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Abstract Recycling of molybdenum isotopes in continental subduction zones remains debated. In this
contribution, we re-visit the Mo isotope compositions of the Sailipu post-collisional ultrapotassic rocks in

the Himalaya-southern Tibet orogen. These ultrapotassic rocks have very varying %Mo values of —0.66

to —0.07%0 and Mo/Ce ratios of 0.0008-0.005, which are lower than those of mid-ocean ridge basalts
(MORB; §%Mo = —0.20 + 0.06%0, and Mo/Ce = 0.03) and oceanic subduction-related (i.e., mantle source
involving fluids, residual slab, or oceanic sediments) magmatic rocks (e.g., modern arc lavas, Cenozoic
OIB-type basalts in eastern China and the central Mariana Trough basalts in the back-arc basin, syn-collisional
andesitic rocks in southern Tibet). Combined with the light Mo isotopes of the Himalayan schists and gneisses,
we suggest that the light Mo isotopic signature of the Sailipu ultrapotassic rocks is derived from subducted
Indian continental crust. This is consistent with the extremely low 5!'B (=17.4 to —9.7%o0) and B/Nb (0.16-1)
values and enriched Sr-Nd-Pb isotopes of the Sailipu ultrapotassic rocks. Thus, this study reveals the recycling
of light Mo-B isotopes during continental subduction and demonstrates that Mo-B isotopes can effectively
distinguish between continental and oceanic subduction.

Plain Language Summary Mo isotope systematics have been widely applied in the study of
tracing recycled crustal materials, and abundant researches have proposed that heavy Mo isotopic compositions
of arc-mafic magma can be ascribed to slab-dehydrated fluids. However, in continental subduction zones,

the origin of the light Mo isotopes of post-collisional mafic rocks (oceanic sediments during prior oceanic
subduction vs. subducted continental crust) remains controversial, hindering our understanding of the recycling
of continental crustal materials. In this study, we report new Mo isotope data of post-collisional ultrapotassic
rocks in the Lhasa block of the southern Tibetan plateau. We have used Mo isotope data along with B-Sr-Nd-Pb
isotopes of these ultrapotassic rocks, in combination with Mo-B-Sr-Nd-Pb isotopes of the Himalayan crustal
rocks (e.g., gneisses and schists) to trace the crustal components in the post-collisional mantle beneath southern
Tibet. We concluded that the light Mo and B isotope compositions in southern Tibet were derived from
subducted Indian continental crust rather than Neo-Tethyan oceanic sediments. Thus, this study not only reveals
the recycling of light Mo-B isotopes in this typical collision orogen (i.e., Himalaya-Tibet orogen) but also
shows the potential in discriminating between oceanic subduction metasomatism and continental subduction
metasomatism.

1. Introduction

The processes of crustal material recycling in oceanic subduction zones have been extensively studied and are
widely understood (e.g., Elliott, 2004; Stern, 2002). In contrast, our understanding of continental subduction that
occurs when oceanic lithosphere is consumed and two continental plates collide to form orogenic belts (e.g.,
Ducea, 2016) is much less clear. It is generally accepted that the post-collisional mafic rocks, widespread in
continental collision orogens, record the subduction and recycling of continental crustal materials (e.g., Chung
et al., 2005; Conticelli et al., 2009). However, some studies suggest that post-collisional mafic rocks can also be
derived from the partial melting of an enriched mantle metasomatized by prior oceanic subduction (e.g., Azizi
et al., 2021; Dai et al., 2015). Determining the nature of recycled crustal components in the mantle source of
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post-collisional mafic rocks is of great significance in understanding the transition from oceanic to continental
subduction and the evolution of orogenic belts.

However, in relation to mantle metasomatism, it is difficult to distinguish oceanic subduction from continental
subduction. For example, both subducted oceanic sediments and subducted continental crust can exhibit high
potassium contents and enriched Sr-Nd isotope signatures (Plank, 2014; Zhao et al., 2009). Recent studies show
that molybdenum (Mo) isotopes are ideal tracers of material recycling in subduction zones and have the poten-
tial to discriminate between oceanic and continental subduction (e.g., Bezard et al., 2016; Fang et al., 2022;
Freymuth et al., 2015, 2016; Villalobos-Orchard et al., 2020). Modern arc lavas erupted above oceanic subduc-
tion zones generally have heavy Mo isotopic compositions (e.g., Ahmad et al., 2021; Freymuth et al., 2015;
Konig et al., 2016; H. Y. Li et al., 2021; X. H. Li et al., 2021), while post-collisional mafic rocks derived from
continental subduction could have light Mo isotope signatures, as a result of an input from subducted and dehy-
drated continental crust, for example, the Liaodong Cretaceous arc-like basalts (Fang et al., 2022). The ~110 Ma
Liaodong basalts formed after the collision between the South China block and North China block. They exhibit
arc-like trace element distribution patterns and highly enriched Sr-Nd isotope compositions, which were consid-
ered to inherit from the subducted continental crust (Zheng et al., 2019). Though the continental crust generally
exhibits heavy Mo isotope compositions (e.g., S. Chen et al., 2022; Greber et al., 2014; Voegelin et al., 2014;
Willbold & Elliott, 2017), it would undergo metamorphic dehydration during its deep subduction, leaving light
Mo isotope compositions in the residual crust (e.g., Fang et al., 2022). However, Huang et al. (2023) argued that
the light Mo isotope compositions of the post-collisional (Miocene) ultrapotassic rocks from the Sailipu area in
the southern Tibetan plateau instead originated from subducted Neo-Tethyan pelagic sediments. Thus, the origin
of the light Mo isotopic compositions of these post-collisional mafic rocks remains unclear. This uncertainty
not only limits the use of Mo isotopes in distinguishing between oceanic and continental subduction but also
hinders our understanding of the recycling of continental crustal materials in this typical collision orogen (i.e.,
Himalaya-Tibet orogen).

In this study, we report new Mo isotope data of the post-collisional ultrapotassic rocks in the Sailipu area of the
Lhasa block, southern Tibet. We have used Mo isotope data along with B-Sr-Nd-Pb isotopes of these ultrapotassic
rocks, in combination with Mo-B-Sr-Nd-Pb isotopes of the Himalayan crustal rocks (e.g., gneisses and schists) to
trace the crustal components in the post-collisional mantle beneath southern Tibet.

2. Geological Setting and Sample Descriptions

The Himalaya-Tibet orogen is a tectonic collage of east-west trending microcontinent blocks that consist of (from
north to south) the Songpan-Ganze, Qiangtang, Lhasa, and Himalaya blocks (Yin & Harrison, 2000). The Lhasa
block of southern Tibet was the last of these blocks to be accreted onto Eurasia during the Early Cretaceous (Hao,
Wang, Zhang, et al., 2019; Zhu et al., 2018) before Eurasia collided with the northward-drifting Indian plate in the
early Cenozoic (60-55 Ma; Hu et al., 2015). The block is presently located between the Qiangtang and Himalayan
blocks and is bounded by the Bangong-Nujiang suture zone to the north and the Indus-Yarlung Zangbo suture
zone to the south (Yin & Harrison, 2000) (Figure 1a).

After the initial India-Lhasa collision in the early Cenozoic (60-55 Ma) (e.g., Hu et al., 2015) and the breakoff
of the Neo-Tethyan oceanic slab at ca. 45 Ma (Ji et al., 2016; Zhu et al., 2015), the Himalaya-southern Tibet
region evolved into a post-collisional setting. The post-collisional (ca. 26—8 Ma) magmatic rocks in the Lhasa
block mainly include felsic adakitic intrusions and potassic-ultrapotassic lavas (e.g., Chung et al., 2005; Guo &
Wilson, 2019) (Figure 1a). Generally, the ultrapotassic rocks were considered to be derived from an enriched
mantle (Guo & Wilson, 2019; Guo et al., 2015; Huang et al., 2015; Liu et al., 2014), while the felsic adakitic rocks
and potassic rocks were suggested to be ascribed to the reworking of the lower crust beneath the Lhasa block (e.g.,
Hao, Wang, Ma, et al., 2022; Hao, Wang, Wyman, et al., 2019; Hou et al., 2004).

This study focuses on the ultrapotassic volcanic rocks that were collected widely across the N-S trending Sailipu
basin (Figure 1b) in the Lhasa block. Previous phlogopite K-Ar and zircon U-Pb dating indicate that they erupted
during the early Miocene (19-16 Ma; Cheng & Guo, 2017; C. Sun et al., 2008). All samples in this study are fresh
and free of significant alteration. These rocks classify as trachyandesites and contain phenocrysts of phlogopite
(5-10 vol.%), clinopyroxene (5-10 vol.%), olivine (3—10 vol.%), and plagioclase (3—-5 vol.%) set in a phlogopite,
clinopyroxene, plagioclase, Fe-Ti oxide, and glass groundmass (Figure S1 in Supporting Information S1).
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Figure 1. (a) Simplified geologic map of the Lhasa block showing the distribution of Cenozoic magmatic rocks, modified from Guo et al. (2015). BNSZ,
Bangong-Nujiang suture zone; I'YZSZ, Indus-Yarlung Zangbo suture zone; SNMZ, Shiquan River-Nam Tso Mélange Zone; LMF, Luobadui-Milashan Fault; TYXR,
TangraYumco-Xuruco rift. The insert shows the locations of the Lhasa block in the India-Tibet collisional zone. (b) Regional geological map showing the distribution
of post-collisional K-rich rocks in the Sailipu area.

3. Results

The analytical methods and data are provided in Supporting Information S1.

3.1. Geochemical and Sr-Nd-Pb Isotopic Data

The studied Sailipu samples (SiO, = 52.8-59.2 wt.%) mostly plot in the trachyandesite fields with a few in basaltic
trachyandesite fields in the TAS diagram (Figure 2a), and all of them belong to the ultrapotassic series (K,O0 > 3

ZHANGET AL.

3of 14



I Y ed N | . .
A\IV Geochemistry, Geophysics, Geosystems 10.1029/2023GC011053
ADVANCING EARTH
AND SPACE SCIENCES
16 14
L ) A B
14l Phonolite Trachytel Ultrapotassic
| Trachydacite 12p
1ol Tephri- Rhyolite e
honolite >
o Phono- P 10r o\$
10k a\Ka\\ﬂe N
3 wel| o
Z | Foidite sup-e? Ser
B 3 N
S, o Shoshonitic
f i Tephrite 6 %
o6 basanite @)
o L
z 41
41 post-collisional ultrapotassic
| rocks in the Lhasa block 5
=0.
2 2T K.0Na:0
i Picritel Cala-alkaline
0 1 1 1 1 1 1 ! 1 1 1 1 L 1 1 1 1 1 1 1 1 1 0 ! 1 L ! ! 1
35 45 55 65 75 0 1 2 3 4 5 6 7
SiO,(wt.%) Na,O(wt.%)
10 10*
(¢} D
post-collisional ultrapotassic . .
rocks in the Lhasa block post-collisional ultrapotassic
/ rocks in the Lhasa block
f
° o10° ‘
o 5
E Sailipu ultrapotassic rocks % Sailipu ultrapotassic
s (Huang et al., 2023) > rocks (Huang et al.,
61 o §1 02 B
3 &
[e] X
hd [3}
]
o
10 | 10 f
O Sailipu ultrapotassic rocks
o Sailipu ultrapotassic rocks
(Huang et al., 2023)
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L L L 1 1 1 L L 1 1 1 1 L
Rb Th Nb La Pb Sr Zr Sm Ti Tb Y Er Yb
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ba U Ta Ce Pr Nd Hf Eu Gd Dy Ho Tm Lu

Figure 2. Major-, trace-elemental compositions for post-collisional ultrapotassic rocks in the Sailipu area. (a) Total alkalis versus SiO, diagram; (b) K,O versus Na,O.
Literature ultrapotassic rocks in the Lhasa block are from Guo et al. (2015); Hao, Wang, Kerr, et al. (2022) and references therein. (c) Chondrite-normalized rare earth
element diagram. (d) Primitive mantle-normalized trace-element spider diagram. The normalization values are from S. Sun and McDonough (1989).

wt.%, MgO > 3 wt.% and K,0/Na,O > 2, Foley et al., 1987) (Figure 2b). They are near-primary melts, as indi-
cated by high Mg* values (63-76), and Cr (234-886 ppm), Ni (112-440 ppm) contents. The Sailipu ultrapotassic
rocks are enriched in light rare earth elements (LREEs) and have relatively flat heavy REE (HREEs) patterns
(Figure 2c), with negative Eu anomalies (Ew/Eu* = 0.6-0.7). Their primitive mantle-normalized multi-element
patterns show enrichment in large ion lithophile elements and depletion in high field strength elements (HFSEs,
e.g., Nb, Ta, and Ti; Figure 2d).

The Sailipu ultrapotassic rocks have relatively high but variable initial 37Sr/%Sr isotopic ratios
(0.7169-0.7314) and low &y,(?) values (—15.5 to —13.5), which are similar to post-collisional ultrapotas-
sic rocks elsewhere in the Lhasa block (Guo et al., 2015; Hao, Wang, Kerr, et al., 2022 and references
therein) (Figure 3a). They have enriched Pb isotopic compositions with (?*7Pb/2%Pb), = 15.74-15.76,
(P98Pb/2%Pb), = 39.48-39.65, and (*°Pb/?**Pb), = 18.57-18.67 and plot close to the field of Indian continen-
tal crust (represented by Higher Himalayan Crystalline Sequence, Tian et al., 2017) in Pb isotope diagrams
(Figures 3b and 3c).
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3.2. Mo and B Isotopic Compositions

The Sailipu ultrapotassic rocks contain a relatively small range of Mo concentrations (0.25-1.50 ppm) and show
variable Mo isotope compositions (§°*Mo = —0.66 to —0.07%o), which extend to be lower than those of MORBs
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Figure 4. (a)

8%%95Mo versus Mo/Ce ratios, (b) 5''B versus B/Nb ratios, (¢) and (d) 8°***Mo versus (¥’Sr/36Sr), and e (?), respectively, for the Sailipu ultrapotassic

rocks in the Lhasa block. The data for Mo isotopes of arc lavas are from Ahmad et al. (2021), H. Y. Li et al. (2021), and X. H. Li et al. (2021) and references therein.

The literature

data of B isotopes and B/Nb ratios in Figure 4b are from Hao, Wang, Kerr, et al., 2022 and references therein. The gray fields for !'B and §%***Mo of

the MORBs are from Marschall et al. (2017) and Freymuth et al. (2015), respectively. The yellow lines represent the mixing curves between the mantle source and the
different Indian continental crust endmembers. The numbers (%) show the proportions of Indian continental crust involved in the depleted mantle source.

(8%Mo = —0.20 + 0.06%o0, Freymuth et al., 2015) (Figure 4a). They have Mo/Ce ratios of 0.0008-0.005
(Figure 4a), which are also lower than those of MORB (~0.03). Their §°**Mo and Mo/Ce values are similar to
the literature data (8§°**°Mo = —0.45 to —0.13%o; Huang et al., 2023), but significantly different from those of
modern arc lavas (e.g., Konig et al., 2016; H. Y. Li et al., 2021).

Figure 3. (a)

Sr-Nd isotopic compositions and (b and c¢) Pb isotopic compositions for the Sailipu post-collisional ultrapotassic rocks. The data for post-collisional

ultrapotassic rocks elsewhere in the Lhasa block are the same as in Figure 2. The pre-collisional ultrapotassic rocks in the Lhasa block: Rongniduo Paleocene
ultrapotassic rocks (Qi et al., 2018). The pre-collisional juvenile sub-continental lithospheric mantle (SCLM)-derived gabbroic rocks: the late Cretaceous gabbroic rocks
(Lei et al., 2022). The mafic dyke derived from the interaction between ancient SCLM and asthenosphere: the late Cretaceous diabase-porphyrites (Hao et al., 2023).
The endmembers of partial melts of the already dehydrated Higher Himalayan Crystalline Sequence (HHCS, as representative examples of Indian continental crust)

and depleted mantle (DM) are from Guo et al. (2013). The numbers (%) on the mixing curve represent the proportions of Indian continental crust involved in mantle
source (e.g., the DM, or a juvenile lithospheric mantle). Lead evolution curves for mantle (M), orogeny (O), and upper crust (UC) are from Soder and Romer (2018) and
references therein.
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The Sailipu ultrapotassic rocks display a wide range of B concentrations
(5.3-35.8 ppm) and 8''B values (—17.4 to —9.7%o), which are significantly
lower than those of MORBs (8''B = —7.1 + 0.9%0, Marschall et al., 2017),
modern arc lavas (De Hoog & Savov, 2018), and the pre-collisional (Pale-
ocene) ultrapotassic rocks from the Rongniduo area in the Lhasa block (Hao,
Wang, Kerr, et al., 2022) (Figure 4b). Instead, their B isotopic compositions
and B/Nb ratios (0.16-1) are similar to those of Miocene K-rich rocks from
the western Anatolian region (down to —31%o, Palmer et al., 2019) and the
TangraYumco-Xuruco rift (TYXR) in the Lhasa block (—20.5 to —10.3%o,
Hao, Wang, Kerr, et al., 2022).

4. Discussion
4.1. Effects of Shallow-Level and Partial Melting Processes

Itis important to consider the effects of shallow-level processes, such as alter-
ation, crustal contamination, and fractional crystallization, before using Mo
isotopes to trace the mantle source. All post-collisional ultrapotassic rocks
studied here are generally free of secondary minerals, with low loss on igni-
tion (LOI) values (mostly <2 wt.%), suggesting insignificant alteration after
formation. In addition, the lack of correlation between their LOI values and
the Mo concentrations and isotopic compositions of these samples (Figures
S2a and S2b in Supporting Information S1) indicates that the Mo isotopic
compositions of the Sailipu post-collisional ultrapotassic rocks have not been
affected by alteration.

The post-collisional crustal thickness of the Lhasa block is about 70 km
(W. P. Chen & Yang, 2004) and therefore, the effects of crustal contamination
during magma ascent must be carefully evaluated. The Sailipu post-collisional
ultrapotassic rocks show no correlation between Mg* values and ey, (¢) values
and (¥Sr/*Sr), ratios, indicating that they were not affected by crustal
assimilation with concomitant fractional crystallization (Figures 5a and 5b).
Their §%¥*Mo values are also not correlated with SiO, contents (Figure 5¢),
consistent with negligible crustal assimilation.

La/Yb and La/Sm ratios are sensitive to the degree of partial melting because
La is more incompatible than Sm and Yb during mantle partial melting.
The Sailipu post-collisional ultrapotassic rocks show positive correlations
between La/Yb, La/Sm, and La (Figures 6a and 6b), which indicate that
partial melting rather than fractional crystallization was a major factor in
their formations. Moreover, fractional crystallization cannot fully account for
the light and variable 5°¥°>Mo values because Mo is extremely incompatible
in olivine and pyroxene (Wang & Becker, 2018). Besides, previous studies
suggested that fractional crystallization of hydrated Mo-bearing minerals,
such as hornblende and biotite, may result in residual melts with heavy Mo
isotopes (Voegelin et al., 2014; Willbold & Elliott, 2017).

Recent studies have shown that Mo isotope fractionation during low degrees
of partial melting is quite limited (McCoy-West et al., 2019). However, the
significant Nb-Ta-Ti negative anomalies of the Sailipu ultrapotassic rocks
likely indicate the presence of residual mineral phases, such as rutile or titan-
ite, in the mantle source. Significantly, some residual mineral phases (e.g.,
rutile and sulfide) are important hosts of Mo (S. Chen et al., 2019; Skora
etal., 2017; Zack, 2002). Thus, it is important to consider the effects of resid-

ual rutile and sulfide. The %Mo values of these rocks do not define any systematic trends with their TiO,, Cu

content, or Nb/Ta ratios (Figures 6¢—6¢), showing that residual mineral phases did not significantly influence the
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Figure 6. (a and b) La versus La/Yb and La/Sm, and (c—f) 8°***Mo versus TiO,, Cu, Nb/Ta, and Cu/Mo, respectively, for the Sailipu post-collisional ultrapotassic
rocks. The gray fields for §°**Mo of the MORBs are same as Figure 4.
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Mo isotope signature of these rocks. Moreover, the melts equilibrated with residual rutile would have a heavier
Mo isotope signature, because rutile has an isotopically light Mo signature (S. Chen et al., 2019). Sulfide phases
can selectively retain isotopically heavy Mo within the mantle (Liang et al., 2017; Voegelin et al., 2012) and may
contribute to the generation of the lighter Mo isotopic compositions. However, Cu partitions into sulfides more
easily than Mo (Y. Li & Audétat, 2012), and so low degree partial melting will produce melts with a positive
correlation between §°¥*Mo values and Cu/Mo ratios. The fact that the studied samples with the lowest Cu/Mo
have higher §%¥**Mo values (Figure 6f) precludes low degree partial melting as the cause of the light Mo isotopes
of these samples. Thus, we conclude that the variable and low §%*°Mo values of the ultrapotassic rocks are not
due to residual rutile and/or sulfide.

In summary, the light Mo isotopic compositions of the Sailipu ultrapotassic rocks largely inherited from their
mantle source rather than due to shallow-level and partial melting processes. Similarly, their B isotopic composi-
tions also inherited from their source (Figure S3 in Supporting Information S1).

4.2. Light Mo Isotopic Compositions Sourced From Subducted Indian Continental Crust

Due to the infiltration of oceanic slab-derived fluids, modern mafic arc lavas generally have higher Mo isotopic
compositions (5%¥*Mo = —0.2 to +0.4%0) and Mo/Ce ratios (Ahmad et al., 2021 and references therein; Konig
et al., 2016; H. Y. Li et al., 2021; X. H. Li et al., 2021; Villalobos-Orchard et al., 2020) than those of MORBs
(Freymuth et al., 2015). This is because *®Mo is preferentially transported by fluids during slab subduction and
dehydration (Freymuth et al., 2015). In contrast with these modern arc lavas, the Sailipu ultrapotassic rocks
have overall relatively lighter Mo isotopes (8°¥*Mo = —0.66 to —0.07%0) and significantly lower Mo/Ce
ratios (0.0008-0.005) (Figure 4a), indicating that their mantle source was not significantly affected by oceanic
slab-derived fluids.

In contrast to modern arc lavas, low Mo/Ce ratios and light Mo isotopes have been recorded in residual oceanic
crust. For example, the depleted MORB eclogites have low Mo/Ce ratios of 0.004—0.031 and §°**Mo values
of —0.68 to —0.16%0 (Ahmad et al., 2021; S. Chen et al., 2019) (Figure 4a). Melts from residual oceanic crust
can be injected into deep mantle and thus transfer the light Mo isotopes into the mantle. However, the igneous
rocks derived from such a mantle source are characterized by depleted Sr-Nd isotopic compositions, for example,
Cenozoic OIB-type basalts in eastern China (Fang et al., 2023) and the central Mariana Trough basalts in the
back-arc basin (X. H. Li et al., 2021), which are different from the Sailipu ultrapotassic rocks (Figures 4c and 4d).

Recently, Huang et al. (2023) proposed that a light Mo isotope reservoir formed by subduction of Tethyan
oceanic sediment should exist in the sub-continental lithospheric mantle (SCLM) beneath southern Tibet, and
may contribute to the light Mo isotope compositions and low Mo/Ce ratios of the post-collisional Sailipu ultrapo-
tassic rocks. Indeed, the oceanic sediments show variable Mo isotope compositions (Ahmad et al., 2021; Casalini
et al., 2019; Freymuth et al., 2015, 2016; Gaschnig et al., 2017) with an average value of —0.29%o, which is
slightly lower than that of MORBs (Freymuth et al., 2015). However, the Italian post-collisional (Miocene-early
Pleistocene) ultrapotassic rocks were considered to be derived from a mantle source containing recycled oceanic
sediments and show relatively high §°¥*Mo values (+0.07 to +0.26%0) (Casalini et al., 2019) (Figure 4a). In
southern Tibet, the syn-collisional (~62 Ma) andesitic rocks from the Linzhou basin of the Lhasa block were
demonstrated to have involved the subducted Neo-Tethyan oceanic sediments in their mantle source (Yan
etal., 2019), yet, they mostly have heavy Mo isotopic compositions (5°***Mo = —0.24 to +0.13%0) and high Mo/
Ce ratios (0.017-0.036) (Figure 4a). Moreover, these ~62 Ma andesitic rocks have Eu/Eu* values of 0.8—0.9 and
Th contents of 4.6-9.0 ppm, which were also distinct from the Sailipu post-collisional ultrapotassic rocks with
Eu/Eu* values of 0.6—-0.7 and Th contents of 154-317 ppm.

Furthermore, the Sr-Nd isotope compositions of the post-collisional ultrapotassic rocks in southern Tibet are
inconsistent with their derivation from the sediment-metasomatized SCLM beneath the Lhasa block formed
during the Neo-Tethyan oceanic subduction: (a) The pre-collisional juvenile SCLM can be formed by the meta-
somatism of the Neo-Tethyan oceanic sediment. However, such a SCLM generally shows slightly depleted-less
enriched Sr-Nd isotopes, which are distinct from the post-collisional ultrapotassic rocks. For instance, the late
Cretaceous (~90 Ma) gabbroic rocks in southern Tibet were considered to be derived from the juvenile SCLM and
showed depleted (¥St/3Sr); of 0.7054-0.7067 and ey, (f) of —2.2 to —1.7 (Lei et al., 2022). Moreover, the Rong-
niduo Paleocene (~64 Ma) ultrapotassic rocks in the Lhasa block were suggested to originate from this juvenile
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Figure 7. (a and b) §°**°Mo versus Eu/Eu* and Th contents, respectively, for the Sailipu ultrapotassic rocks. The data for Mo isotope compositions of arc lavas are the

same as in Figure 4.

SCLM, yet, they show (¥7St/%Sr), of 0.7065-0.7067 and ey (r) of —1.9 to +0.1 (Qi et al., 2018) (Figure 3a).
(b) The pre-collisional ancient SCLM beneath the Lhasa block cannot be the source of the post-collisional
ultrapotassic rocks. Recently, Hao et al. (2023) suggested that the late Cretaceous (~90 Ma) mafic dykes
(diabase-porphyrites) were generated by the interaction between the ancient SCLM and asthenosphere, which can
thus be used to constrain the nature of the ancient SCLM (Figure 3a). A comparison of Sr-Nd isotopes between
the post-collisional ultrapotassic rocks (Hao et al., 2018) in the Lhasa block and the ~90 Ma ancient SCLM
(Figure 3a) suggested that the post-collisional ultrapotassic rocks cannot be derived from the ancient SCLM,
let alone an ancient SCLM metasomatized by the subducted oceanic sediments. Therefore, the light Mo isotope
compositions of post-collisional ultrapotassic rocks unlikely inherited from oceanic sediments.

Although no direct Mo isotope data has been documented for the exhumed ultrahigh-pressure rocks formed in
continental subduction, Mo isotopic fractionation between fluids and residual slab during dehydration can result
in light Mo isotopes in the subducted continental crust (Fang et al., 2022). The early Cretaceous arc-like basalts
from the Liaodong Peninsula (Fang et al., 2022) related to continental subduction show low §°**Mo values
(—0.98 to —0.16%o0), low Mo/Ce ratios (Figure 4a) and enriched Nd isotopes (Figure 4d), which are similar to
those of the Sailipu ultrapotassic rocks. In the case of southern Tibet, the schists and gneisses of the Tethyan
Himalaya, as representative examples of Indian continental crust, have extremely low §°®*Mo values (—1.03 to
—0.64%0) and Mo/Ce ratios (0.0001-0.009, Fan et al., 2023) (Figure 4a). Moreover, the Sailipu post-collisional
ultrapotassic rocks have §°¥**Mo values and Mo/Ce ratios that are intermediate between those of MORBs and
the Indian continental crust (Figure 4a). Consequently, the involvement of the subducted Indian continental crust
could be most likely responsible for the light Mo isotopes and low Mo/Ce ratios of the Sailipu ultrapotassic
rocks. A simple mixing model shows that adding 10%—40% Indian continental crustal components to the depleted
mantle (DM) can produce the light Mo isotope signatures of most Sailipu ultrapotassic samples (Figures 4c
and 4d).

Importantly, we have observed that all Sailipu ultrapotassic rocks display negative Eu anomalies (Ew/Eu* = 0.6-0.7)
and extreme enrichment of Th. These features were not reported in pre-collisional mafic rocks in the Lhasa block
(e.g., Qi et al., 2018; Zhu et al., 2010). It is also noteworthy that the §°***Mo values of the Sailipu ultrapotas-
sic rocks are positively correlated with Eu/Eu* values, and negatively correlated with Th contents (Figures 7a
and 7b). Since the continental crust is characterized by a negative Eu anomaly and extreme enrichment of Th
(Prelevic et al., 2013; Tang et al., 2015), we propose that the light Mo isotope compositions of the Sailipu ultrapo-
tassic rocks are more likely to originate from subducted continental crust rather than oceanic sediments.

Our explanation has been further verified by the very light B isotope compositions and low B/Nb ratios of the
Sailipu ultrapotassic rocks, which are markedly similar to those of the post-collisional ultrapotassic rocks from
the TYXR in the Lhasa block (Hao, Wang, Kerr, et al., 2022). The very low B/Nb ratios of these post-collisional
ultrapotassic rocks indicate a fluid-starved source and their low §''B values cannot be derived from oceanic
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sediments or a stalled dehydrated oceanic slab. Combined with the light B isotope compositions of the schists and
gneisses of the Tethyan Himalaya (Fan et al., 2023), Hao, Wang, Kerr, et al. (2022) proposed that the very light B
isotope compositions of these post-collisional ultrapotassic rocks in southern Tibet are most likely derived from
the subducted Indian continental crust.

In summary, the extremely light Mo-B isotopic compositions and negative Eu anomalies in combination with
the extreme enrichment of Th, low Mo/Ce, and B/Nb ratios of the post-collisional ultrapotassic rocks in the
Sailipu area of southern Tibet are due to the recycling of subducted Indian continental crust. Specifically, the
post-collisional ultrapotassic rocks in southern Tibet were derived from a relatively DM (e.g., juvenile litho-
spheric mantle) metasomatized by subducted Indian continental crust.

4.3. Implications for Mo-B Recycling in Continental Subduction

Mo and B isotope systems are widely utilized in tracing material recycling in oceanic subduction zones (e.g.,
Bezard et al., 2016; Casalini et al., 2019; De Hoog & Savov, 2018; Konig et al., 2016; H. Y. Li et al., 2021;
X. H. Li et al., 2021; Villalobos-Orchard et al., 2020). More recently, they have been increasingly used in
continental subduction zones (Fang et al., 2022; Huang et al., 2023; Palmer et al., 2019). For instance, Hao,
Wang, Kerr, et al. (2022) suggested that the extremely light B isotope compositions of the post-collisional
ultrapotassic rocks in southern Tibet should be ascribed to the recycling of the subducted Indian continental
crust. Fang et al. (2022) suggested that the continental subduction could contribute light Mo isotope compo-
sitions to the post-collisional mafic rocks, for example, the Liaodong Cretaceous arc-like basalts. However,
given that continental subduction is generally induced by gravitational traction of the oceanic lithosphere,
both oceanic and continental crustal materials can be recycled into the mantle in continental subduction zones
and contribute to post-collisional mafic magmatism. Thus, the origin of light Mo isotope compositions for
the post-collisional mafic rocks remains highly debated. For example, Huang et al. (2023) suggested that the
light Mo isotope compositions of the post-collision ultrapotassic rocks likely originated from the subducted
oceanic sediments. That is to say, the recycling of Mo isotopes in continental subduction zones remains
unclear.

In this contribution, we re-visited the Mo isotopes of the Sailipu post-collisional ultrapotassic rocks in southern
Tibet and have fully discussed that the light Mo isotope compositions of these rocks should be sourced from
subducted Indian continental crust rather than the Neo-Tethyan oceanic sediment. This is also consistent with
their very light B isotope compositions. Thus, combining this study with literature data (e.g., Fang et al., 2022),
we argue for the point that the light Mo isotope compositions of the post-collisional mafic rocks have recorded the
recycling of subducted continental crust. Collectively, the Mo-B isotopes have significant potential in discrimi-
nating between oceanic and continental subduction.

5. Summary

1. The Sailipu post-collisional (Miocene) ultrapotassic rocks in southern Tibet have extremely light Mo and B
isotope compositions, with §°¥*Mo and 8''B values ranging from —0.66 to —0.07%o and —17.4 to —=9.7%o,
respectively.

2. The light Mo-B isotope compositions of these post-collisional ultrapotassic rocks should be derived from
subducted Indian continental crust rather than the Neo-Tethyan oceanic sediments.

3. This study provides a perspective on the light Mo and B isotope recycling in continental subduction zones and
shows the considerable potential of Mo-B isotopes in tracing crustal material recycling.

Data Availability Statement

The research data associated with the manuscript are listed in Supporting Information S1 and can be found on
figshare Zhang et al. (2023).

ZHANGET AL.

11 of 14



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems

10.1029/2023GC011053

Acknowledgments

We are very grateful to the editor Profes-
sor Paul D. Asimow, and two reviewers
for their detailed and constructive
comments, which greatly improved the
manuscript. We appreciate the assistance
of Xin-Yu Wang, Xiang-Lin Tu, and
Sheng-Ling Sun during the whole-rock
major and trace element analyses. Wen
Zeng and Le Zhang are thanked for their
help with the Sr-Nd-Pb-Mo-B isotope
analyses. This work was supported by
the Second Tibetan Plateau Scien-

tific Expedition and Research (STEP)
(2019QZKK0702), National Natural
Science Foundation of China (42021002,
42073025) and Youth Innovation Promo-
tion Association CAS (2022357). This is
contribution IS-3399 from GIGCAS.

References

Ahmad, Q., Wille, M., Konig, S., Rosca, C., Hensel, A., Pettke, T., & Hermann, J. (2021). The Molybdenum isotope subduction recycling
conundrum: A case study from the Tongan subduction zone, Western Alps and Alpine Corsica. Chemical Geology, 576, 120231. https://doi.
org/10.1016/j.chemge0.2021.120231

Azizi, H., Daneshvar, N., Mohammadi, A., Asahara, Y., Whattam, S., Tsuboi, M., & Minami, M. (2021). Early Miocene post-collision andesite
in the Takab area, NW Iran. Journal of Petrology, 62(7), egab022. https://doi.org/10.1093/petrology/egab022

Bezard, R., Fischer-Godde, M., Hamelin, C., Brennecka, G. A., & Kleine, T. (2016). The effects of magmatic processes and crustal recycling on
the molybdenum stable isotopic composition of Mid-Ocean Ridge Basalts. Earth and Planetary Science Letters, 453, 171-181. https://doi.
org/10.1016/j.epsl.2016.07.056

Casalini, M., Avanzinelli, R., Tommasini, S., Elliott, T., & Conticelli, S. (2019). Ce/Mo and molybdenum isotope systematics in
subduction-related orogenic potassic magmas of central-southern Italy. Geochemistry, Geophysics, Geosystems, 20(6), 2753-2768. https://
doi.org/10.1029/2019gc008193

Chen, S., Hin, R. C., John, T., Brooker, R., Bryan, B., Niu, Y., & Elliott, T. (2019). Molybdenum systematics of subducted crust record reactive
fluid flow from underlying slab serpentine dehydration. Nature Communications, 10(1), 4773. https://doi.org/10.1038/s41467-019-12696-3

Chen, S., Niu, Y., Gong, H., Wang, X., & Xue, Q. (2022). Re-assessment of the effect of fractional crystallization on Mo isotopes: Constraints from
I-type granitoids and their enclosed mafic magmatic enclaves. Chemical Geology, 597, 120814. https://doi.org/10.1016/j.chemge0.2022.120814

Chen, W. P, & Yang, Z. (2004). Earthquakes beneath the Himalayas and Tibet: Evidence for strong lithospheric mantle. Science, 304(5679),
1949-1952. https://doi.org/10.1126/science. 1097324

Cheng, Z., & Guo, Z. (2017). Post-collisional ultrapotassic rocks and mantle xenoliths in the Sailipu volcanic field of Lhasa terrane, south Tibet:
Petrological and geochemical constraints on mantle source and geodynamic setting. Gondwana Research, 46, 17-42. https://doi.org/10.1016/j.
2r.2017.02.008

Chung, S. L., Chu, M. F,, Zhang, Y., Xie, Y., Lo, C. H., Lee, T. Y., et al. (2005). Tibetan tectonic evolution inferred from spatial and temporal
variations in post-collisional magmatism. Earth-Science Reviews, 68(3—4), 173-196. https://doi.org/10.1016/j.earscirev.2004.05.001

Conticelli, S., Guarnieri, L., Farinelli, A., Mattei, M., Avanzinelli, R., Bianchini, G., et al. (2009). Trace elements and Sr-Nd-Pb isotopes of K-rich
to shoshonitic and calc-alkalic magmatism of the Western Mediterranean region: Genesis of ultrapotassic to calc-alkalic magmatic associa-
tions in post-collisional geodynamic setting. Lithos, 107(1-2), 68-92. https://doi.org/10.1016/j.1ith0s.2008.07.016

Dai, L. Q., Zhao, Z. F., & Zheng, Y. F. (2015). Tectonic development from oceanic subduction to continental collision: Geochemical evidence from
postcollisional mafic rocks in the Hong’an-Dabie orogens. Gondwana Research, 27(3), 1236-1254. https://doi.org/10.1016/j.gr.2013.12.005

De Hoog, J., & Savov, I. P. (2018). Boron isotopes as a tracer of subduction zone processes. In H. R. Marschall & G. L. Foster (Eds.), Boron
isotopes: The fifth element (pp. 217-247). Springer Nature.

Ducea, M. N. (2016). RESEARCH FOCUS: Understanding continental subduction: A work in progress. Geology, 44(3), 239-240. https://doi.
org/10.1130/focus032016.1

Elliott, T. (2004). Tracers of the slab. Geophysical Monograph, 138, 23-45.

Fan, J. J., Wang, Q., Wei, G.J., Li,J., Ma, L., Zhang, X. Z., et al. (2023). Boron and Molybdenum isotope evidence for source-controlled compo-
sitional diversity of Cenozoic granites in the eastern Tethyan Himalaya. Geochemistry, Geophysics, Geosystems, 24(6), €2022GC010629.
https://doi.org/10.1029/2022gc010629

Fang, W, Dai, L. Q., Zheng, Y. F., & Zhao, Z. F. (2022). Basalt Mo isotope evidence for crustal recycling in continental subduction zone.
Geochimica et Cosmochimica Acta, 334, 273-292. https://doi.org/10.1016/j.gca.2022.08.008

Fang, W., Dai, L. Q., Zheng, Y. F., & Zhao, Z. F. (2023). Molybdenum isotopes in mafic igneous rocks record slab-mantle interactions from
subarc to postarc depths. Geology, 51(1), 3-7. https://doi.org/10.1130/g50456.1

Foley, S. F., Venturelli, G., Green, D. H., & Toscani, L. (1987). The ultrapotassic rocks: Characteristics, classification, and constraints for petroge-
netic models. Earth-Science Reviews, 24(2), 81-134. https://doi.org/10.1016/0012-8252(87)90001-8

Freymuth, H., Elliott, T., Van Soest, M., & Skora, S. (2016). Tracing subducted black shales in the Lesser Antilles arc using molybdenum isotope
ratios. Geology, 44(12), 987-990. https://doi.org/10.1130/g38344.1

Freymuth, H., Vils, F., Willbold, M., Taylor, R. N., & Elliott, T. (2015). Molybdenum mobility and isotopic fractionation during subduction at the
Mariana arc. Earth and Planetary Science Letters, 432, 176—186. https://doi.org/10.1016/j.eps1.2015.10.006

Gaschnig, R. M., Reinhard, C. T., Planavsky, N. J., Wang, X., Asael, D., & Chauvel, C. (2017). The molybdenum isotope system as a tracer of
slab input in subduction zones: An example from Martinique, Lesser Antilles arc. Geochemistry, Geophysics, Geosystems, 18(12), 4674-4689.
https://doi.org/10.1002/2017gc007085

Greber, N. D., Pettke, T., & Nigler, T. F. (2014). Magmatic-hydrothermal molybdenum isotope fractionation and its relevance to the igneous
crustal signature. Lithos, 190—-191, 104—110. https://doi.org/10.1016/j.lithos.2013.11.006

Guo, Z., & Wilson, M. (2019). Late Oligocene-early Miocene transformation of postcollisional magmatism in Tibet. Geology, 47(8), 776-780.
https://doi.org/10.1130/g46147.1

Guo, Z., Wilson, M., Zhang, M., Cheng, Z., & Zhang, L. (2013). Post-collisional, K-rich mafic magmatism in south Tibet: Constraints on Indian
slab-to-wedge transport processes and plateau uplift. Contributions to Mineralogy and Petrology, 165(6), 1311-1340. https://doi.org/10.1007/
s00410-013-0860-y

Guo, Z., Wilson, M., Zhang, M., Cheng, Z., & Zhang, L. (2015). Post-collisional ultrapotassic mafic magmatism in south Tibet: Products of
partial melting of pyroxenite in the mantle wedge induced by roll-back and delamination of the subducted Indian continental lithosphere slab.
Journal of Petrology, 56(7), 1365—1406. https://doi.org/10.1093/petrology/egv040

Hao, L. L., Kerr, A. C., Wang, Q., Ma, L., Qi, Y., Xiao, M., & Ou, Q. (2023). Recycling of subducted Indian continental crust constrained by late
Cretaceous mafic dykes in Central Lhasa block of the Tibetan Plateau. Lithos, 454—455, 107276. https://doi.org/10.1016/j.1ith0s.2023.107276

Hao, L. L., Wang, Q., Kerr, A. C., Wei, G. J., Huang, F., Zhang, M. Y., et al. (2022). Contribution of continental subduction to very light B isotope
signatures in post-collisional magmas: Evidence from southern Tibetan ultrapotassic rocks. Earth and Planetary Science Letters, 584, 117508.
https://doi.org/10.1016/j.epsl.2022.117508

Hao, L. L., Wang, Q.,Ma, L., Qi, Y., & Yang, Y. N. (2022). Differentiation of continent crust by cumulate remelting during continental slab tearing:
Evidence from Miocene high-silica potassic rocks in southern Tibet. Lithos, 426-427, 106780. https://doi.org/10.1016/j.1ithos.2022.106780

Hao, L. L., Wang, Q., Wyman, D. A, Qi, Y., Ma, L., Huang, F., et al. (2018). First identification of mafic igneous enclaves in Miocene lavas
of southern Tibet with implications for Indian continental subduction. Geophysical Research Letters, 45(16), 8205-8213. https://doi.
0rg/10.1029/2018g1079061

ZHANGET AL.

12 of 14


https://doi.org/10.1016/j.chemgeo.2021.120231
https://doi.org/10.1016/j.chemgeo.2021.120231
https://doi.org/10.1093/petrology/egab022
https://doi.org/10.1016/j.epsl.2016.07.056
https://doi.org/10.1016/j.epsl.2016.07.056
https://doi.org/10.1029/2019gc008193
https://doi.org/10.1029/2019gc008193
https://doi.org/10.1038/s41467-019-12696-3
https://doi.org/10.1016/j.chemgeo.2022.120814
https://doi.org/10.1126/science.1097324
https://doi.org/10.1016/j.gr.2017.02.008
https://doi.org/10.1016/j.gr.2017.02.008
https://doi.org/10.1016/j.earscirev.2004.05.001
https://doi.org/10.1016/j.lithos.2008.07.016
https://doi.org/10.1016/j.gr.2013.12.005
https://doi.org/10.1130/focus032016.1
https://doi.org/10.1130/focus032016.1
https://doi.org/10.1029/2022gc010629
https://doi.org/10.1016/j.gca.2022.08.008
https://doi.org/10.1130/g50456.1
https://doi.org/10.1016/0012-8252(87)90001-8
https://doi.org/10.1130/g38344.1
https://doi.org/10.1016/j.epsl.2015.10.006
https://doi.org/10.1002/2017gc007085
https://doi.org/10.1016/j.lithos.2013.11.006
https://doi.org/10.1130/g46147.1
https://doi.org/10.1007/s00410-013-0860-y
https://doi.org/10.1007/s00410-013-0860-y
https://doi.org/10.1093/petrology/egv040
https://doi.org/10.1016/j.lithos.2023.107276
https://doi.org/10.1016/j.epsl.2022.117508
https://doi.org/10.1016/j.lithos.2022.106780
https://doi.org/10.1029/2018gl079061
https://doi.org/10.1029/2018gl079061

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011053

Hao, L. L., Wang, Q., Wyman, D. A, Yang, J. H., Huang, F., & Ma, L. (2019). Crust-mantle mixing and crustal reworking of southern Tibet
during Indian continental subduction: Evidence from Miocene high-silica potassic rocks in central Lhasa block. Lithos, 342-343, 407-419.
https://doi.org/10.1016/j.1ith0s.2019.05.035

Hao, L. L., Wang, Q., Zhang, C. F., Ou, Q., Yang, J. H., Dan, W., & Jiang, Z. Q. (2019). Oceanic plateau subduction during closure of the
Bangong-Nujiang Tethyan Ocean: Insights from central Tibetan volcanic rocks. Geological Society of America Bulletin, 131(5-6), 864—880.
https://doi.org/10.1130/b32045.1

Hou, Z. Q., Gao, Y. F., Qu, X. M., Rui, Z. Y., & Mo, X. X. (2004). Origin of adakitic intrusives generated during mid-Miocene east-west extension
in southern Tibet. Earth and Planetary Science Letters, 220(1-2), 139-155. https://doi.org/10.1016/s0012-821x(04)00007-x

Hu, X., Garzanti, E., Moore, T., & Raffi, I. (2015). Direct stratigraphic dating of India-Asia collision onset at the Selandian (middle Paleocene,
59 + 1 Ma). Geology, 43(10), 859-862. https://doi.org/10.1130/g36872.1

Huang, F., Chen, J., Xu, J., Wang, B., & Li, J. (2015). Os-Nd-Sr isotopes in Miocene ultrapotassic rocks of southern Tibet: Partial melting of a
pyroxenite-bearing lithospheric mantle? Geochimica et Cosmochimica Acta, 163, 279-298. https://doi.org/10.1016/j.gca.2015.04.053

Huang, F., Li, J., Xu, J., Chen, J. L., Wang, B. D., Hu, P, et al. (2023). Mo isotopes archive oceanic sediments in post-orogenic lithospheric
mantle. Geochimica et Cosmochimica Acta, 341, 75-89. https://doi.org/10.1016/j.gca.2022.11.023

Ji, W.Q., Wu, E. Y., Chung, S. L., Wang, X. C., Liu, C. Z., Li, Q. L., et al. (2016). Eocene neo-Tethyan slab breakoff constrained by 45 Ma oceanic
island basalt-type magmatism in southern Tibet. Geology, 44(4), 283-286. https://doi.org/10.1130/g37612.1

Konig, S., Wille, M., Voegelin, A., & Schoenberg, R. (2016). Molybdenum isotope systematics in subduction zones. Earth and Planetary Science
Letters, 447, 95-102. https://doi.org/10.1016/j.eps].2016.04.033

Lei, M., Chen, J., Luo, Y., & Wang, D. (2022). Nature of the late cretaceous mantle source beneath the western Lhasa terrane, southern Tibet:
Insights from the newly discovered mafic intrusion. Lithos, 420—421, 106721. https://doi.org/10.1016/j.1ith0s.2022.106712

Li, H. Y., Zhao, R. P, Li, J., Tamura, Y., Spencer, C., Stern, R. J., et al. (2021). Molybdenum isotopes unmask slab dehydration and melting
beneath the Mariana arc. Nature Communications, 12(1), 6015. https://doi.org/10.1038/s41467-021-26322-8

Li, X. H,, Yan, Q. S., Zeng, Z. G., Fan, J. J., Li, S. Z., Li, J., et al. (2021). Across-arc variations in Mo isotopes and implications for subducted
oceanic crust in the source of back-arc basin volcanic rocks. Geology, 49(10), 1165-1170. https://doi.org/10.1130/g48754.1

Li, Y., & Audétat, A. (2012). Partitioning of V, Mn, Co, Ni, Cu, Zn, As, Mo, Ag, Sn, Sb, W, Au, Pb, and Bi between sulfide phases and hydrous
basanite melt at upper mantle conditions. Earth and Planetary Science Letters, 355, 327-340. https://doi.org/10.1016/j.epsl.2012.08.008

Liang, Y., Halliday, A. N., Siebert, C., Fitton, J. G., Burton, K. W., Wang, K., & Harvey, J. (2017). Molybdenum isotope fractionation in the
mantle. Geochimica et Cosmochimica Acta, 199, 91-111. https://doi.org/10.1016/j.gca.2016.11.023

Liu, D., Zhao, Z., Zhu, D. C., Niu, Y., Depaolo, D. J., Harrison, T. M., et al. (2014). Postcollisional potassic and ultrapotassic rocks in southern
Tibet: Mantle and crustal origins in response to India-Asia collision and convergence. Geochimica et Cosmochimica Acta, 143(27), 207-231.
https://doi.org/10.1016/j.gca.2014.03.031

Marschall, H. R., Wanless, V. D., Shimizu, N., Pogge von Strandmann, P. A. E., Elliott, T., & Monteleone, B. D. (2017). The boron and lithium
isotopic composition of mid-ocean ridge basalts and the mantle. Geochimica et Cosmochimica Acta, 207, 102—138. https://doi.org/10.1016/j.
£ca.2017.03.028

McCoy-West, A. J., Chowdhury, P., Burton, K. W., Sossi, P., Nowell, G. M., Fitton, J. G., et al. (2019). Extensive crustal extraction in Earth’s early
history inferred from molybdenum isotopes. Nature Geoscience, 12(11), 946-951. https://doi.org/10.1038/s41561-019-0451-2

Palmer, M. R., Ersoy, E. Y., Akal, C., Uysal, i., Geng, S. C., Banks, L. A., et al. (2019). A short, sharp pulse of potassium-rich volcanism during
continental collision and subduction. Geology, 47(11), 1079-1082. https://doi.org/10.1130/g45836.1

Plank, T. (2014). The chemical composition of subducting sediments. Treatise on Geochemistry, 4, 607-629.

Prelevi¢, D., Jacob, D. E., & Foley, S. F. (2013). Recycling plus: A new recipe for the formation of Alpine-Himalayan orogenic mantle lithosphere.
Earth and Planetary Science Letters, 362, 187-197. https://doi.org/10.1016/j.epsl.2012.11.035

Qi, Y., Gou, G. N., Wang, Q., Wyman, D. A, Jiang, Z. Q., Li, Q. L., & Zhang, L. (2018). Cenozoic mantle composition evolution of south-
ern Tibet indicated by Paleocene (~64 Ma) pseudoleucite phonolitic rocks in central Lhasa terrane. Lithos, 302—-303, 178-188. https://doi.
org/10.1016/j.1ithos.2017.12.021

Skora, S., Freymuth, H., Blundy, J., Elliott, T., & Guillong, M. (2017). An experimental study of the behaviour of cerium/molybdenum ratios
during subduction: Implications for tracing the slab component in the Lesser Antilles and Mariana arc. Geochimica et Cosmochimica Acta,
212, 133-155. https://doi.org/10.1016/j.gca.2017.05.025

Soder, C., & Romer, R. (2018). Post-collisional potassic-ultrapotassic magmatism of the Variscan Orogen: Implications for mantle metasomatism
during continental subduction. Journal of Petrology, 59(6), 1007-1034. https://doi.org/10.1093/petrology/egy053

Stern, R. J. (2002). Subduction zones. Reviews of Geophysics, 40(4), 3-1-3-38. https://doi.org/10.1029/2001rg000108

Sun, C., Zhao, Z., Mo, X., Zhu, D., Dong, G., Zhou, S., et al. (2008). Enriched mantle source and petrogenesis of Sailipu ultrapotassic rocks in
southern Tibetan Plateau: Constrains from zircon U-Pb geochronology and Hf isotopic compositions. Acta Petrologica Sinica, 24, 249-264.
(in Chinese with English abstract).

Sun, S., & McDonough, W. F. (1989). Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes.
In A. D. Saunders & M. J. Norry (Eds.), Magmatism in the ocean basins, Geological Society Special Publications (Vol. 42, pp. 313-345).
Tang, M., Rudnick, R. L., McDonough, W. F., Gaschnig, R. M., & Huang, Y. (2015). Europium anomalies constrain the mass of recycled lower

continental crust. Geology, 43(8), 703-706. https://doi.org/10.1130/g36641.1

Tian, S., Yang, Z., Hou, Z., Mo, X., Hu, W., Zhao, Y., & Zhao, X. Y. (2017). Subduction of the Indian lower crust beneath southern Tibet revealed
by the post-collisional potassic and ultrapotassic rocks in SW Tibet. Gondwana Research, 41, 29-50. https://doi.org/10.1016/j.gr.2015.09.005

Villalobos-Orchard, J., Freymuth, H., O'Driscoll, B., Elliott, T., Williams, H., Casalini, M., & Willbold, M. (2020). Molybdenum isotope ratios in
Izu arc basalts: The control of subduction zone fluids on compositional variations in arc volcanic systems. Geochimica et Cosmochimica Acta,
288, 68-82. https://doi.org/10.1016/j.gca.2020.07.043

Voegelin, A. R., Nigler, T. F., Pettke, T., Neubert, N., Steinmann, M., Pourret, O., & Villa, I. M. (2012). The impact of igneous bedrock weath-
ering on the Mo isotopic composition of stream waters: Natural samples and laboratory experiments. Geochimica et Cosmochimica Acta, 86,
150-165. https://doi.org/10.1016/j.gca.2012.02.029

Voegelin, A. R., Pettke, T., Greber, N. D., von Niederhdusern, B., & Nigler, T. F. (2014). Magma differentiation fractionates Mo isotope ratios:
Evidence from the Kos Plateau Tuff (Aegean Arc). Lithos, 190-191, 440-448. https://doi.org/10.1016/j.1ithos.2013.12.016

Wang, Z. C., & Becker, H. (2018). Molybdenum partitioning behavior and content in the depleted mantle: Insights from Balmuccia and Baldissero
mantle tectonites (Ivrea Zone, Italian Alps). Chemical Geology, 499, 138-150. https://doi.org/10.1016/j.chemgeo0.2018.09.023

Willbold, M., & Elliott, T. (2017). Molybdenum isotope variations in magmatic rocks. Chemical Geology, 449, 253-268. https://doi.org/10.1016/j.
chemgeo.2016.12.011

ZHANGET AL.

13 of 14


https://doi.org/10.1016/j.lithos.2019.05.035
https://doi.org/10.1130/b32045.1
https://doi.org/10.1016/s0012-821x(04)00007-x
https://doi.org/10.1130/g36872.1
https://doi.org/10.1016/j.gca.2015.04.053
https://doi.org/10.1016/j.gca.2022.11.023
https://doi.org/10.1130/g37612.1
https://doi.org/10.1016/j.epsl.2016.04.033
https://doi.org/10.1016/j.lithos.2022.106712
https://doi.org/10.1038/s41467-021-26322-8
https://doi.org/10.1130/g48754.1
https://doi.org/10.1016/j.epsl.2012.08.008
https://doi.org/10.1016/j.gca.2016.11.023
https://doi.org/10.1016/j.gca.2014.03.031
https://doi.org/10.1016/j.gca.2017.03.028
https://doi.org/10.1016/j.gca.2017.03.028
https://doi.org/10.1038/s41561-019-0451-2
https://doi.org/10.1130/g45836.1
https://doi.org/10.1016/j.epsl.2012.11.035
https://doi.org/10.1016/j.lithos.2017.12.021
https://doi.org/10.1016/j.lithos.2017.12.021
https://doi.org/10.1016/j.gca.2017.05.025
https://doi.org/10.1093/petrology/egy053
https://doi.org/10.1029/2001rg000108
https://doi.org/10.1130/g36641.1
https://doi.org/10.1016/j.gr.2015.09.005
https://doi.org/10.1016/j.gca.2020.07.043
https://doi.org/10.1016/j.gca.2012.02.029
https://doi.org/10.1016/j.lithos.2013.12.016
https://doi.org/10.1016/j.chemgeo.2018.09.023
https://doi.org/10.1016/j.chemgeo.2016.12.011
https://doi.org/10.1016/j.chemgeo.2016.12.011

Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011053

Yan, H. Y., Long, X. P, Li, J., Wang, Q., Zhao, P. S, Shu, C. T., et al. (2019). Arc andesitic rocks derived from partial melts of mélange diapir in
subduction zones: Evidence from whole-rock geochemistry and Sr-Nd-Mo isotopes of the Paleogene Linzizong volcanic succession in south-
ern Tibet. Journal of Geophysical Research: Solid Earth, 124(1), 456—475. https://doi.org/10.1029/2018jb016545

Yin, A., & Harrison, T. M. (2000). Geologic evolution of the Himalayan-Tibetan orogen. Annual Review of Earth and Planetary Sciences, 28(1),
211-280. https://doi.org/10.1146/annurev.earth.28.1.211

Zack, T., Kronz, A., Foley, S., & Rivers, T. (2002). Trace element abundances in rutiles from eclogites and associated garnet mica schists. Chem-
ical Geology, 184(1), 97-122. https://doi.org/10.1016/s0009-2541(01)00357-6

Zhang, M.-Y., Huang, C.-C., Hao, L.-L., Qi, Y., Wang, Q., Kerr, A. C., et al. (2023). Supporting information [Dataset]. figshare. https://doi.
org/10.6084/m9.figshare.24078681.v2

Zhao, Z., Mo, X., Dilek, Y., Niu, Y., Depaolo, D. J., Robinson, P., et al. (2009). Geochemical and Sr-Nd-Pb-O isotopic compositions of the
post-collisional ultrapotassic magmatism in SW Tibet: Petrogenesis and implications for India intra-continental subduction beneath southern
Tibet. Lithos, 113(1-2), 190-212. https://doi.org/10.1016/j.1ithos.2009.02.004

Zheng, Y. F., Zhao, Z. F., & Chen, R. X. (2019). Ultrahigh-pressure metamorphic rocks in the Dabie-Sulu orogenic belt: Compositional inher-
itance and metamorphic modification. Geological Society - Special Publications, 474(1), 89-132. https://doi.org/10.1144/sp474.9

Zhu, D., Wang, Q., Chung, S., Cawood, P., & Zhao, Z. (2018). Gangdese magmatism in southern Tibet and India-Asia convergence since 120 Ma.
Geological Society, London, Special Publications, 483(1), 583-604. https://doi.org/10.1144/sp483.14

Zhu, D., Wang, Q., Zhao, Z., Chung, S., Cawood, P. A., Niu, Y., et al. (2015). Magmatic record of India-Asia collision. Scientific Reports, 5(1),
14289. https://doi.org/10.1038/srep 14289

Zhu, D. C., Mo, X. X., Zhao, Z. D., Niu, Y. L., Wang, L. Q., Chu, Q. H., et al. (2010). Presence of Permian extension- and arc-type magmatism
in southern Tibet: Paleogeographic implications. GSA Bulletin, 122(7-8), 979-993. https://doi.org/10.1130/b30062.1

References From the Supporting Information

Li, J., Liang, X., Zhong, L., Wang, X., Ren, Z., Sun, S., et al. (2014). Measurement of the isotopic composition of molybdenum in geological
samples by MC-ICP-MS using a novel chromatographic extraction technique. Geostandards and Geoanalytical Research, 38(3), 345-354.
https://doi.org/10.1111/j.1751-908x.2013.00279.x

Li, X., Li, Z., Wingate, M. T. D., Chung, S., Liu, Y., Lin, G., & Li, W. X. (2006). Geochemistry of the 755 Ma Mundine Well dyke swarm,
northwestern Australia: Part of a Neoproterozoic mantle superplume beneath Rodinia? Precambrian Research, 146(1-2), 1-15. https://doi.
org/10.1016/j.precamres.2005.12.007

Li, X., Liu, D., Sun, M., Li, W., Liang, X., & Liu, Y. (2004). Precise Sm-Nd and U-Pb isotopic dating of the supergiant shizhuyuan polymetallic
deposit and its host granite, SE China. Geological Magazine, 141(2), 225-231. https://doi.org/10.1017/s0016756803008823

Li, X., Qi, C., Liu, Y., Liang, X., Tu, X., Xie, L., et al. (2005). Petrogenesis of the Neoproterozoic bimodal volcanic rocks along the western
margin of the Yangtze Block: New constraints from Hf isotopes and Fe/Mn ratios. Chinese Science Bulletin, 50(21), 2481-2486. https://doi.
org/10.1360/982005-287

Wei, G., Wei, I, Liu, Y., Ke, T., Ren, Z., Ma, J., et al. (2013). Measurement on high precision boron isotope of silicate materials by a single
column purification method and MC-ICP-MS. Journal of Analytical Atomic Spectrometry, 28, 606—-612.

Zhao, P., Li, J., Zhang, L., Wang, Z., Kong, D., Ma, J., et al. (2015). Molybdenum mass fractions and isotopic compositions of international
geological reference materials. Geostandards and Geoanalytical Research, 40(2), 217-226. https://doi.org/10.1111/j.1751-908x.2015.00373.x

Zhu, B., Zhang, J., Tu, X., Chang, X., Fan, C., Liu, Y., & Ju-Ying, L. (2001). Pb, Sr, and Nd isotopic features in organic matter from China and
their implications for petroleum generation and migration. Geochimica et Cosmochimica Acta, 65(15), 2555-2570. https://doi.org/10.1016/
s0016-7037(01)00608-1

ZHANGET AL.

14 of 14


https://doi.org/10.1029/2018jb016545
https://doi.org/10.1146/annurev.earth.28.1.211
https://doi.org/10.1016/s0009-2541(01)00357-6
https://doi.org/10.6084/m9.figshare.24078681.v2
https://doi.org/10.6084/m9.figshare.24078681.v2
https://doi.org/10.1016/j.lithos.2009.02.004
https://doi.org/10.1144/sp474.9
https://doi.org/10.1144/sp483.14
https://doi.org/10.1038/srep14289
https://doi.org/10.1130/b30062.1
https://doi.org/10.1111/j.1751-908x.2013.00279.x
https://doi.org/10.1016/j.precamres.2005.12.007
https://doi.org/10.1016/j.precamres.2005.12.007
https://doi.org/10.1017/s0016756803008823
https://doi.org/10.1360/982005-287
https://doi.org/10.1360/982005-287
https://doi.org/10.1111/j.1751-908x.2015.00373.x
https://doi.org/10.1016/s0016-7037(01)00608-1
https://doi.org/10.1016/s0016-7037(01)00608-1

	Light Mo Isotopes of Post-Collisional Ultrapotassic Rocks in Southern Tibet Derived From Subducted Indian Continental Crust
	Abstract
	Plain Language Summary
	1. Introduction
	2. Geological Setting and Sample Descriptions
	3. Results
	3.1. Geochemical and Sr-Nd-Pb Isotopic Data
	3.2. Mo and B Isotopic Compositions

	4. Discussion
	4.1. Effects of Shallow-Level and Partial Melting Processes
	4.2. Light Mo Isotopic Compositions Sourced From Subducted Indian Continental Crust
	4.3. Implications for Mo-B Recycling in Continental Subduction

	5. Summary
	Data Availability Statement
	References
	References From the Supporting Information


