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) X : to the genesis of ocean island basalts (OIBs). However, OIBs have similar average 5°%/°°Mo values
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(—=0.22%ct 0.04%0; 2SE; n = 87) to the depleted mantle. Subducted oceanic sediments may create a
light-5°%/>Mo reservoir in the subcontinental lithospheric mantle, but this has not been investigated
in detail. Understanding the Mo isotopic systematics of the continental crust and mantle requires an

Iﬁg‘;‘;‘;ﬁ;es understanding of the Mo isotopic composition of lithospheric mantle-derived volcanic rocks. The litho-
Ultrapotassic rocks sphere in the Tibetan region has experienced multiple stages of oceanic subduction and is thus ideal
Oceanic sediments for studying magmas derived from sediment-modified lithospheric mantle. Mafic ultrapotassic volcanic
Lithospheric mantle rocks (UPVRs) from the Sailipu area on the southern Tibetan Plateau have high Mg# values (67.1-72.5)
Tethyan realm and enriched Sr-Nd isotopic compositions and are primitive magmas derived from the lithospheric man-

tle. These rocks have higher Ce/Mo ratios (225-422) and lighter 5°®/°>Mo values (—0.45%o to —0.13%o)
than the depleted mantle, mid-ocean ridge basalts (MORBs), and OIBs, as well as high eyf(t) values at
given gng(t) values compared with the terrestrial array (Agye = 4.59-5.73). The involvement of Ca-poor
pelagic sediments rather than the lower continental crust and hydrated oceanic slab best accounts for
the high Ce/Mo ratios and light §°%/°>Mo values of the studied rocks. The Sailipu UPVRs also have higher
Nb/Ta (18.9-20.8) and Th/La (2.6-3.4) ratios than arc-related igneous rocks and MORBs, suggesting that
their source was phlogopite-bearing lithospheric mantle with a metasomatic vein component (rutile +
monazite + lawsonite). We propose a two-stage geodynamic process to explain the formation of the
Sailipu UPVRs: (1) a metasomatic vein component with high Th/La and Ce/Mo ratios formed in the litho-
spheric mantle during multiple stages of oceanic subduction; (2) high mantle temperatures related to
convective thinning of the lithosphere resulted in melting of the vein component and the ambient man-
tle, which produced hybrid melts of various mantle domains during the post-orogenic stage. The Sailipu
UPVRs have enriched Sr-Nd isotopic compositions and high Th/La and Ce/Mo ratios, similar to lamproites
that are widespread in the Tethyan orogenic realm from the Mediterranean to the southern Tibetan
Plateau. Given that UPVRs with light 5°%/°*Mo values have also been identified in the Western Alps, we
propose that the isotopically light Mo component is widespread in Tethyan lithospheric mantle. This iso-
topically light Mo in the lithospheric mantle may be a complementary end-member to the isotopically
heavier continental crust. The recycling of subducted oceanic sediments has a key role in the deep recy-
cling of Mo.
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1. Introduction

Molybdenum (Mo) is a redox-sensitive element, highly mobile
on Earth’s surface, and its isotopes are strongly fractionated by
low-temperature processes (e.g., Willbold and Elliott, 2017).
Molybdenum is generally a refractory and incompatible element
in magmatic systems, and Mo** preferentially retains lighter Mo
isotopes and is more compatible than Mo®* (Leitzke et al., 2017).
These geochemical properties lead to changes in the coordination
and charge of Mo during various geological processes at high and
low temperatures; therefore, Mo isotopes can be used to trace
crust-mantle recycling. The bulk silicate Earth (BSE) has a
§%8/95Mo value of —0.21%o + 0.06%. (5°3/°°*Mo = [(**M0/**M0)sample/
(®®Mo0/*°Mo0)standara — 1] x 1000, where the subscript “standard”
represents the National Institute of Standards and Technology
[NIST] reference material 3134), based on studies of meteorites
and komatiites (Burkhardt et al., 2014; Greber et al., 2015; Liang
et al,, 2017). The depleted mantle has an identical §°®/°°Mo value
(-0.21%0 £ 0.02%o; Bezard et al., 2016; Liang et al., 2017; McCoy-
West et al., 2019) to the BSE, which is lighter than that of the con-
tinental crust (8°®/°°Mo = 0.05-0.15%c; Chen et al., 2022a; Greber
et al,, 2014; Voegelin et al., 2014; Willbold and Elliott, 2017). It
has been speculated that this difference in §°/°*Mo between the
BSE and the continental crust is the result of subduction processes,
and it may be due to the presence of isotopically lighter Mo reser-
voirs on Earth, such as the deep mantle (e.g., the transition zone,
lower mantle, or at the core-mantle boundary; Liang et al., 2017;
Willbold and Elliott, 2017).

Arc volcanic rocks have variable §°%/°°Mo values from — 1.91%o
to 1.10%0 (mean = — 0.07%o = 0.04%0; 2SE; n = 227; Ahmad et al.,
2021; Freymuth et al., 2015, 2016; Gaschnig et al., 2017; Konig
et al., 2016; Li et al., 2021a, 2021b; Villalobos-Orchard et al.,
2020; Voegelin et al., 2014; Wille et al., 2018; Zhang et al., 2020),
and most have heavier §°%/°°Mo values (>0%c) than the depleted
mantle (—0.21%0 * 0.02%0; Bezard et al., 2016; Liang et al., 2017;
Willbold and Elliott, 2017). The wide range of Mo isotopic compo-
sitions in arc igneous rocks has been attributed to isotopically
heavy Mo that is partitioned into slab-derived fluids, whereas iso-
topically light Mo is retained in the residual subducting oceanic
crust and/or sediments (Aarons et al., 2021; Freymuth et al,
2015; Gaschnig et al, 2017; Villalobos-Orchard et al., 2020;
Willbold and Elliott, 2017). As such, the subducted slab and over-
lying sediments with light §°%/>Mo values best explain the Mo iso-
tope balance between the BSE and the continental crust. The
incorporation of isotopically light Mo from devolatilized subducted
oceanic crust into the deep mantle has been investigated in several
studies (Gaschnig et al., 2021a, 2021b; Liang et al., 2017; Ma et al.,
2022; Yang et al., 2015). However, an alternative potential reser-
voir (i.e., the lithospheric mantle) has been largely neglected, and
this reservoir may store isotopically light 5°/°Mo derived from
sediments introduced during protracted oceanic subduction.

The Tibetan-Himalaya Orogen is the largest, present-day, conti-
nental collisional belt on Earth and has experienced multiple
stages of oceanic subduction (including in the Paleo-, meso-, and
NeoTethys oceans) since the Paleozoic (Kapp and DeCelles, 2019;
Zhu et al, 2013). Post-orogenic ultrapotassic volcanic rocks
(UPVRs) are widely developed on the southern Tibetan Plateau
and are characterized by high Mg# values (100 x Mg?*/[Mg?"+-
Fe?*] > 65), high MgO (>6 wt%) and compatible trace element
(e.g., Cr and Ni) contents, and enriched Sr-Nd isotopic composi-
tions, and they thus represent primitive magmas derived from
the lithospheric mantle (Guo and Wilson, 2019; Guo et al., 2015;
Huang et al., 2015; Miller et al., 1999; Williams et al., 2004). These
post-orogenic UPVRs occur from the Himalayas through to the Alps
over a distance of ~10,000 km (Casalini et al., 2021; Tommasini
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et al, 2011) and are ideal for studying the Mo isotopic systematics
of magmas derived from subcontinental lithospheric mantle that
has been modified by subducted materials. This study reports Mo
isotope data for UPVRs from the southern Tibetan Plateau, along
with geochemical and Sr-Nd-Hf isotope data. Our results show
that the UPVRs have high Ce/Mo ratios and isotopically light Mo,
which are distinct from mid-ocean ridge basalts (MORBs) and
ocean island basalts (OIBs). The correlations between §°¢/°°Mo val-
ues and some geochemical parameters (e.g., Th/La and Nb/Ta
ratios) suggest that recycled pelagic sediment in the lithospheric
mantle is the most probable source of the isotopically light Mo in
the UPVRs. We propose that this light-5°%/>Mo lithospheric com-
ponent may potentially balance the Mo isotopic systematics of
the BSE and continental crust.

2. Geological setting and samples

The Tibetan-Himalaya orogenic system comprises several
micro-continents that drifted away from Gondwanaland after the
Paleozoic before their final amalgamation during the Cenozoic
India-Asia continental collision (e.g., Yin and Harrison, 2000).
The Tibetan Plateau comprises the Songpan-Ganzi complex,
Qiangtang Terrane, Lhasa Terrane, and Himalaya (from north to
south). The Lhasa Terrane is bounded by the Bangong-Nujiang
suture (BNS) and Indus-Yarlung Zangbo suture (IYZS) to the north
and south, respectively (Fig. 1). After the onset of the India-Asia
continental collision, three types of Cenozoic magmatism occurred
throughout the Lhasa Terrane: (1) the 65-40 Ma calc-alkaline
Gangdese batholith and Linzizong volcanic rocks (Fig. 1; e.g., Lee
et al,, 2009; Liu et al., 2022a; Zhang et al., 2022), which were
related to NeoTethyan subduction; (2) 30-10 Ma adakitic igneous
rocks that represent melts of thickened lower continental crust
(e.g., Chen et al., 2011; Chung et al., 2003); and (3) 26-8 Ma ultra-
potassic and potassic volcanic rocks (Fig. 1) derived from the litho-
spheric mantle (e.g., Guo and Wilson, 2019; Guo et al.,, 2015;
Huang et al., 2015; Miller et al., 1999; Zhao et al., 2009). The ultra-
potassic and potassic volcanic rocks are exposed as small-volume
lava flows and dikes close to a series of N—S—trending rifts
(Fig. 1; e.g., Guo et al., 2013, 2015; Huang et al., 2015; Williams
et al., 2004).

The Sailipu UPVRs formed at 18.5-17.0 Ma and are located in
the Sailipu Basin, western Lhasa Terrane, southern Tibetan Plateau
(Guo et al., 2015; Wang et al., 2008; Zhao et al., 2009). These rocks
form discontinuous, small-volume lava flows that are a few hun-
dred meters to a few kilometers in length and 1-100 m thick.
The Sailipu UPVRs overlie Paleozoic-Mesozoic strata and the Linz-
izong volcanic rocks (Wang et al., 2014). Most samples are por-
phyritic with phenocrysts of phlogopite, clinopyroxene, and
subordinate olivine (Fig. S1) set in a groundmass of olivine, phlogo-
pite, clinopyroxene, sanidine, Fe-Ti oxides, and glass.

3. Analytical methods

Twenty-three whole-rock samples with unweathered surfaces
were cut into small slices and cleaned ultrasonically in distilled
water. The dried whole-rock samples were crushed to < 1 mm
and then powdered in an agate mortar. The final powder (<200
mesh) was used for geochemical analysis. Loss-on-ignition (LOI)
values were determined by heating ~0.5 g of sample powder in a
porcelain crucible for 1.5 h at 1000 °C. Whole-rock major element
data were obtained by X-ray fluorescence (XRF) spectrometry on
fused glass discs using a PANalytical AXIOS Minerals instrument
at the Rock-Mineral Preparation and Analysis Laboratory, Institute
of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS),
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Fig. 1. Sketch map showing the distribution of Cenozoic magmatic rocks in southern Tibetan Plateau (modified from Guo et al., 2015) Sampling locations in this study are also
shown. Abbreviation: BNS = Bangong-Nujiang Suture; IYZS = Indus-Yarlung Zabong Suture.

Beijing, China. The analytical uncertainty of the major element data
was < + 3%. Sample aliquots (~50 mg) were digested in HNO3 + HF
in high-pressure Teflon bombs for 48 h to ensure complete disso-
lution. Trace element contents were then measured using a
Thermo iCAP Q inductively coupled plasma mass spectrometer
(ICP-MS) at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS), Guangzhou, China. The analytical
uncertainty of the trace element data was < + 10%. Details of the
analytical procedures have been described by Huang et al. (2021).

Chemical separation of whole-rock Sr-Nd-Hf isotopes were con-
ducted at the Guilin University of Technology, Guilin, China (GUT).
Strontium-Nd and Hf isotope ratios were determined at the GUT
and Institute of Geochemistry, Chinese Academy of Sciences,
respectively. Sample powders (~50 mg) were dissolved in distilled
HNOs; + HF in screw-top PFA beakers at 120 °C for at least 7 d.
Strontium was separated using a Sr-specific resin. Rare earth ele-
ments (REEs) were separated using ion exchange columns, and
Nd was isolated on HDEHP-coated Kef columns. Determination of
Sr-Nd isotope ratios employed a Neptune Plus multi-collector
(MC)-ICP-MS using the procedures described by Huang et al.
(2019). Repeated measurement of NBS SRM 987 yielded 87Sr/%6Sr =
0.710250 + 6 (26; n = 7) and of JNdi-1 yielded **Nd/'**Nd = 0.5
12093 £ 5 (20; n = 7). BHVO-2 was analyzed to monitor the data
accuracy and yielded 87Sr/86Sr = 0.703512 + 6 (20; n = 4) and
143Nd/'4Nd = 0.512988 + 5 (25; n = 4), consistent with the recom-
mend values for this standard (GeoReM; https://georem.mpch-
mainz.gwdg.de/).

For Hf isotope analysis, sample powders were digested in a 1:3
mixture of HNO3 + HF in Savillex beakers at 120 °C for 5 d. The
solutions were then evaporated and 6 N HCI was added to the resi-
due, which was then heated for 24 h. These steps were repeated
two or three times until the solution was completely clear. Haf-
nium was separated using a modified ion exchange procedure
using a single column and Ln-specific resin. Hafnium isotope ratios
were measured using a Neptune Plus MC-ICP-MS. The '7®Hf/'”"Hf
ratios were normalized to the JMC-475 Hf standard (!7CHf/
177Hf = 0.282160). BCR-2 yielded '7®Hf/'””Hf = 0.282864 * 8 (20;
n=4).

Chemical separation of Mo was conducted at the Guizhou Tong-
wei Analytical Technology Company Limited, Guizhou, China,
using the analytical protocols described by Li et al. (2014). Approx-
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imately 0.1-0.2 g of sample powder was spiked with a double iso-
tope tracer (°’Mo-'"°Mo). The spiked samples were digested in
HF + HNOj in beakers at 150 °C for 3 d. The Mo separation was
undertaken wusing N-benzoyl-N-phenylhydroxylamine (BPHA)
resin. Molybdenum isotope data were obtained using a Neptune
Plus MC-ICP-MS at the GIGCAS, and the double-spike method
was used to correct for instrumental mass bias. The Mo isotopic
composition is expressed as $°%/°Mo relative to the NIST SRM
3134 standard. The external reproducibility of the 5°®/°*Mo values
for the NIST SRM 3134 is = 0.06%. (2SD; n = 19). The total procedu-
ral blanks for Mo were 0.30 = 0.15 ng (2SD; n = 4). IAPSO seawater
and the rock standards W-2a and AGV-2 were also analyzed and
yielded §°/°°Mo values of 2.06%c 0.03%¢, —0.04% + 0.06%o,
and —0.14%. *+ 0.03%., respectively (Table 1). The §°%/*Mo values
of these standards are consistent with those from previous studies
(Chen et al., 2019; Willbold et al., 2016; Zhao et al., 2016). Molyb-
denum contents were determined using the isotope dilution
method. IAPSO seawater and the rock standards W-2a and AGV-2
yielded Mo contents of 10.4 ppb, 0.45 ppm, and 1.99 ppm, respec-
tively. Replicate dissolution and analysis of samples SLP-11 and
SLP-18 yielded consistent 5°/°°*Mo values (Table 1).

4. Results
4.1. Major and trace elements

The Sailipu UPVRs plot in the basaltic trachyandesite and tra-
chyandesite fields in a total alkalis (Na,0 + K;0)-SiO, plot, consis-
tent with previous studies of such rocks from the Sailipu area and
other mafic ultrapotassic rocks on the southern Tibetan Plateau
(Fig. 2a; Gao et al., 2007; Guo and Wilson, 2019; Guo et al., 2013,
2015; Huang et al., 2015; Miller et al., 1999; Tian et al., 2020).
The studied rocks have relatively primitive compositions with high
Mg# values (67.1-72.5; assuming all Fe is Fe?*) and high MgO
(6.70-8.15 wt. %), Cr (299-590 ppm), and Ni (195-369 ppm) con-
tents (Table S1). The samples have high K,O contents and K,O/
Na,O ratios of 6.34-7.99 wt. % and 3.26-4.78, respectively
(Fig. 2b). The Sailipu UPVRs are orogenic lamproites, similar to
those in the Mediterranean region (Figs. 2c and S2), based on the
classification scheme of Foley et al. (1987).
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Table 1
Mo isotope and selected element and Sr-Nd-Hf isotope data for the Sailipu ultrapotassic rocks in southern Tibetan Plateau.
Sample Mo 5%/%Mo  2SE Si0, (wt. Mg#" Ce Ce/ Cu/ Th/ Nb/  87sr/%6sr;  'Nd/"Nd; ena(t)  endt) Agyi(t)
(ppm) (%o) %) (ppm) Mo Mo La Ta
SLP-03 0.64 -0.24 0.06 53.68 69.4 229.1 357 98 33 19.7 0.726655 0.511850 -1493 -16.73 5.20
SLP-05 0.89 -0.42 0.04 54.68 714 220.1 248 55 3.1 199 0.726630 0.511838 -15.15 -17.35 493
SLP-07 0.88 -0.39 0.05 52.86 68.5 2171 248 63 2.6 19.7 0.725012 0.511862 -14.69 -16.23 534
SLP-09 0.76 -0.20 0.05 54.31 68.3 229.7 303 95 33 19.3 0.726447 0.511842 -15.08 -16.47 5.70
SLP-10-2 0.69 -0.30 0.05 55.79 71.8 236.1 343 42 2.8 19.5 0.726835 0.511810 -15.70 -18.52 4.59
SLP-11 0.92 -0.45 0.05 54.97 70.5 228.7 249 109 3.4 194 0.726645 0.511848 -14.97
SLP-11-R? 0.88 -0.43 0.06
SLP-12 0.62 -0.31 0.05 54.45 72.5  260.7 422 59 33 204 0.727457 0.511815 -15.60 -18.12 4.85
SLP-14 1.11 -0.28 0.04 55.66 71.2 280.4 252 41 3.2 194 0.726791 0.511810 —-15.70 -18.19 494
SLP-15-2 0.54 -0.13 0.07 53.65 68.8 181.2 333 132 3.0 189 0.726687 0.511839 -15.14 -16.92 534
SLP-16 0.97 —0.44 0.04 54.52 70.7 2187 225 55 3.1 19.8 0.726589 0.511851 -14.89 -17.06 4.82
SLP-18 0.88 -0.26 0.05 54.80 68.9 214.0 244 71 2.7 20.0 0.725485 0.511860 -14.72 -15.87 5.73
SLP-18-R? 0.87 -0.22 0.07
Standards Mo 2SD 5%/ 2SD n References
(ppm) %Mo
AGV-2 1.99 0.02 -0.14 0.03 4 This study
AGV-2 1.96 0.05 -0.15 0.01 3 Willbold et al.
(2016)
W-2a 0.45 0.05 -0.04 0.06 This study
W-2a 0.41 0.03 -0.03 0.04 13 Chen et al.
(2019)
IAPSO 0.01 0.001 2.06 0.03 4 This study
seawater
IAPSO 0.01 0.001 2.02 0.06 20 Zhao et al.
seawater (2016)
Blank 0.00030 0.00015 4 This study

2 R: duplicate sample.
b Mg# = Mg?*/(Mg?* + Fe?*) x 100, assuming total Fe is Fe?*.
€ Agyf(t) = eyt) — 1.55 x eng(t) — 1.21] (Vervoort et al., 2011).

The Sailipu UPVRs are enriched in light rare earth elements
(REEs) and have relatively flat heavy REE patterns, with small neg-
ative Eu anomalies (Fig. 3). Primitive mantle-normalized multi-
element patterns (Fig. 3) exhibit significant enrichments in large-
ion lithophile elements (e.g., Rb and U) and negative Nb, Ta, and
Ti anomalies, despite their high contents (Table S1). These trace
element patterns are similar to those of lamproites from the
Mediterranean region (Casalini et al., 2021, and references therein)
that formed during the Alpine-Himalayan orogeny.

4.2. Strontium-Nd-Hf isotopes

The initial Sr, Nd, and Hf isotope ratios were corrected to 18 Ma
(Guoetal,, 2015; Wang et al., 2008). The Sailipu UPVRs have radio-
genic 37Sr/%5Sr; (0.725012-0.727457) and unradiogenic '**Nd/
144Nd; (0.511810-0.511869) values, corresponding to eng(t) values
of —15.70 to —14.56 (Fig. 4a; Table S2). In agreement with previous
studies (Cheng and Guo, 2017; Guo and Wilson, 2019; Guo et al.,
2015; Tian et al., 2020; Wang et al., 2014; Zhao et al., 2009), the
875r/88Sr; and eng(t) values of the Sailipu UPVRs are much higher
and lower, respectively, than those of lamproites from the Mediter-
ranean region (Fig. S3; Casalini et al., 2021, and references therein).
The Sailipu UPVRs have low '7SHf/'77Hf; ratios (0.282237-
0.282312) and eyft) values (—18.52 to —15.87). They have high
ep(t) values at given enq(t) values relative to the enqg(t)-epng(t) ter-
restrial array (Fig. 4b), with Agpdt) (euft) — 1.55 x eyt) — 1.21;
Vervoort et al., 2011) of 4.59-5.73 (Table 1). The unradiogenic
Nd signature of the Sailipu UPVRs likely reflects a contribution
from zircon-free sediments (Bayon et al., 2009).

4.3. Molybdenum isotopes

The Sailipu UPVRs have Mo contents of 0.54-1.11 ppm, similar
to those of MORB (0.07 -1.93 ppm; Bezard et al., 2016; Chen et al.,
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2022b). The Ce/Mo ratios of the Sailipu UPVRs are 225-422, much
higher than those of MORB (~34; Gale et al., 2013) but similar to
Mediterranean lamproites (Fig. 5a; Casalini, 2018; Casalini et al.,
2019). This characteristic is notably different from other
subduction-related igneous rocks (Freymuth et al, 2015;
Gaschnig et al., 2017; Konig et al., 2016; Li et al.,, 2021a, 2021b;
Villalobos-Orchard et al., 2020; Voegelin et al., 2014; Wille et al,,
2018). There are no correlations between Mo contents and
5%8/9°Mo with indices of magmatic differentiation, such as Mg#
values (Fig. S4). The samples have %/ Mo = —0.45% to
—0.13%o (Table 1), and the 5%*/°*Mo values exhibit negative and
positive correlations with Mo contents and Ce/Mo ratios, respec-
tively (Figs. 5c and e). These UPVRs have significantly lighter
5%8/9°Mo values than MORB and depleted mantle (Bezard et al.,
2016; Chen et al., 2022b; Liang et al., 2017; Willbold and Elliott,
2017), similar to those of Mediterranean lamproites (Fig. 5c;
Casalini, 2018), subduction-related igneous rocks (Ahmad et al.,
2021; Freymuth et al., 2015, 2016; Gaschnig et al., 2017; Konig
et al., 2016; Li et al., 2021a, 2021b; Villalobos-Orchard et al.,
2020; Wille et al., 2018; Zhang et al., 2020), and MORB-type eclog-
ites (Fig. 5e; Ahmad et al., 2021; Chen et al., 2019).

5. Discussion
5.1. Sailipu UPVRs: primitive Alpine-Himalayan orogenic lamproites

The Sailipu UPVRs have low CaO (<8 wt. %), Al,03 (<13 wt. %),
and Na,O (<2 wt. %) contents, high K;0 (>6 wt. %) and MgO
(>6 wt. %) contents, and high Mg# values (67.1-72.5) (Table S1),
typical of lamproites as defined by Foley et al. (1987). Such UPVRs
have been found in scattered outcrops of hypabyssal and volcanic
rocks (i.e., Alpine lamproites) along the Tethyan orogenic belts
(Tommasini et al., 2011). Geochemical data for UPVRs in the south-
ern Tibetan Plateau and the Mediterranean region were screened
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Fig. 2. Plots of (a) SiO, (wt. %) versus Na,0 + K,0 (wt. %), (b) K,0 (wt. %) versus K,0/Na,0 ratios, (c) MgO (wt. %) versus CaO (wt. %) and (d) Sm/La versus Th/La ratios for the
southern Tibetan ultrapotassic rocks (UPVRs), Mediterranean lamproites and arc-related rocks. Data source: published Sailipu UPVRs (Cheng and Guo, 2017; Guo and Wilson,
2019; Guo et al.,, 2015; Tian et al., 2020; Wang et al., 2014; Zhao et al., 2009), other UPVRs in southern Tibetan Plateau (Gao et al., 2007; Guo and Wilson, 2019; Guo et al.,
2013, 2015; Huang et al., 2015; Miller et al., 1999; Tian et al., 2020), Mediterranean lamproites (Casalini et al., 2021 and reference therein), arc-related rocks (Ahmad et al.,
2021; Freymuth et al., 2016; Freymuth et al., 2015; Gaschnig et al., 2017; Konig et al., 2016; Li et al., 2021a; Li et al., 2021b; Villalobos-Orchard et al., 2020; Wille et al., 2018;

Zhang et al., 2020).

to exclude rocks with MgO < 6 wt. % to minimize the effects of
magmatic differentiation. The Sailipu UPVRs exhibit a positive
correlation between K,0 contents and K,0/Na,O ratios, similar to
published data for Alpine lamproites (Fig. 2b). In addition, they
exhibit positive correlations between Sm/La and Th/La ratios and
have the highest Th/La ratios (>2.5) reported to date for Alpine-
Himalayan orogenic lamproites (Fig. 2d). This correlation is differ-
ent to that exhibited by arc igneous rocks (i.e., a negative correla-
tion with Th/La < 0.5; Fig. 2d; Casalini et al., 2021; Plank, 2005;
Tommasini et al.,, 2011; Wang et al.,, 2021). Curved trends are
observed on plots of Th/La-87Sr/®%Sr; and Th/La-'43>Nd/'**Nd;, with
the Sailipu and other high-MgO UPVRs from the southern Tibetan
Plateau having more enriched isotopic compositions than those in
the Mediterranean region (Fig. S3). This indicates that the UPVRs
from the southern Tibetan Plateau contain a more enriched compo-
nent than most Tethyan lamproites. In the subsequent sections, we
discuss the geological processes that controlled the Mo contents
and isotopic compositions of the studied rocks, and then identify
the likely mechanisms that generated the Mo isotopic variations
in the post-orogenic lithospheric mantle.

5.2. Effects of alteration, crustal contamination, and magmatic
processes

5.2.1. Alteration and crustal contamination

Volcanic rocks are susceptible to low-temperature alteration
(i.e., weathering). Given that fluids incorporate Mo and other
mobile elements (Bali et al., 2012; Gaschnig et al., 2021b), weath-
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ering may result in Mo depletion and high Ce/Mo ratios, along with
changes in other ratios between mobile (e.g., Rb and Ba) and
immobile (e.g., Th) elements. Weathering-related Mo depletion
would cause a negative correlation between Ce/Mo and Ba/Th
ratios; however, the studied UPVRs do not exhibit such a trend
(Fig. S5). In addition, the Sailipu UPVRs have low LOI (<3 wt. %)
and chemical index of alteration (45-47) values, and the Mo con-
tents and §°%/°>Mo values do not vary systematically with LOI val-
ues (Table S1). This indicates that alteration did not affect the Mo
isotope data.

Several studies have proposed that UPVRs are likely derived
from the subcontinental lithospheric mantle (Gao et al., 2007;
Huang et al., 2015; Williams et al., 2004) and are perhaps con-
taminated by crustal materials during magma ascent (Liu et al.,
2014). The Mo contents of the UPVRs (0.54-1.11 ppm) are
generally lower than those of the upper continental crust
(1.1 ppm; Rudnick and Gao, 2014). The upper continental crust
has isotopically heavier Mo (8°/®*Mo = 0.05-0.15%.; Chen
et al., 2022a; Greaney et al., 2018; Voegelin et al., 2014) than
the depleted mantle (5°%/**Mo = —0.21% * 0.02%; Bezard
et al., 2016; Willbold and Elliott, 2017), and crustal contamina-
tion would increase both the Mo contents and 5°%/°*Mo values.
However, the negative correlation between Mo contents and
3%8/%Mo values (Fig. 5c) indicates that crustal contamination
was negligible.

Other lines of evidence are also consistent with the inferred
negligible crustal contamination: (1) the high Mg# values
(mean = 70) and MgO contents (6.70-8.15 wt. %; Table S1); (2)
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Fig. 4.

Radiogenic Sr-Nd-Hf isotope composition of Sailipu UPVRs in southern Tibetan Plateau. Data sources: Sailipu UPVRs as in Fig. 2, MORB-type eclogites (Chen et al.,

2019), Terrestrial array (Vervoort et al., 2011), zircon-free and zircon-bearing sedimentary rocks (Bayon et al., 2009).

incompatible trace element contents that are several times higher
than that of the continental crust (Fig. 3); and (3) the mantle
xenoliths entrained in the UPVRs (Cheng and Guo, 2017; Liu
et al,, 2011).

5.2.2. Fractional crystallization

As a result of cooling during magma ascent, fractional crystal-
lization may cause changes in Mo contents and isotopic composi-
tions. Previous studies have identified negligible Mo isotopic

fractionation in H,O-poor tholeiitic basalts to rhyolites from Hekla,
southern Iceland, which have uniform MORB-like 5°%/%*Mo values
(=0.15%0 + 0.05%0; Yang et al., 2015). This is also consistent with
data for another tholeiitic suite from the Kilauea Iki lava lake in
Hawaii (Gaschnig et al., 2021a). Octahedrally coordinated Mo has
a similar ionic radii to Ti, which leads to substantial incorporation
of Mo into Fe-Ti oxides (Greaney et al., 2017). A study of cumulate
rocks from the Windimurra layered intrusion identified small Mo
isotopic variations in tholeiitic rocks (Nebel-Jacobsen et al.,
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Stracke, 2004; Willbold and Elliott, 2017).

2021), as the Fe-Ti oxide-rich rocks have lighter §°%/°*Mo values
than the feldspar-rich rocks. This implies that Fe-Ti oxides have
lighter §°%/°>*Mo values than silicate minerals, if all these phases
are from a common parental anhydrous magma (Nebel-Jacobsen
et al,, 2021). In the case of the Sailipu UPVRs, high Fe,05T (5.85-
6.75 wt. %) and TiO, (1.37-1.57 wt. %) contents suggest that frac-
tionation of Fe-Ti oxides was negligible. The moderate SiO, con-
tents (52.86-55.79 wt. %) and high Mg# values (67.1-72.5;
Table 1), as well as the presence of olivine phenocrysts in the Sai-
lipu UPVRs (Fig. S1), suggest that olivine and/or clinopyroxene may
have been the main fractionating phase(s). However, because of
the lack of appropriate lattice sites, the partition coefficients (D)
for Mo between olivine or augite and basaltic melts are 0.01-
0.03 (Greaney et al., 2017) or lower (< 0.01; Leitzke et al., 2016,
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2017). The relatively uniform Mo contents of peridotites and
pyroxenites with variable degrees of fertility also indicate limited
Mo partition into dominant silicate mineral phases (Wang and
Becker, 2018). Therefore, olivine and/or pyroxene fractionation
would not have significantly changed the Mo contents and
39819°Mo values.

A study of water-rich calc-alkaline basalts to rhyolites from the
Aegean Arc identified 5°®/°Mo variations of up to 0.3%., which
were assumed to have resulted from magmatic differentiation
(Voegelin et al., 2014). Voegelin et al. (2014) showed that amphi-
bole crystallized from the magmas preferentially incorporated iso-
topically light Mo, with A%/**Mopeit_minera > 0.5%. The
fractionation and subsequent removal of amphibole was therefore
suggested as an explanation for the isotopically heavy Mo in the
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continental crust (Wille et al., 2018). However, the Sailipu UPVRs
have isotopically lighter Mo than the mantle and exhibit no
correlation between §°®/°Mo values and Dy/Yb ratios, which is
inconsistent with amphibole fractionation.

Molybdenum is a chalcophile element under reducing condi-
tions, with Df§iide/melt yalyes of 0.14-5.1 (Li and Audétat, 2012).
Leaching experiments on basalts suggest that magmatic sulfides
have higher Mo contents and heavier 5°¢/°Mo values than coexist-
ing silicates (Voegelin et al., 2012). Removal of significant amounts
of sulfides would substantially change the Mo contents of residual
melt (Willbold and Elliott, 2017) and produce an inverse correlation
between Cu/Mo ratios and §°/°*Mo values. However, no such corre-
lation is observed (Fig. 6). Moreover, the fractionation of a minor
amount of sulfides does not strongly affect the Mo contents and
5%8/%5Mo values of silicate melts (Greaney et al., 2018; Li and
Audétat, 2012). Therefore, negligible Mo isotopic variations were
caused by magmatic differentiation of the Sailipu UPVRs.

5.2.3. Partial melting

Previous studies have proposed that different degrees of partial
melting of the mantle might result in Mo isotopic fractionation
(Liang et al., 2017; McCoy-West et al., 2019). Large-degree (10-
15%) partial melts of the depleted mantle (i.e., MORBs) have
slightly heavier 5°/°>Mo values than the average chondritic value
(=0.14%0 + 0.02%0), and thus Liang et al. (2017) suggested that
Mo isotopic fractionation is limited (A%/*>Mo < 0.15%.) during
moderate degrees of partial melting. The Sailipu UPVRs have large
5%8/9°Mo variations of 0.32%., which cannot be due to variable
degrees of mantle melting.

The Sailipu UPVRs exhibit large light REE/heavy REE fractiona-
tion ([La/Yb]y = 23.1-39.8; Table S1), consistent with low-degree
(< 10%) melting of a mantle source (Guo et al., 2013; Miller et al.,
1999). Because Mo®" is more incompatible and has a higher mean
coordination number than Mo** (Leitzke et al., 2017), low-degree
partial melts will have higher Mo®*/(total Mo) ratios and heavier
Mo isotopes than the mantle residue (McCoy-West et al., 2019).
No correlation is evident between (La/Yb)y and §°®/°>Mo (Fig. 7),
and the lighter 5°/°>Mo values of the Sailipu UPVRs compared
with the mantle (Fig. 5b) preclude the possibility that Mo isotopic
fractionation was controlled by the degree of partial melting.

Based on the uniform Ce/Mo ratios of diverse terrestrial sam-
ples, it has been inferred that bulk Diglid/lauid js similar to those of
the light REEs, such as Ce (Newsom and Palme, 1984). The Sailipu
UPVRs have much higher Ce/Mo ratios (225-422; Fig. 5a) than
MORBs (~34; Gale et al., 2013) and OIBs (29-92; Gaschnig et al.,
2021a, 2021b; Liang et al,, 2017; Yang et al., 2015). They also have
high MgO contents (>6 wt. %) and Mg# values (>65) (Table S1) and
represent near-primary magmas. Such primitive melt compositions
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Fig. 6. Plots Cu/Mo versus 3°%/°*Mo for the Sailipu UPVRs with oceanic basaltic
rocks. Data sources for MORBs and OIBs as in Fig. 5.
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can be modelled using a simple batch-melting approach (Zou,
1997). We used this model to constrain the Ce/Mo ratios of
increasing degrees of partial melts of a depleted mantle source
(Fig. 8), based on Djirera/melt yalyes from experimental studies
(Adam and Green, 2006; Hill et al.,, 2000; Li and Audétat, 2012;
Mckenzie and Onions, 1991; Salters and Longhi, 1999; Voegelin
et al,, 2014). The initial Ce (772 ppb) and Mo (25 ppb) contents
and mineral proportions in the source were assumed to be compara-
ble to the depleted MORB mantle source (Salters and Stracke, 2004),
and the bulk D¢, and Dy, used were 0.021 and 0.0115, respectively
(Table S3). This implies that Mo is more incompatible than Ce during
partial melting, as is evident from the decreasing Ce/Mo ratios (50-
36) during the magmatic evolution of the Hekla volcanic suite, Ice-
land (Yang et al., 2015). Consequently, changing the partition coeffi-
cients and initial Mo and Ce contents will not change the main
inferences from the modelling.

The modelling results show that melts formed at any degree of
partial melting have lower Ce/Mo ratios than those of their mantle
source, implying that partial melting could not result in high melt
Ce/Mo ratios (Fig. 8). With increasing melting, although the Ce/Mo
ratios of the source residue increase and become constant (Fig. 8),
the ratios are still much lower than those of the Sailipu UPVRs.
Remelting of such residues with high Ce/Mo ratios would produce
melts with high Ce/Mo ratios. However, such melts would have
very low Ce and Mo contents, and the Sailipu UPVRs have compa-
rable Mo contents to those of MORB (Fig. 5; 0.07-1.93 ppm; Bezard
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et al., 2016; Chen et al., 2022b). As such, remelting of the source
residue could not have formed the Sailipu UPVRs.

Previous studies have suggested that the Sailipu UPVRs were
sourced from a phlogopite-bearing lithospheric mantle source,
based on elemental and Sr-Nd-Pb-Os isotope data (Guo et al.,
2013; Huang et al., 2015; Liu et al., 2011; Miller et al., 1999). The
DRjiogopite/melt ya1ye has not yet been determined, but if the Mo par-
titioning behavior of mica group minerals is similar, we can assume
it is similar to that of biotite (Table S3; Voegelin et al., 2014). The
batch melting model shows that a small amount (3%) of phlogopite
in the mantle source would cause a slight increase in Ce/Mo ratios in
the melt and an abrupt decrease in the residue (Fig. 8). These values
are still lower than the Ce/Mo ratios of the Sailipu UPVRs (225-422;
Fig. 8).

Residual refractory Mo-bearing phases (e.g., sulfides and rutile)
with heavier Mo isotopes might explain the light 5°%/°>Mo values of
the Sailipu UPVRs. Mass balance calculations indicate that mag-
matic sulfides have heavier 5°*/°Mo values than silicate melts
(Voegelin et al., 2012). The degree of mantle melting (<10%) for
the formation of the Sailipu UPVRs is not sufficiently high for such
sulfides to be totally consumed in the depleted mantle (12%-16%;
e.g., Luguet et al., 2003). When melting occurs, the Ce/Mo ratio of
mantle-derived magmas would be affected by the coexisting sul-
fide. The Ce/Mo ratios of some ultramafic xenoliths are lower than
those of basaltic rocks, which is also consistent with the presence
of residual sulfides (Liang et al., 2017). As such, an inverse correla-
tion between melt Ce/Mo ratios and §°%/°°Mo values would be
expected if residual sulfide remained in the mantle source. A broad
positive correlation (R? = 0.27) exhibited by the Sailipu UPVRs
exists between Ce/Mo ratios and 5°*/°°Mo values (Fig. 5d), imply-
ing that sulfides do not control the Mo contents and §°¢/°>Mo val-
ues. Moreover, partitioning experiments between monosulfide
solid solutions and basaltic melts have indicated that Mo is typi-
cally moderately compatible, but that it is very compatible in
reducing environments (Li and Audétat, 2012; Skora et al., 2017).
A recent study of mantle xenoliths entrained by UPVRs from the
Lhasa Terrane showed that the mantle was moderately oxidized
(AFMQ = 0.5-1.2; Li et al., 2020). These conditions are not ideal
for sulfide stability and preclude the presence of residual sulfides
in the mantle source of the UPVRs.

In summary, the high Ce/Mo ratios and isotopically light Mo of
the Sailipu UPVRs are not related to magmatic processes, including
fractional crystallization of olivine + clinopyroxene and partial
melting, and thus must be attributed to the addition of a high-
Ce/Mo and isotopically light Mo component to the mantle source.

5.3. Origin of the high-Ce/Mo and isotopically light Mo component

5.3.1. Lower continental crust

Recycled crustal materials have been invoked to have con-
tributed to the formation of UPVRs (Conticelli et al., 2007; Liu
et al., 2014), given their relatively high SiO, contents (up to
63 wt. %; Guo et al,, 2015; Wang et al., 2014; Zhao et al., 2009)
and enriched Sr-Nd isotopic compositions (Fig. 4a). Although Mo
content and isotope data have not been reported for the southern
Tibetan lower crust, the Ce/Mo ratio of average lower continental
crust (Ce/Mo = 33; Rudnick and Gao, 2014) is markedly lower than
those of the Sailipu UPVRs. Simple mass balance calculations show
that the 5°/°>Mo value of the average lower continental crust
should be —0.4%o if the upper continental crust has a §°%/°>Mo
value of 0.14%. (Greber et al., 2014; Voegelin et al.,, 2014) and
the proportion of upper to lower crust is 1:1 (Yang et al., 2017).
A 8%8/®Mo value of —0.4%. for the lower crust is comparable to
the lightest 5°¢/°>Mo value of the studied UPVRs (—0.45%0), sug-
gesting a high proportion of crustal material would be required
because of the similar Mo contents of the lower crust (~0.6 ppm)
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and the Sailipu UPVRs (0.54-1.11 ppm). Input of such a large
amount of lower crustal material would result in very low Mg#
values (< 60), which is inconsistent with those of the Sailipu UPVRs
(67.1-72.5). Given that subducting slab-derived fluids would intro-
duce heavier Mo isotopes into the continental crust (Freymuth
et al., 2015), the §%/°>Mo values of the lower continental crust
should be greater than the calculated value of —0.4%.. In addition,
the negligible Mo isotopic fractionation between basaltic and sili-
cic igneous rocks (Gaschnig et al., 2021a) also suggests that the
lower crust has similar §°®/°°Mo values to the upper crust.

Fan et al. (2021) reported that partial melts generated by crustal
anatexis (i.e., leucogranites) in the Himalayan terrane, south of the
Tibetan Plateau, have extremely high Ce/Mo ratios (445-4955;
Fig. 5). The Sailipu UPVRs have §°%/°>Mo and Ce/Mo values that
are intermediate between those of MORB-type eclogites and
leucogranites (Fig. 5d), indicating crustal melts may have been
added to their mantle source. However, the leucogranites have
much lower Mo contents (0.008-0.022 ppm) than the Sailipu
UPVRs (0.54-1.11 ppm; Figs. 5a-b) and could not have controlled
the Mo isotopic systematics of the UPVRs. Moreover, the high
Mg# values (67.1-72.5; Table 1) and high incompatible trace ele-
ment contents of the Sailipu UPVRs are inconsistent with the
involvement of a lower crustal component.

5.3.2. Dehydrated oceanic crust

Variable Ce/Mo ratios of arc volcanic rocks have generally been
attributed to the fractionation of these two elements during slab
dehydration, with Mo entering fluids and being transferred to the
mantle wedge more efficiently than Ce. This process results in slab
residues with low Mo contents and high Ce/Mo ratios (Bali et al.,
2012; Freymuth et al., 2015; Liu et al., 2022b; Skora et al., 2017,
Villalobos-Orchard et al., 2020). If this scenario is correct, then
the Ce/Mo ratios of subducted oceanic crust would be higher than
those of MORBs. Hybrid melts between those derived from sub-
ducted oceanic crust and deep mantle (e.g., OIBs) would also have
high Ce/Mo ratios. Although the Ce/Mo ratios of OIBs (29-92) are
higher than those of most arc igneous rocks (3.5-97.6; Fig. 5d),
these are still much lower than those of the Sailipu UPVRs (225-
422). The Sailipu UPVRs also have lower Mo contents than most
OIBs (0.3-16 ppm; Gaschnig et al.,, 2021b; Liang et al., 2017;
Yang et al., 2015), suggesting they have different mantle sources.

The fluids released by subducting oceanic crust are enriched in
heavy Mo isotopes, and lighter Mo isotopes remain in slab residue
(Freymuth et al., 2015; Konig et al., 2016; Villalobos-Orchard et al.,
2020; Willbold and Elliott, 2017). The heavy §%/°°*Mo values of
Mariana and Izu arc volcanic rocks have been suggested to record
metasomatism by slab-derived fluids (Freymuth et al., 2015;
Villalobos-Orchard et al., 2020). As such, the subducted oceanic
crust has high Ce/Mo and light §°/°Mo values. Based on the Mo
isotope balance between arc magmas and subducted oceanic crust,
the residual slab transported into the deeper mantle beneath the
Mariana and Izu arcs has §°®/°>Mo values of —0.27%. to —0.36%.
and — 0.35%., respectively (Freymuth et al., 2015; Villalobos-
Orchard et al., 2020). Recent studies have shown that MORB-type
eclogites (i.e., recycled oceanic crust) also have very light
5%%/%Mo values of —1.01% to —0.74%. (Ahmad et al., 2021)
or —0.68%0 to —0.13%0 (Chen et al., 2019). This recycled oceanic
crust (+oceanic sediments) with light Mo isotopes and high Ce/
Mo ratios has been proposed as the source of EM1-type basalts
in northeast China (Ma et al., 2022) and adakitic andesites in north-
west China (Zhang et al., 2020). It appears that recycled, dehy-
drated oceanic crust subducted into the deep mantle would have
much lighter §°%/°>Mo values (OIB values as light as —0.84%;
Fig. 5d; Gaschnig et al., 2021b) than MORB, which is consistent
with the light 5°%/°°Mo values of the Sailipu UPVRs. Dehydrated
oceanic crust generally has low contents of Mo (0.038-
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0.493 ppm; mean = 0.15 ppm; Chen et al., 2019; Ahmad et al.,
2021) and other incompatible trace elements and MORB-like Sr-
Nd-Hf isotopic compositions (Fig. 4a). As such, a high proportion
of dehydrated oceanic crust would be required to obtain the light
598/95Mo values of the studied UPVRs. However, the Sailipu UPVRs
have highly enriched Sr-Nd-Hf isotopic compositions and elevated
trace element contents, which are inconsistent with dehydrated
oceanic crust being the predominant component in their source.

5.3.3. Sediments

Subduction can transport sediments (including terrigenous and
marine sediments) into the mantle, thus possibly modifying the
Mo contents and §°%/°*Mo values of mantle-derived melts. Most
sediment types have similar Sm/Nd ratios, but Lu/Hf ratios vary
markedly owing to zircon-controlled fractionation (Patchett
et al., 1984). Terrigenous sediments typically have high Hf/Sm
(> 0.7; Gasperini et al., 2002) and low '7®Hf/'”7Hf ratios, whereas
the opposite is true for oceanic sediments (Vervoort et al., 2011).
Melts mixed with continental sediments plot below the Nd-Hf iso-
tope terrestrial array (Fig. 4b). However, the Sailipu UPVRs have
high eyf(t) values at a given eng(t) value and low Hf/Sm ratios
(0.38-0.46; Table S1), which are inconsistent with the involvement
of terrigenous sediments. In general, continental margin sediments
have heavy Mo isotopes because of the reducing depositional con-
ditions and high primary oceanic productivity (Kendall et al.,
2017). Therefore, such sediments are not suitable candidates for
the source of isotopically light Mo. Moreover, terrigenous sedi-
ments have Nb/Ta ratios of 12.5 * 1.8 (Barth et al., 2000), and the
super-chondritic Nb/Ta ratios (18.9-20.8) of the Sailipu UPVRs
are inconsistent with a contribution from such sediments.

Recycling of marine carbonates and black shales into the mantle
can modify the composition of mantle-derived magmas (Freymuth
et al., 2016; Li et al., 2017). These carbonates may directly record
seawater 5°%/*Mo values and are characterized by heavy
598/19Mo values (1.43%0 + 0.97%0; Kendall et al., 2017; Romaniello
et al., 2016). Black shales generally have heavier §°%/°°Mo values
(0.52-2.00%0; Freymuth et al., 2016) than the depleted mantle.
Contributions from marine carbonates or black shales to the man-
tle would result in magmas having relatively heavier §°/°°Mo val-
ues than the depleted mantle. For example, Zhang et al. (2020)
suggested that normal arc andesites with heavy §°%/°>Mo values
of 0.33%0-1.08%. were derived from a marine carbonate-modified
mantle source. Carbonate rocks and black shales have variable
Mo contents with sub-crustal abundances (<« 1 ppm; Kendall
et al,, 2017) and 40-50 ppm (Freymuth et al., 2016), respectively.
However, they both have low Ce/Mo ratios (<30; Freymuth et al.,
2016; Zhang et al., 2020), which are inconsistent with the Ce/Mo
and Mo isotopic variations of the Sailipu UPVRs. In addition, car-
bonates have significantly less radiogenic Sr (87Sr/®5Sr ~ 0.709;
Fietzke et al., 2008) and could not have contributed to the forma-
tion of the Sailipu UPVRs (87Sr/35Sr; = 0.725012-0.727457).

Other marine sediment samples from several ocean drilling
sites have variable §°®/°°Mo values, and some pelagic sediments
have very light 5°/>Mo values of —1.87%. (Fig. 5b; Freymuth
et al., 2015). Konig et al. (2016) attributed the light 5°%/°>Mo values
of Papua New Guinean and Cypriot volcanic rocks to an increasing
contribution from sediment melts, which also increased the Ce/Mo
ratios. The §°/°°Mo values of volcanic rocks from the Martinique
and Lesser Antilles arcs changed from —0.15%o to 0.08%. and from
—0.06%o0 to -0.88%0 at 7 Ma, respectively, which has been explained
as recording the transition from black shale to marine sediment
contributions during subduction (Gaschnig et al., 2017). The high
Ce/Mo ratios of the sediment components in these arc magmas
reflect an increased contribution from low-CaO clay minerals.
Gaschnig et al. (2017) further suggested that marine sediments
were the primary source of isotopically light Mo in igneous rocks,
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and that Mo isotopic fractionation during its isolation from the
oceanic crust was not required. Casalini et al. (2019) determined
the Ce/Mo ratios and §°%/°*Mo values of potassic igneous rocks
and sediments from central-southern Italy and suggested that
the sediment-dominated arc rocks inherited the high Ce/Mo ratios
and 5°%/°*Mo values of subducted marine sediments. In particular,
the high Ce/Mo ratios (170-350; Fig. 5a; Casalini et al., 2019) of the
UPVRs in central Italy were inferred to have resulted from metaso-
matism by Ca-poor sediments of the mantle source. Ahmad et al.
(2021) investigated Mn oxide-rich pelagic sediments from the
western Alps, which might represent subducted pelagic sediments
on Tethyan oceanic crust. These Mn-rich pelagic sediments with
low CaO contents (0.52-6.01 wt. %) have light §°%/°*Mo values
(—0.26%0 to —1.50%0) and high Ce/Mo ratios (82-2124), similar to
those of the Sailipu UPVRs (Fig. 5). Therefore, the high Ce/Mo ratios
and light 5°®/°>Mo values of the Sailipu UPVRs probably represent a
mantle source modified by low-CaO pelagic sediments. The incor-
poration of recycled Tethyan sediments into the mantle source can
also explain the high Th/U ratios and radiogenic Pb-Nd of the
UPVRs on the southern Tibetan Plateau (Gao et al., 2007), as well
as the light 5°/°>Mo values of the UPVRs in the Western Alps
(Casalini, 2018).

5.4. Source of the Sailipu UPVRs

The Sailipu UPVRs have light REE contents that are several times
higher than those of the continental crust; they also have high Th
contents (198-361 ppm) and Th/La ratios of 2.6-3.4 (Figs. 2d and
3b; Table S1). The light REE and Th contents of partial melts
increase when a suitable host mineral is absent or exhausted in
the mantle source. Thorium and light REE are generally hosted
by carbonate and accessory mineral phases including monazite,
apatite, and epidote-group minerals (Hermann, 2002; Hermann
and Rubatto, 2009; Skora et al., 2015, 2017). The high Ce/Mo ratios
and light 5°%/°*Mo values of the Sailipu UPVRs were probably
inherited from low-CaO pelagic sediments. Monazite is a plausible
host for the light REEs (especially Ce) and Th in CaO-poor sedi-
ments. The high Ce contents (> 100 ppm) and Th/La ratios (1.36-
2.59) of partial melts of monazite-bearing sediments (e.g.,
Hermann and Rubatto, 2009) are similar to those of the Sailipu
UPVRs. These UPVRs with high Th/La ratios differ from
subduction-related magmas (Th/La < 0.4; Plank, 2005). Another
potential mineral with high Th/La ratios is lawsonite, which incor-
porates Th, U, Sr, Pb, and light REEs (e.g., Martin et al., 2014; Wang
et al., 2019). High-Th/La melts are generated when lawsonite is
consumed. Wang et al. (2021) proposed that partial melting of law-
sonite blueschists at shallow mantle depths may form high-Th/La
UPVRs. These observations suggest that monazite and/or lawsonite
are likely the predominant accessory phases in the source of the
Sailipu UPVRs.

However, the light 5°%/°*Mo values cannot be explained by
monazite and lawsonite, as these minerals do not contain signifi-
cant Mo (e.g., Skora et al., 2017). Given that Mo*" is preferentially
incorporated into rutile because of its favorable ionic radius and
valence (Bali et al., 2012), rutile should have high Mo contents
and light Mo isotopes (Freymuth et al., 2015; Greaney et al.,
2017; Konig et al.,, 2016). Chen et al. (2019) showed that rutile
has high Mo contents (2.44-5.30 ppm) and light §°/°°*Mo values
(—=1.2%0 to —0.31%0). Equilibrium melts with residual rutile would
have heavier Mo isotopes than their mantle source, which is incon-
sistent with the light §°/°°*Mo values of the Sailipu UPVRs (—0.45%.
to —0.13%o0). However, rutile is typically unstable in the mantle due
to its high solubility in basaltic magmas (Xiong et al., 2009), which
exhausts rutile and results in melts with light 5°®/°°Mo values due
to the high Di§e/™elt yalue (~4; Skora et al., 2017). The Sailipu
UPVRs have much lower Mo contents (0.54-1.11 ppm) than rutile,
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Fig. 9. Diagram of Nb/Ta versus &°%/°°Mo for the Sailipu UPVRs with oceanic
basaltic rocks. Data sources: bulk silicate earth (BSE) (Burkhardt et al., 2014; Greber
et al., 2015; Palme and O'Neill, 2014), others as in Fig. 5.

and the breakdown of even small amounts (< 5%) of rutile would
abruptly change the §°%/°>Mo values of such melts (Guo et al.,
2013; Williams et al., 2004).

This inference is also consistent with the Nb/Ta ratios (18.9-
20.8; Fig. 9) of the Sailipu UPVRs. Rutile strongly incorporates Nb
and Ta (DRYt'e/melt 5, 1) and also substantially fractionates Nb from
Ta (DRii/melt < 1; e.g., Xiong et al., 2005). Melts in equilibrium with
rutile are expected to have high Nb/Ta ratios and negative Nb-Ta
anomalies in primitive mantle-normalized trace element patterns,
consistent with those observed for the Sailipu UPVRs. Progressive
melting that then exhausts rutile likely results in lower Nb/Ta ratios
(e.g., Liu et al., 2008; Xiong et al., 2009). However, the limited
amount of rutile dissolved in the melt does not substantially change
the melt Nb/Ta ratios because of its low Nb and Ta contents. In addi-
tion, the K,O contents of the UPVRs are nearly constant (6-8 wt. %;
Table S1), indicative of a phlogopite-bearing mantle source (Foley
et al,, 1987; Guo et al.,, 2013; Huang et al., 2015; Miller et al,,
1999; Prelevic et al., 2012; Williams et al., 2004). Phlogopite has
been found in mantle xenoliths in the Sailipu area (Cheng and
Guo, 2017; Liu et al., 2011), suggesting that it exerts a control on
the geochemistry of the UPVRs. lonov and Hofmann (1995) reported
that phlogopite from mantle xenoliths has super-chondritic Nb/Ta
ratios (19.2-54) and very high Nb contents (up to 711 ppm). Phlogo-
pite breakdown during melting would increase the Nb/Ta ratios of
the UPVRs, which would likely compensate for the low Nb/Ta effect
caused by rutile melting. As shown in Fig. 9, the Sailipu UPVRs plot
between the field for depleted MORB and a component with lighter
398/%Mo values and higher Nb/Ta ratios. The former represents a
depleted mantle source that produces high Mg# values (~70) and
Cr and Ni contents, and the latter represents a significant contribu-
tion from metasomatic materials with light 5°*/°>Mo values and high
Ce/Mo, Nb/Ta, and Th/La ratios (Fig. 10).

5.5. Geodynamic setting of the Sailipu UPVRs

The Sailipu UPVRs were generated during the post-orogenic
stage of the India-Asia continental collision, and the light-
§98/%°Mo components in their mantle source must be exotic in ori-
gin. As proposed by Tommasini et al. (2011) and Casalini et al.
(2021) for the Mediterranean lamproites, we invoke a two-stage
model for formation of the Sailipu UPVRs. First, ancient oceanic
subduction in the Paleo-, meso-, and NeoTethys oceans introduced
Ca-poor pelagic sediments *+ oceanic crust into the inner parts of
the overlying subcontinental lithospheric mantle (i.e., the southern
Tibetan lithosphere). This formed metasomatic vein components
consisting of rutile + monazite + lawsonite in the lithospheric man-
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tle (Fig. 10a). The Th/La and Ce/Mo ratios are not correlated with
K;0 contents (Fig. S6), suggesting that the K-rich phase (i.e., phlo-
gopite) was not related to this type of metasomatism. During ocea-
nic subduction, the reaction between oceanic crust- and/or
sediment-derived melts and the ambient lithosphere formed
another lithology in the lithospheric mantle, such as phlogopite-
bearing peridotite and pyroxenite (Huang et al., 2015), which have
been observed as xenoliths in the Sailipu UPVRs (Cheng and Guo,
2017; Liu et al., 2011).

During the post-orogenic stage, ongoing lithospheric thickening
and thermal disturbance was caused by convective thinning of the
lithospheric mantle (e.g., Liu et al., 2011; Turner et al., 1996), which
eventually resulted in partial melting of the metasomatized man-
tle. Given that pyroxenite has a lower solidus temperature than
peridotite (e.g., Hirschmann et al., 2003), initial melting and
exhaustion of pyroxenite would have formed melts with radio-
genic Os isotopes, as is the case for the southern Tibetan UPVRs
(Huang et al., 2015; Wang et al., 2014). Further lithospheric exten-
sion and thermal relaxation would have increased the geothermal
gradient (Liu et al.,, 2011). Such a high mantle temperature (e.g.,
1069-1249 °C; Liu et al., 2011) resulted in total consumption and
melting of the vein components consisting of rutile + monazite + |
awsonite, which produced hybrid melts with high Ce/Mo and Th/La
ratios and light Mo isotopes (5°%/9°Mo < —0.45%; Fig. 10b). As
such, the geochemical and isotopic variability of the Sailipu UPVRs
can be explained by mixing of melts generated from multiple man-
tle domains, including phlogopite-bearing peridotite, pyroxenite,
and metasomatic vein components consisting of rutile +
monazite + lawsonite.

5.6. A light Mo isotopic reservoir in the Tethyan lithospheric mantle?

The estimated §°%/°°Mo value of the BSE is —0.21%. + 0.06%.
(Burkhardt et al., 2014; Greber et al., 2015; Liang et al., 2017),
which is lighter than the estimated values for the upper continen-
tal crust (0.05-0.15%0; Chen et al., 2022a; Greber et al., 2014;
Voegelin et al., 2014; Yang et al., 2017). Although the Mo isotopic
compositions of the middle and lower continental crust are not
well defined, we assume these are comparable to those of the
upper continental crust because of the limit Mo isotopic fractiona-
tion during partial melting and fractional crystallization (Chen
et al., 2022a; Gaschnig et al., 2021a; Yang et al., 2015). Therefore,
there is a clear Mo isotopic difference between the continental
crust and BSE. Given that shallow asthenospheric mantle-derived
melts (i.e., MORBs) have similar §°®/°°Mo values to the BSE, an iso-
topically light Mo reservoir may exist in Earth’s deep mantle. This
reservoir has been speculated to be subducted slabs that have
accumulated in either the mantle transition zone (Li et al., 2019;
Ma et al,, 2022) or at the core-mantle boundary (Liang et al.,
2017). Some OIBs derived from the deep mantle have very light
398/%Mo values (—0.84%.; Gaschnig et al., 2021b), whereas the
average §°®/Mo value of all published OIB data is —0.22%o
+ 0.04%o0 (2SE; n = 87; Gaschnig et al., 2021a, 2021b; Liang et al,,
2017; Yang et al., 2015), which overlaps with that of the depleted
mantle (—0.21%0 £ 0.02%0; Bezard et al., 2016).

Our study suggests that a light Mo isotopic reservoir exists in
the lithospheric mantle beneath the southern Tibetan Plateau, thus
explaining the §°/°°Mo offset between the continental crust and
the BSE. This reservoir is an end-member that contains rutile, mon-
azite, and/or lawsonite. Rutile has been found in mica-amphibole-
rutile-ilmenite-diopside (MARID)-type cratonic mantle xenoliths
(Forster et al., 2018) and can survive for tens of millions of years
in the lithospheric mantle (e.g., Konzett et al., 1998). In metasom-
atized lithospheric mantle, the metasomes may be isolated in veins
or occur as intergranular layers (e.g., Foley, 1992). Therefore, these
metasomatic components formed during oceanic subduction, as
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Fig. 10. Two-phase reconstructions of the geodynamic process for the formation of the southern Tibetan UPVRs. (a) oceanic sediment metasomatism during the subduction of
the Tethyan lithosphere to form a veined component (consists of rutile + monazite + lawsonite) with high Ce/Mo and Th/La ratios, and light §°¢/°*Mo. (b) During the Miocene,
a high mantle temperature resulted in the total consumption and melting of the veined components, produced the hybrid melts represented by the southern Tibetan UPVRs.

the Ce/Mo ratios and Mo isotopic compositions were inherited
mainly from low-CaO pelagic sediments. This metasomatism by
sediments during oceanic subduction forms isotopically lighter
Mo in the mantle.

The UPVRs on the southern Tibetan Plateau and orogenic lam-
proites in the Mediterranean region have similar elemental and
Sr-Nd isotopic compositions (Figs. 2-3 and S3; Casalini et al,,
2021; Gao et al, 2007; Tommasini et al., 2011; Wang et al,,
2021) and, in particular, anomalously high Th/La ratios (>0.5).
Tommasini et al. (2011) suggested an exotic component with high
Sm/La and Th/La ratios (namely SALATHO) stored in the litho-
spheric mantle for an extended duration (300-500 Myr) was
responsible for the high Th/La ratios of the Tethyan UPVRs. This
is also consistent with the enriched Sr-Nd-Hf isotopic composi-
tions of the UPVRs (Figs. 4 and 9). The UPVRs in the Tuscan mag-
matic province of central Italy have high Ce/Mo ratios (173-340),
comparable to those of the Sailipu UPVRs (Fig. 5a), which have
been attributed to metasomatism by Ca-poor sediments in the
mantle source (Casalini et al., 2019). The §°%/°*Mo values of these
rocks are similar to those of exposed Ca-poor sedimentary rocks
(Casalini et al., 2019). The UPVRs from the Western Alps have vari-
able §°8/°>Mo values (—0.48%. to 0.67%0; Casalini et al., 2019), and
the heavy §°/°*Mo values are similar to those of fluid-dominated
arc igneous rocks. Casalini et al. (2019) suggested that the origin
of the light-5°/°Mo component was uncertain but was likely recy-
cled Tethyan sediments. Given their similar high Th/La and Ce/Mo
ratios and light 5°/°>Mo values to those of the Sailipu UPVRs
(Figs. 2 and 5), we speculate that the UPVRs in the southern Tibe-
tan Plateau and Mediterranean regions were derived from veined
lithospheric mantle domains. Therefore, metasomatized vein com-
ponents in Tethyan lithospheric mantle not only result in distinc-
tive trace element and Sr-Nd-Hf isotopic compositions but also
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high Ce/Mo ratios and light 5°/°*Mo values (Fig. 10). The Tethyan
UPVRs occur over a distance of 10,000 km from the Mediterranean
region to southern Tibet (Casalini et al., 2021; Gao et al., 2007;
Tommasini et al.,, 2011; Wang et al., 2021) and represents a hetero-
geneous and isotopically light Mo reservoir in the lithospheric
mantle.

6. Conclusions

The Sailipu UPVRs have primitive geochemical characteristics
(e.g., high Mg# values), light 5°%/°°Mo values (—0.45%. to
—0.13%0) and MORB-like Mo contents (0.54-1.11 ppm). High Ce/
Mo ratios (225-422) are positively correlated with 5°¢/°>Mo values.
Fractionation of mafic or sulfide mineral phases and partial melting
of normal mantle cannot explain the Mo isotopic variations. The
enriched Sr-Nd isotopic compositions and higher eyft) values at
a given geynq(t) value compared with the terrestrial array suggest
the source of the Sailipu UPVRs contained recycled pelagic sedi-
ments. Correlations between Ce/Mo, Nb/Ta, and §°%/°*Mo are best
explained if the UPVRs are hybrid melts from two mantle end-
members. The light Mo isotope end-member is subducted pelagic
sediments. The other end-member is depleted mantle with
MORB-like 5°*/°*Mo values. The metasomatic component produced
by pelagic sediments consists of several phases (rutile, phlogopite,
monazite, and lawsonite), resulting in high Ce/Mo, Nb/Ta, and Th/
La ratios. These minerals were preserved in the lithospheric mantle
for a protracted period and thus generated the radiogenic
Sr-Nd-Hf isotopic compositions of the Sailipu UPVRs. Given that
these UPVRs are distributed widely from the Mediterranean region
to the southern Tibetan Plateau, we propose that such a reservoir
containing isotopically light Mo can explain the different Mo iso-
topic compositions of the BSE and continental crust.
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