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Adakitic rocks at continental collisional zones have important implications for
understanding the mechanism of crustal reworking. The Himalayan-Tibetan
orogen, built by India—Asia collision and Indian continental plate subduction, is
one of the most prominent Cenozoic continent—continent collision zones, and
Cenozoic post-collisional adakitic rocks widely occur in the Lhasa block of
southern Tibet. Numerous studies have suggested that the adakitic granitoids in
the eastern Lhasa block were derived from partial melting of a juvenile crust and
post-collisional mantle-derived ultrapotassic magmas significantly contributed
to this crustal reworking by energy and mass transfer. However, the genesis of
adakitic rocks in the western Lhasa block remains highly debated, hindering our
understanding of crustal reworking in the whole Lhasa block. Here, we report
zircon U-Pb age and whole-rock major, trace elemental and Sr—Nd-B isotopic
compositions for the Sailipu trachyandesites in the western Lhasa block. Zircon
U—Pb dating yields an eruption age of ~22 Ma. These trachyandesites are high-K
calc-alkaline and exhibit intermediate SiO, (56.9-59.6 wt.%) and low MgO
(2.3-4.2 wt.%) contents, low K>O/Na,O (0.8-1.1) ratios, enrichment in light
rare earth elements (LREEs), and depletion in heavy REEs (HREEs) with negligible
Eu and Sr concentration anomalies. They have high Sr (1080-1593 ppm) and
low Y (14.0-26.8 ppm) and Yb (1.08-1.48 ppm) contents, with relatively high Sr/
Y (46-95) and La/Yb (46-77) ratios showing adakitic affinities. These Sailipu
adakitic rocks display 8*'B values of —=9.7 to —2.7%., which are higher than those
of mid-ocean ridge basalts (MORBs) but similar to those of arc lavas, indicating
contributions from the juvenile crust. However, they have more geochemically
enriched Sr—Nd isotopes (87Sr/8Sr(;, = 0.7092-0.7095, gnq(t) = —8.09 to —7.25)
than the juvenile crust, indicating contributions from ultrapotassic magmas.
Thus, the Sailipu adakitic rocks were likely generated by the interaction between
the juvenile lower crust and underplated ultrapotassic magmas. Combined with
adakitic magmatism in the eastern Lhasa block, we suggest that magma
underplating and subsequent crust—-mantle mixing could have been a
common and important process that induced the reworking of juvenile crust
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beneath southern Tibet. This process may be related to the foundering of the
subducted Indian continental slab.
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Plateau (TP)
Introduction

Adakites were originally suggested to occur in modern
convergent margins where young and hot oceanic slabs
(<25Ma) are being subducted (Defant and Drummond,
1990). They are characterized by enrichment in light rare
earth elements (LREEs) and Sr, strong depletion in heavy
REEs (HREEs), and high Sr/Y and La/Yb ratios (e.g., Castillo,
2012). However, an increasing number of studies have identified
adakitic or adakite-like rocks in Cenozoic continental collisional
zones (e.g., Chung et al., 2003; Hou et al., 2004; Wang et al,,
2005). These adakitic rocks were mainly derived from partial
melting of thickened lower crust. Therefore, they have important
implications for understanding the mechanism of crustal
reworking in continental collisional zones.

The well-known Himalayan-Tibetan orogen, one of the
prominent Cenozoic continent-continent collisional zones, is
the
India-Asia continental collision, and Indian continental plate
2000).
magmatic rocks are widely distributed in the Lhasa block of

consequence of Neo-Tethyan oceanic subduction,

subduction (Yin and Harrison, Post-collisional
southern Tibet, including potassium-rich (potassic and
ultrapotassic) volcanic rocks (e.g., Guo et al., 2015; Liu et al,,
2015; Tian et al., 2020) and adakitic extrusive/intrusive rocks
(e.g., Chung et al., 2003; Hou et al., 2004; Chung et al., 2005;
Chung et al.,, 2009; Xu et al., 2010). The adakitic rocks mainly
occur in the eastern Lhasa block. Numerous recent studies have
suggested that they were derived from partial melting of a
juvenile crust with contribution from post-collisional mantle-
derived ultrapotassic magmas (e.g., Yang et al, 2015; Wang
etal., 2018; Hao et al,, 2021). This indicates that underplating of
ultrapotassic magmas induced the reworking of juvenile crust
in the eastern Lhasa block. However, the scarcity of adakitic
rocks in the western Lhasa block draws much less attention, and
their genesis remains unclear. Different from adakitic rocks in
the eastern Lhasa block that show relatively geochemically
depleted Sr-Nd isotopic compositions, adakitic rocks in the
western Lhasa block generally show much more enriched
Sr-Nd isotopes, which were previously ascribed to their
origination from an ancient lower crust (Guo et al., 2007;
Liu et al, 2017; Hao et al., 2019a). However, it is unclear
whether these geochemically enriched signatures could be
coming from ultrapotassic magmas. It is also unclear
whether the juvenile crust contributed to the formation of
adakitic rocks in the western Lhasa block, given that
ultrapotassic magmas may have obscured the signatures of
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juvenile crust. These uncertainties hinder our understanding
of mechanism of crustal reworking in the western Lhasa block
of southern Tibet.

Boron isotopes have the potential to discriminate between
ancient lower crust, ultrapotassic magma, and juvenile crust.
Continental crust mainly consists of crystalline basement and
continental sediments which typically have low "B (-9.1 +
2.4%o, Trumbull and Slack, 2017). Recent studies have shown
that post-collisional ultrapotassic rocks have much lower §''B
values than depleted mantle and MORBs (8"'B = 7.1 + 0.9%o;
Marschall et al., 2017). For example, the Miocene K-rich rocks in
western Anatolia have low 8''B values down to —31%o (Palmer
et al,, 2019), and post-collisional ultrapotassic rocks in the Lhasa
block also have low §''B values from —20.5 to —10.3%o (Hao et al.,
2022). In contrast, subducted oceanic slabs have overall positive
B isotopic ratios (altered oceanic crust: §''B = 0~ +18%o; marine
sediments: 8''B = +2~ +26%o; Marschall, 2017). Slab-derived
fluids preferentially mobilize B, especially ''B, resulting in a
metasomatized mantle with higher B concentrations, B/Nb
ratios, and §''B values than depleted mantle and MORBs. The
juvenile crust or arc magmas formed during oceanic subduction
thus have high 8''B values (§''B = -9 to +16%o; De Hoog and
Savov, 2017).

In this study, we report zircon U-Pb age and whole-rock
major, trace elemental and Sr-Nd-B isotopic compositions for
the post-collisional adakitic trachyandesites in the Sailipu basin
in the western Lhasa block. These geochemical data can offer
important opportunities to constrain the petrogenesis of these
adakitic rocks and further to decipher the mechanism of crustal
reworking in continental collision zones.

Geological background and samples

The Himalayan-Tibetan orogen consists mainly of the
Songpan-Ganze, Qiangtang, Lhasa, and Himalaya blocks, from
north to south (Yin and Harrison, 2000). The Lhasa block in
southern Tibet is separated from the Qiangtang block by the
Bangong-Nujiang suture zone (BNS) to the north and from the
Himalayas by the Indus-Yarlung Zangbo suture zone (IYZS) to
the south. The Lhasa block is further divided into northern, central,
and southern sub-blocks, separated by the Shiquan River-Nam
Tso Mélange Zone (SNMZ) and Luobadui-Milashan Fault (LMF),
respectively (Figure 1A) (Zhu et al, 2013). Bangong-Nujiang
oceanic subduction and closure produced early Jurassic-late
in northern and central Lhasa

Cretaceous magmatism
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(A) A simplified geologic map of the Lhasa block showing distribution of Cenozoic magmatic rocks, modified from Guo et al. (2015). BNS,
Bangong—Nujiang suture; ITS, Indus—Yarlung Zangbo suture; SNMZ, Shiquan River—Nam Tso Mélange Zone; LMF, Luobadui—Milashan Fault; T3, late
Triassic; E2, Eocene. (B) Regional geological map of the Sailipu area in the western Lhasa block.

sub-blocks, while Neo-Tethys oceanic subduction yielded late

Triassic—Cretaceous magmatism and Paleogene

volcanic rocks and coeval batholiths in southern and central
Lhasa sub-blocks (Zhu et al., 2011). Moreover, previous studies
have shown that the central Lhasa sub-block was once a
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microcontinent with Archean basement, whereas southern and
northern sub-blocks are characterized by the presence of juvenile
crust due to the southward subduction of Bangong-Nujiang
Ocean and northward subduction of Neo-Tethys Ocean,
respectively (Zhu et al.,, 2011).
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The Lhasa-India continental collision was considered to have
occurred in early Cenozoic (Hu et al., 2015). After the Neo-
Tethys oceanic slab broke off at ~50-45 Ma, southern Tibet
evolved into a post-collisional setting. Post-collisional
magmatism in the Lhasa block occurred since Oligocene and
mainly consisted of potassic and ultrapotassic volcanic rocks
(e.g., Chung et al., 2005; Zhao et al., 2009; Guo et al., 2013; Guo
et al,, 2015; Liu et al,, 2017; Tian et al, 2020) and adakitic
intrusions (e.g., Chung et al., 2003; Guo et al., 2007; Zheng et al.,
2012), which occurred mainly in western and eastern Lhasa
blocks, respectively. Adakitic lavas are rare in the western
Lhasa block.

In this study, we focus on the post-collisional high-K calc-
alkaline lava samples from the Sailipu area of western Lhasa block
(Figure 1A). Numerous researchers have studied the Sailipu
potassic and ultrapotassic rocks (Wang et al., 2008; Wang et al.,
2014; Zhao et al., 2009; Liu et al., 2011; Chen et al., 2012; Liu et al.,
2014; Cheng and Guo, 2017; Tian et al,, 2020). The high-K calc-
alkaline lavas spatially co-exist with the potassic and ultrapotassic
rocks (Figure 1B). All the samples analyzed are fresh. They show
typical porphyritic texture with phenocrysts of clinopyroxene and
minor plagioclase (Supplementary Figure S1) and, thus, are typical
The  groundmass of

microcrystalline clinopyroxene, plagioclase, and opaque minerals.

trachyandesites. consists  mainly

Analytical methods

All samples were cleaned of weathered surfaces, crushed to
small fragments, and washed with Milli-Q water before the finial
preparation for each type of analysis. All analyses were conducted
in the State Key Laboratory of Isotope Geochemistry (SKLaBIG),
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences (GIG CAS).

Zircon U-Pb dating

Zircons were concentrated by heavy liquid and magnetic
separation techniques. Zircon grains were handpicked under a
binocular microscope and mounted in an epoxy resin disc with
standard samples. Transmitted and reflected light micrographs
as well as cathodoluminescence (CL) images were taken to
inspect internal structures, inclusions, and physical defects in
individual zircons prior to selecting positions for in situ U-Pb
analyses. Zircon U-Pb analyses were determined using a
CAMECA IMS 1280-HR secondary-ion mass spectrometer
(SIMS) at the SKLaBIG, GIG CAS, using the analytical
procedures described by Li et al. (2009). The ellipsoidal spot
is about 20 um x 30 um in size. Zircon U-Th-Pb isotopic ratios
were measured relative to the standard zircon PleSovice (Slama
et al,, 2008). A secondary standard zircon Qinghu, which was
used to monitor the reliability of the whole procedure, yielded
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concordant ages of 159.5 + 2.4 Ma, consistent with the certified
age of 159.5 + 0.2 Ma (Li et al,, 2013).

Whole-rock geochemistry

Whole-rock geochemical analysis required samples to be powdered
to ~200 mesh with an agate mortar and pestle. Whole-rock major
element oxides were analyzed in fused glass beads using a Rigaku RIX
2000 X-ray fluorescence spectrometer (XRF) at the SKLaBIG.
Analytical procedures used are similar to those described by Li et al.
(2005), and the analytical uncertainties are between 1 and 5%. Trace
elemental compositions were determined using a Perkin-Elmer ELAN
6000 inductively coupled plasma-mass spectrometry (ICP-MS) at the
SKLaBIG following the procedures described by Li et al. (2006); the
analytical precision is typically better than 5%. The whole-rock Sr and
Nd isotopic analyses were determined on a Neptune multi-collector
(MC) ICP-MS, using the analytical procedures described by Li et al.
(2004). All measured Sr and Nd isotopic ratios were corrected for
fractionation of ¥Sr/*Sr = 0.1194 and *Nd/"*Nd = 0.7219,
respectively. The ¥Sr/*Sr ratio of the standard NBS SRM 987 and
the "*Nd/***Nd ratio of the standard Shin Etsu JNdi-1 were 0.710249 +
17 (n =5, 20) and 0.512113 + 10 (n = 10, 20), respectively. The basaltic
standard BHVO-2 was analyzed as unknown to monitor ion-exchange
chromatographic purification and yielded an ¥Sr/*Sr ratio of
0703508 + 22 (20) and an “*Nd/"Nd ratio of 0.512989 + 10 (20),
consistent with the certified values of ¥Sr/**Sr = 0.703481 + 20 and
"Nd/"*Nd = 0.512983 + 10, respectively (Weis et al,, 2005).

Boron isotopic ratios and B concentrations of aliquots of the
same solutions were measured by MC-ICP-MS and ICP-MS,
respectively, applying the analytical procedure described by Wei
et al. (2013). Powdered samples (150 mg) were weighed into a pre-
cleaned 15 ml polypropylene (PP) centrifugal tube and digested with
mannitol, H,O,, and HF at a constant temperature of 50-55°C for
15 days. Then, about 10 ml B-free Milli-Q deionized water was
added to each tube, and the tubes were shaken and centrifuged for
10 min. The supernatant was collected for chromatographic
purification. Boron was purified using a single column packed
with pre-conditioned 20 ml Bio-Rad AG MP-1 strong anion
exchange resin. The eluted boron was collected, dried at a
temperature <55°C, and re-dissolved to 1.5ml with Milli-Q
water. A 0.1 ml aliquot of this 1.5 ml solution was re-diluted to
4 ml and taken for boron concentration measurement. The internal
precision of measured B concentration was better than 3% (RSD).
The basaltic standards B-5, JB-2, and JB-3 were measured as
unknowns with our samples, yielding B concentrations of 11.05,
29.04, and 19.15 ppm, respectively. Boron isotope measurements
were performed in the sample-standard-bracketing (SSB) mode. The
internal precision for §''B was better than +0.05%o (20), and the
external precision for §''B was better than +0.30%o (20) estimated
by the long-term results of SRM 951 (Wei et al, 2013). The
measured average §''B for basaltic standards such as B-5, JB-2,
and JB-3 was —3.87 = 0.04%o (20, 1 = 3), 7.60 + 0.05%o (20, 1 = 2),
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and 6.67 £ 0.04%o (20, n = 3), respectively, which are consistent with
the published values within analytical errors (Wei et al., 2013).

Results
SIMS zircon U-Pb geochronology

Zircon U-Pb age data are presented in Supplementary Table
S1. The analyzed zircon grains from the Sailipu trachyandesite
sample (18SLP5-1) have variable U (186-573 ppm) and Th
(18-361 ppm) contents, with Th/U ratios ranging from 0.05 to
1.94, indicating a magmatic origin. The calculated concordia age is
22.5 + 0.4 Ma and the weighted average age is 22.4 + 0.7 Ma
(Figure 2), suggesting that the Sailipu trachyandesite formed in
early Miocene, which is coeval with the ultrapotassic rocks in the
western Lhasa block (e.g., the Xungba basin, Miller et al., 1999; Liu
et al,, 2011; Konglong area, Hao et al., 2018).

Whole-rock major and trace elements

Major and trace element data are listed in Supplementary
Table S2. The Sailipu high-K calc-alkaline lavas have relatively
homogenous SiO, contents (56.9-59.6 wt.%) and total alkali
(K,0+Na,O) contents (6.6-7.0 wt.%), plotting within the
trachyandesite field (Figure 3A). The Sailipu trachyandesites
show relatively low MgO (2.3-4.2 wt.%) contents and K,O/
Na,O ratios (0.8-1.1), which are clearly different from the
ultrapotassic rocks in the Lhasa block (Figures 3A-C).
However, they have high CaO, TiO,, TFe,0;, P,Os, and Y
contents similar to those of ultrapotassic
(Figures 3D,F,H,I, 4C). They also differ from the adakitic

rocks
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rocks in the eastern Lhasa block by having lower SiO, and
higher Y concentrations (Figures 3, 4C). On Harker diagrams
(Figures 3E,G), the Sailipu trachyandesites generally plot between
the fields of ultrapotassic rocks and late Cretaceous adakitic rocks
in the western Lhasa block (e.g., Azhang adakites) (Sun et al,
2015). The ~90 Ma Azhang adakitic rocks were considered to
represent the products of partial melting of the juvenile crust
beneath the western Lhasa block (Sun et al., 2015).

On chondrite-normalized REE diagrams, the Sailipu
trachyandesites are enriched in LREEs and depleted in HREEs
(Figure 4A, Yb = 1.08-1.48 ppm, Y = 14.0-26.8 ppm), with (La/
Yb)n and (Dy/Yb)y ratios of 33-55 and 1.9-2.2, respectively.
They show slightly negative Eu anomalies (Eu/Eu* = 0.8-0.9).
Their primitive mantle-normalized trace element distribution
patterns are characterized by enrichment in large ion lithophile
elements (LILEs) and depletion in high-field-strength elements
(HFSEs), with negative Nb, Ta, Ti concentration anomalies and
slightly negative to positive Sr anomaly (Figure 4B). On REE and
trace element spider diagrams, the Sailipu trachyandesites plot in
between the ultrapotassic rocks and the late Cretaceous adakitic
rocks (Figures 4A,B).

Collectively, the Sailipu trachyandesites display adakitic
affinities as defined by Defant and Drummond (1990), such as
high SiO, (56.9-59.6wt.%), ALO; (15.4-162wt.%), and Sr
(>1080 ppm) and low Yb (<1.5 ppm) and Y (mostly <18 ppm)
contents, high Sr/Y (46-95) and La/Yb (46-77) ratios, enrichment
in LREEs, and depletion in HREEs (Figures 4C,D).

Sr—Nd-B isotopic geochemistry

The Sailipu adakitic trachyandesites exhibit slightly high
initial #”Sr/®°Sr ratios (0.7092-0.7095) and low eNd(t) values
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Major elemental compositions for Sailipu high-K calc-alkaline trachyandesites. (A) TAS diagram; (B—I) Harker diagrams. Data sources: adakitic
rocks (Chung et al,, 2003; Hou et al,, 2004; Gao et al,, 2007; Guo et al,, 2007; Xu et al,, 2010; Zheng et al.,, 2012; Ma et al., 2014; Yang et al., 2015; Liu
et al,, 2017); ultrapotassic rocks (Miller et al.,, 1999; Zhao et al, 2009; Liu et al,, 2014); late Cretaceous magmatic rocks (Sun et al,, 2015).

(—8.09 to —7.25) (Supplementary Table S2 and Figure 5). Their
Sr-Nd
enriched than those of Cenozoic adakitic rocks in the
eastern Lhasa block (e.g., Chung et al, 2003; Hou et al,
2004; Guo et al, 2007) and late Cretaceous juvenile

isotopic compositions are more geochemically

crust-derived magmatic rocks in the western Lhasa block
(Sun et al,, 2015) (Figure 5). However, their Sr-Nd isotopic
compositions are less geochemically enriched than those of
ultrapotassic rocks in the Lhasa block (e.g., Guo et al., 2015;
Liu et al., 2015; Tian et al., 2020).

Whole-rock B concentrations and isotopic compositions for
the adakitic trachyandesites presented in

Sailipu are
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Supplementary Table S2. They have low B concentrations
(4.9-10.1 ppm) and show higher §"'B values (-9.7 to —2.7%o)
than MORBs (8§"'B = —7.1 + 0.9%o, Marschall et al., 2017) and the
average continental crust (8'"B = —9.1 + 2.4%o, Trumbull and
Slack, 2017) (Figure 6A). Moreover, their 8'"'B values are much
higher than those of post-collisional ultrapotassic rocks in the
Lhasa block (Hao et al, 2022). Instead, the B isotopic
compositions of the Sailipu trachyandesites are similar to
those of pre-collisional ultrapotassic rocks in the Rongniduo
area of the Lhasa block (8"'B = —9.0%o to —2.5%o, Hao et al., 2022)
and modern arc magmas (De Hoog and Savov, 2017)
(Figure 6A).
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(A) Chondrite-normalized REE (rare earth element) and (B) primitive mantle—normalized trace element distribution patterns. (C) Sr/Y vs. Y. (D)

La/Yb vs. Yb. (E,F) K2O/Na,O vs. SiO; and Y for Sailipu trachyandesites, respectively. The data sources of adakitic rocks, ultrapotassic rocks, and late
Cretaceous magmatic rocks are the same as in Figure 3. The leucogranites are from Zeng et al. (2011), Hou et al. (2012), and Liu et al. (2014). Chondrite
and primitive mantle values are from Sun and McDonough (1989).
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Initial Sr—Nd isotopic compositions for Sailipu

trachyandesites. Data sources are the same as in Figure 4, Neo-
Tethys MORBs (Xu and Castillo, 2004), and Linzizong volcanic
rocks (Mo et al,, 2007). The mixing endmembers are
ultrapotassic rocks and late Cretaceous magmatic rocks
representing the juvenile crust. The numbers (%) on the mixing
curve represent the proportions of ultrapotassic magmas.

Discussions

A lower crust origin for adakitic
trachyandesites

As noted above, the Sailipu trachyandesites show adakitic
affinities. Previous studies (e.g., Castillo et al., 1999; Macpherson
et al, 2006) have proposed that high-pressure fractional
crystallization (+crustal contamination) of mafic magmas can
adakitic
ultrapotassic rocks are widely distributed in the western Lhasa

produce rocks.  Post-collisional ~ mantle-derived
block, yet significant geochemical differences occurred between
the Sailipu trachyandesites and the ultrapotassic rocks: 1) The
Sailipu trachyandesites have low total alkali (K,O+Na,O) and
K,O contents and are sub-alkaline and high-K calc-alkaline,
while the ultrapotassic rocks have much higher (K,0+Na,0O) and
K,O contents (Figures 3A,B). 2) The ultrapotassic rocks show higher
Yb and Y contents and more geochemically enriched Sr-Nd isotopic
compositions than the Sailipu trachyandesites (Figures 4C,D, 5). If a
magma experienced the high-pressure fractional crystallization, a
positive correlation between SiO, contents and Sr/Y and Dy/Yb
ratios should be observed (Macpherson et al., 2006), yet the Sailipu
trachyandesites do not show such correlations (Supplementary
Figure S2). Therefore, the Sailipu trachyandesites were unlikely
generated by fractional crystallization from ultrapotassic magmas.

Instead, the Sailipu adakitic trachyandesites have relatively high

SiO, and low MgO contents, suggesting that they were likely
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produced by partial melting of thickened lower crust, similar to
the origin of Cenozoic adakitic rocks in the eastern Lhasa block (e.g.,
Chung et al., 2003; Hou et al., 2004; Liu et al,, 2017). However, the
nature of their lower crust source remains unclear. Variable crustal
components were suggested to contribute to their generation,
including ancient lower crust (Liu et al,, 2014; Hao et al,, 2019a),
subducted Indian continental crust (Xu et al., 2010; Liu et al., 2017),
and juvenile lower crust (e.g., Hou et al,, 2004; Yang et al,, 2015).

Heavy B isotopic compositions indicate
contributions of juvenile crust

Their petrographic features indicate that Sailipu adakitic
fresh S1),
consistent with their low loss on ignition values (LOI, <

trachyandesites ~are (Supplementary  Figure
0.9 wt.%). Thus, their B isotopic compositions most likely
have not been affected by post-eruption alteration. Previous
studies have shown that B isotopic ratios are insensitive to
partial melting and fractional crystallization (Kasemann et al.,
20005 Jones et al., 2014) because of the high incompatibility of B.
Therefore, the B isotopic compositions of the Sailipu
trachyandesites were inherited from their crustal origin.

The Sailipu adakitic trachyandesites have heavier B isotopic
compositions than MORBs. Here, we suggest that these high §''B
values could have not been sourced from the subducted Indian
continental crust, ancient lower crust beneath the Lhasa block, or
post-collisional ultrapotassic magmas. 1) The two-mica schist
and gneiss in the Tethyan Himalaya, which may represent the
Indian continental crust, have extremely low &'B values
of —19.5%o0 and —22.1%o, respectively (Figure 6B) (Fan et al,
2021). Hu et al. (2018) also reported the light B isotopic
compositions (§'"'B = -18.9 to —8.0%o0) of tourmalines from
metamorphic rocks and leucogranites in the Himalaya block.
2) The §"'B values of average continental crust are predicted to
be -9.1 + 2.4%o (Trumbull and Slack, 2017). 3) The post-
collisional ultrapotassic rocks in the Lhasa block, considered
to be derived from the low degree melting of the enriched
lithospheric mantle, show very light B isotopic compositions
(8"'B = —20.5 to —10.3%o) (Hao et al., 2022).

Oceanic slab components, such as subducted sediments,
altered oceanic crust, and serpentinited mantle, have heavy B
isotopic compositions (De Hoog and Savov, 2017). Oceanic slab
subduction triggers the generation of arc lavas and juvenile crust,
which generally have heavy B isotopic compositions. This is
because B-rich fluids with heavy B isotopic compositions are
released from the subducted slab and then transferred into the
sub-arc mantle wedge source of arc lavas. Modern arc lavas
(continental arcs and island arcs, De Hoog and Savov, 2017 and
intraplate basalts (Tonarini et al., 2004; Tonarini et al., 2005; Li
et al, 2016; Zhang et al., 2019) generally have heavy B isotopic
6A,B).
Rongniduo ultrapotassic rocks in the Lhasa block derived

compositions (Figures Importantly, pre-collisional
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(A) Whole-rock §"B vs. B concentrations for Sailipu trachyandesites. (B) B isotopes for Sailipu trachyandesites and major reservoirs. Data source:
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collisional ultrapotassic rocks in the Lhasa block (Hao et al., 2022). The gray fields for §"'B of the MORBs are from Marschall et al. (2017).

from the metasomatized lithospheric mantle by Neo-Tethys
oceanic  subduction have arc-like heavy B isotopic
compositions (8''B = 9.0 to —2.5%o) (Hao et al., 2022). The
8"'B values (=9.7 to —2.7%o) of the Sailipu trachyandesites are
similar to those of the arc lavas and pre-collisional ultrapotassic
rocks, suggesting significant contributions of juvenile crust to
their generation.

Geochemically enriched Sr—Nd isotopes
sourced from ultrapotassic magmas

The late Cretaceous adakitic magmatism in the western
Lhasa block (e.g., Azhang adakites) was considered to be
produced by partial melting of the juvenile lower crust (Sun
et al., 2015; Lei et al., 2019). However, compared to these late
Cretaceous magmatic rocks, the Sailipu adakitic trachyandesites
have lower SiO, contents, higher Sr, Ba concentrations, and more
geochemically enriched Sr-Nd isotopes (Figure 5). These
signatures cannot be explained by a sole juvenile lower crustal
origin. We favor a magma mixing model between the juvenile
lower crust (isotopically depleted) and an isotope-enriched
endmember to account for the formation of Sailipu adakitic
trachyandesites.

In the broad context of Indian continental subduction
beneath the Lhasa block, Indian continental crust, ancient
lower crust, and post-collisional ultrapotassic magmas can be
the potential geochemically enriched endmembers (e.g., Guo
et al., 2007; Xu et al., 2010; Liu et al., 2014; Liu et al., 2017;
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Hao et al,, 2019a). However, the subducted Indian continental
should the
trachyandesites. The Tethyan Himalayan leucogranites [(*’Sr/
863r); = 0.7155-0.7193, exg(t) =
interpreted to be derived from anatexis of Indian continental

crust contribute insignificantly to Sailipu

-9.2 to —13.3] were generally

crust (Zeng et al.,, 2011; Hou et al,, 2012). For these leucogranites,
the decreasing K,O/Na,O is coupled with reduced SiO, and
increased Y concentrations (Figures 4E,F). The involvement of
Indian crust with the juvenile lower crust fails to produce the
Sailipu trachyandesites. Similarly, the involvement of thickened
ancient lower crust is also unlikely to explain the higher Y
contents of the Sailipu trachyandesites than Azhang adakites.
Another possible mechanism responsible for evolved Sr-Nd
isotopes and high Y concentrations would be coeval ultrapotassic
magmas. The relatively high MgO (2.3-42wt.%), Cr
(90-118 ppm), and Ni (52-101 ppm) contents of the Sailipu
trachyandesites require a mafic component in the source,
which is consistent with the input of ultrapotassic melts (e.g.,
Liu et al., 2014; Guo et al.,, 2015). Miocene coeval ultrapotassic
lavas are exposed in the western Lhasa block (e.g., ~24 Ma in the
Xungba basin, Miller et al., 1999; Liu et al., 2011) (Figure 1) and
have high MgO, K,O, and TiO, contents (Figure 3) and
extremely enriched Sr-Nd isotopic compositions [(*’Sr/**Sr); =
0.7115-0.7323, eng(t) = —14.9 to —10.6] (Figure 5). The Sailipu
trachyandesites have CaO and TiO, contents similar to those of
the ultrapotassic rocks (Figures 3D,H). In the plots of MgO and
K,0/Na,O versus SiO, and K,0/Na,O versus Y, the Sailipu
trachyandesites are intermediate between the late Cretaceous
Azhang adakites and the ultrapotassic rocks (Figures 3C, 4E,F).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.953364

Zhang et al.

A Lhasa block
Adakitic rocks

Juvenile

magma
underplating

/upwelling

Indian plate
foundering

FIGURE 7

Ultrapotassic rocks

Ultrapotassic mgma

Tibetan LM

Asthenospheric

10.3389/feart.2022.953364

B Adakitic rocks

Tibetan
crust

crust-mantle
magma mixing

Juvenile crust

Tibetan LM

Underplating of ultrapotassic magmas
induced partial melting of lower crust

(A) Schematic illustration for the formation of adakitic trachyandesites. (B) Schematic model for the interaction of ultrapotassic magmas with
lower crust. LM, lithospheric mantle. The subducted Indian continental plate experienced foundering, which triggered the asthenosphere upwelling
and partial melting of metasomatized lithospheric mantle to generate ultrapotassic magmas. The underplating of ultrapotassic magmas beneath the
lower crust of the Lhasa block induced partial melting of the juvenile lower crust. Mixing between the juvenile lower crust—derived melts and the
ultrapotassic magmas formed the Sailipu high-K calc-alkaline and adakitic trachyandesites.

The same scenarios are also observed on the REE and trace element
distribution diagrams (Figures 4A,B). The input of high-Y
ultrapotassic melts can well explain some samples outside of the
adakite region in the plot of Sr/Y versus Y (Figure 4C). Furthermore,
model mixing curves between the juvenile lower crust and 13-17%
ultrapotassic melts can fully account for the Sr-Nd isotopic
compositions of the Sailipu trachyandesites (Figure 5).

Overall, the geochemical, isotopic, and temporal-spatial
evidence suggests that the Sailipu adakitic trachyandesites
were produced by magma mixing between mantle-derived
ultrapotassic magmas and juvenile lower crust-derived melts.

Implications for crustal reworking in
southern Tibet during Indian continental
subduction

Continental collisional zones are important locations for crustal
reworking. The Himalayan-Tibetan orogen, built by India-Asia
collision and Indian continental plate subduction, is underlain by
the thickest continental crust on Earth and is one of the best places to
study the mechanism of crustal reworking. Numerous studies on the
adakitic rocks in the eastern Lhasa block have suggested that these
rocks were derived from magma mixing between juvenile
crust-derived  melts and  post-collisional  mantle-derived
ultrapotassic magmas (e.g, Yang et al, 2015 Wang et al, 2018;
Hao et al, 2021). This indicates that underplating of ultrapotassic
magmas induced the reworking of juvenile crust in the eastern Lhasa
block. A similar scenario was studied by Hao et al. (2019a), who

suggested that the Miocene Konglong potassic trachytes in the central
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Lhasa block were generated by mantle-crust mixing. This means that
magma underplating and subsequent crust-mantle mixing played an
important role in crustal reworking. However, the adakitic rocks in
the western Lhasa block draw much less attention, and their genesis
remains unclear, hindering our understanding of the mechanism of
crustal reworking in southern Tibet.

In this study, B-Sr-Nd isotopes reveal that the adakitic
trachyandesites from the Sailipu basin in the western Lhasa block
were derived from partial melting of a juvenile crust with
contributions from post-collisional mantle-derived ultrapotassic
magmas. Previous studies have suggested that following the
initial Lhasa-Himalaya collision in the early Cenozoic (Hu et al,
2015) and the break-off of Neo-Tethyan oceanic slab at ~50-45 Ma,
the Indian continental plate began to northwardly subduct beneath
the Lhasa block. The subducted Indian continental plate then
experienced slab foundering and tearing since ~25Ma (Hao
et al,, 2019b), which triggered the asthenosphere upwelling and
partial melting of lithospheric mantle. The mantle-derived
ultrapotassic magmas could have underplated beneath the lower
crust of the Lhasa block, resulting in partial melting of the lower
crust. Mixing between the juvenile lower crust-derived melts and
the ultrapotassic magmas formed the Sailipu high-K calc-alkaline
and adakitic trachyandesites (Figure 7).

Collectively, the Sailipu trachyandesites in the western Lhasa
block, combined with post-collisional adakitic magmatism in the
eastern Lhasa block and Konglong potassic trachytes in the central
Lhasa block, suggest that underplating of mantle-derived
ultrapotassic magma and subsequent crust-mantle magma
mixing were a common and important process that induced
crustal reworking in southern Tibet during Indian continental
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subduction. The ultrapotassic magmas significantly contributed to
this crustal reworking through energy and mass transfer.

Conclusion

1) The Miocene high-K calc-alkaline trachyandesites from the
Sailipu basin in the western Lhasa block show adakitic
affinities and geochemically enriched Sr-Nd and heavy B
isotopic compositions.

2) Their arc-like heavy B isotopic compositions indicate
contributions of juvenile crust. Their geochemically enriched
Sr-Nd isotopes, combined with high TiO, and Y contents, likely
suggest input from ultrapotassic magmas.

3) Underplating of ultrapotassic magmas and subsequent
mantle-crust interaction could be a common process
leading to crustal reworking in southern Tibet.
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