasting origins could reflect the evolution
of crustal thickness. Our results reveal that the
crust was thickened to ~50 km during the Late
Cretaceous (ca. 90-85 Ma) in advance of the
Cenozoic Indo-Asia collision.
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