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M Final assembly of Gondwana enhances crustal metal (HREE and U)

endowment

P. Liu"?*, S.A. Gleeson?3, N.J. Cook?4, B. Lehmann®, C. Zhao®, W. Yao',

Z.A. Bao', S.T. Wu’, Y.F. Tian8, J.W. Mao?

I Abstract https://doi.org/10.7185/geochemlet.2317
50 S ; The South China Block hosts a variety of U and HREE mineralisation styles. The
yn-ore Detrital _ . .. . . . . .

40 origin origin =79 | Yushui Cu deposit is located at a sedimentary unconformity and is enriched in

= Diagenetic | | HREEs and U. U-Pb ages of uraninite and xenotime indicate that the HREE miner-
H origin ‘ | . .. . .

£ 30 |. alisation is epigenetic and formed at ca. 223 + 1 Ma. Ore petrography, elemental map-

2 20 / l\ ping, and Nd isotope data suggest that HREEs and U were leached from the footwall

1 \ sandstone and transported to the Cu deposit via oxidised basinal brines. U-Pb ages of

10 | \ detrital xenotime and zircon from the sandstone show that this sedimentary sequence

0 AN N was mainly derived from Silurian S-type granites, which were emplaced during

o 100 200 300 400 500 600 Gondwanaamalgamation. Rapid erosion formed clastic sedimentary rocks that con-

“°Pb/***U age (Ma)

tain accessory HREE-U minerals which could be remobilised by younger mineralising

events. S-type granite magmatism during the final assembly of Gondwana established the crustal metal reservoir which was
repeatedly tapped over geological history, including the modern formation of regolith hosted HREE deposits in South
China. Given the global distribution of analogous S-type granites in other terranes globally, our study has exploration implica-
tions outside of China. This will be enlightening for finding new HREE deposits, which is vital to support the transition to a low

carbon footprint energy.
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¥ Introduction

Genetic relationships between ore formation and crustal evolu-
tion are long established (Sawkins, 1984; Cawood and
Hawkesworth, 2015). These relationships may, however, be dif-
ficult to identify due to the interplay between multiple geological
processes (e.g.,, magmatism, sedimentary processes, and weath-
ering) and the complexity of crustal evolution. Sediment hosted
ore deposits commonly display evidence for a protracted
sequence of mineralising events stretching from sedimentation
to diagenesis to post-diagenetic metamorphism and/or metaso-
matism (Hitzman et al., 2005). Thus, these systems can help
elucidate the relationship between ore formation and crustal
evolution.

Although detrital zircon U-Pb geochronology of clastic
sedimentary rocks is a well established tool for reconstructing
crustal evolution (Kosler et al., 2002), xenotime U-Pb geochro-
nology provides a unique glimpse into not only sedimentary
sources (e.g., detrital xenotime; Kositcin et al., 2003) but also into
the post-depositional history of the sedimentary sequences
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(e.g., diagenetic xenotime; McNaughton ef al., 1999). Xenotime
is a widespread heavy rare earth (HREE) mineral which can form
by magmatic, sedimentary, and hydrothermal processes but
typically has small grain sizes (<20 pm); this has previously ham-
pered routine U-Pb dating of xenotime. However, recent
advances in microanalytical in situ U-Pb dating methods have
improved the spatial resolution (~10 pm) achievable by laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) (Wu et al., 2020). Contemporary microanalysis
thus can circumvent the common problem of small grain size
(<20 pm) and allows routine U-Pb xenotime dating of clastic
sedimentary rocks.

We present in situ LA-ICP-MS U-Pb ages for xenotime and
uraninite from the Yushui deposit (South China), a sediment
hosted high grade Cu deposit. We integrate these data with
petrography and Nd isotope data for the footwall sandstone,
and propose that the HREEs and U were leached from the red
footwall sandstone via oxidised basinal brines. The U-Pb dates
from clastic xenotime and detrital zircon show that the footwall
sandstone is mainly sourced from Silurian S-type granites, which
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were formed in the South China block when it represented the
northern margin of East Gondwana. Given that the amalgamation
of Gondwana is the most important period of S-type granite
production in geological history, we suggest that the final assembly
of Gondwana enhanced crustal metal (HREE and U) endowment
in China, but also worldwide. Therefore, similar processes may
be important in other S-type granite provinces, a finding that car-
ries significant global implications for rare earth exploration, which
can be further pivotal to pursuing a successful green energy
transition.

! Geological Background and Samples

The Yushui Cu deposit is located in eastern Guangdong Province.
The economically important bedded/massive mineralisation is
hosted at an unconformity between the lower Carboniferous
red sandstone of the Zhongxin Formation and a dark grey dolo-
stone/limestone of the upper Carboniferous Hutian Formation
(Fig. S-1). The >300 m thick Zhongxin Formation comprises
hematite-bearing red sandstone with abundant detrital minerals
including xenotime, rutile, and zircon (Figs. 1b, S-2a—c). The
Hutian Formation is predominantly composed of >350 m thick

dolomite and limestone with organic- and apatite-rich beds in
the lower part (Fig. S-2d). The bedded/massive mineralisation
comprises Cu sulfides, barite, hematite, anhydrite, sphalerite,
galena (Fig. S-2ef), and U and HREE-rich minerals, with
local HREE grades up to 6.1 wt. % (Fig. S-3, Table S-1). The
HREE-rich domains include uraninite (Fig. 1c), hingganite-[Y]
(Y2B62[5104]2[OH]2, Flg 1d), thortveitite ([SC,Y]281207, Flg 19),
jingwenite-[Y] (Y,AlLV4*,[SiO4],04[OH],, Fig. 1f Liu et al.,
2023), xenotime (Fig. 1g), iimoriite-[Y] (Y»[SiO4] [CO3], Fig. S-4a),
synchysite-[Y] (CaY[COz],F, Fig. S-4b), kamphaugite-[Y] (CaY
[CO5,[OH]'H,O, Fig. S-4c), and chernovite-[Y] (Y[AsO4],
Fig. S-4d). Samples with hingganite-[Y], uraninite, and xenotime
were collected from the bedded/massive mineralisation, and
detrital zircon and Xenotime were sampled from the lower
Carboniferous red sandstone. There are three types of xenotime
grains in the sandstone: xenotime-(I) occurring as anhedral
grains intergrown with hematite forming veinlets (Fig. S-4e),
xenotime-(II) occurring as fine grained (5-15 pm) anhedral grains
(Fig. S-4f), and xenotime-(III) occurring as euhedral to subhedral
grains intergrown with detrital zircon and quartz (Figs. S-2c,
S-4g h). Sample details are given in Figure S-5; analytical methods
in Supplementary Information.
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Figure 1 (a) Stratigraphic column of the Yushui deposit. (b) Photographs of the red sandstone. (c—g) Reflected light photomicrographs
showing the HREE- and U-bearing minerals from the bedded mineralisation. (c) Elongated aggregates of uraninite, (d) subhedral
hingganite—[Y] grains, (e) anhedral roscoelite and colloidal thortveitite, (f) agglomerate of euhedral jingwenite-[Y], and (g) subhedral
xenotime grains in a matrix of bornite and chalcopyrite. Bn, bornite; Ccp, chalcopyrite; Hin-Y, hingganite-[Y]; Gn, galena; Jw-Y,
jingwenite-[Y]; Nol, nolanite; Py, pyrite; Qz, quartz; Rcl, roscoelite; Tvt, thortveitite; Urn, uraninite; Xtm, xenotime.
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! Results

In situ U-Pb dating of xenotime, zircon, and uraninite. Fifty
seven spot analyses of 26 uraninite grains yielded a weighted
mean 2°Pb/>®U age of 223.7+0.8 Ma (25, MSWD=0.7)

(Fig. 2a, Table S-2). Thirty spot analyses of 25 xenotime grains
from the bedded/massive orebody returned a lower intercept
age of 221.8 +3.5 Ma (26, MSWD =2.2) on a Tera-Wasserburg
plot. The 2°7Pb corrected 2°°Pb/?38U ages yielded a weighted mean
of 222.4 + 2.4 Ma (26, MSWD = 1.5) (Fig. 2b, Table S-2).
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Figure 2 (a-e) LA-ICP-MS U-Pb isotope diagrams of (a) uraninite and (b) xenotime from the bedded mineralisation, (c, d) xenotime and (e)
detrital zircon from the footwall red sandstone. (c) and (d) show ages for xenotime from the red sandstone. Three spot analyses on xenotime-
| yielded a weighted mean age (c), and fifty nine spots on xenotime-lll returned a lower intercept age and weighted corrected age (d).
(f) eng(t) vs. t plot of the red sandstone, and the hingganite-[Y] and xenotime from the bedded mineralisation.
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Seventy nine spot analyses of xenotime-I, -II, and -III
from the footwall red sandstone yielded three ranges of U-Pb
ages at 228-218 Ma (1= 3), 387-329 Ma (n=11), and 486-404
Ma (n = 65) (Fig. 2¢, Table S-3), respectively. Three spot analyses
on xenotime-I with the range at 228-218 Ma yielded a weighted
mean 2°Pb/?38U age of 218.2 + 5.9 Ma. Fifty nine spot analyses
on xenotime-III from the major peak at 431-404 Ma returned a
lower intercept age of 421.2 + 3.8 Ma (26, MSWD = 0.26) on the
Tera-Wasserburg plot, and a 2”/Pb corrected weighted mean
206P/238 age of 421.2 +2.6 Ma (26, MSWD =0.27) (Fig. 2d).
197 spot analyses of detrital zircon of the footwall red sandstone
yielded three major peaks at 470-410 Ma (1 = 45), 1100-900 Ma
(n=42), and 2600-2300 Ma (n=24) (Fig. 2e, Table S-4).

In situ and bulk rock Sm-Nd isotope composition. Thirty in
situ spot analyses on 30 hingganite-[Y] grains yielded a Sm-Nd
isochron age of 233 =12 Ma (26, MSWD = 0.8) (Fig. S-6a, Table
S-5). Twenty one in situ spot analyses on 20 xenotime grains
from the orebody returned a Sm-Nd isochron age of 225+
26 Ma (26, MSWD =0.19) (Fig. S-6b, Table S-5), similar to
the U-Pb age of 222.4 +2.4 Ma within uncertainty. The enq(f)
values of hingganite-[Y] and xenotime were calculated using
an age of 223 Ma, and range from —13.2 to —12.0 and —-13.3
to —11.4, respectively (Fig. 2f). Bulk rock Sm-Nd isotope analyses
of the lower Carboniferous red sandstone yielded *3Nd/*"Nd
values ranging from 0.511747 to 0.512008 (Table S-5). Initial
end(t) values were calculated using the formation ages of
323 Ma for the red sandstone, ranging from -14.5 to
—10.8 (Fig. 2f).

! Discussion

Source of rare earths and uranium. This contribution focuses on
the genesis of the HREE and U mineralisation of the Yushui Cu
deposit. The new combined radioisotopic data from multiple
minerals provide a consistent dataset with a concordant mineral
formation age of ca. 223 + 1 Ma. This age corresponds to a period
of significant post-orogenic extension of the South China block

(Zhao et al., 2018). There is no magmatism at Yushui coeval with
HREE and U mineralisation.

The eng(f) values (—13.3 to —11.4) of HREE minerals from
the unconformity at Yushui are consistent with those (-14.8 to
—10.8) of the underlying red sandstone. Abundant detrital heavy
minerals such as xenotime, monazite, rutile, and zircon occur in
the footwall red sandstone sequence. These minerals show dis-
solution and alteration textures (Fig. S-7), which indicate fluid
leaching of HREEs and U. This is also supported by the Y, Yb,
and U distributions revealed by EPMA elemental mapping of
xenotime in the red sandstone (Fig. 3).

Genetic links between unconformity-related U deposits
and HREE mineralisation have been proposed elsewhere, for
example in the Northern Territory, Australia (Nazari-Dehkordi
et al., 2018; Richter et al., 2018), and the Athabasca Basin,
Saskatchewan, Canada (Quirt et al., 1991; Fayek and Kyser,
1997). Both these examples formed in extensional settings via
the large scale circulation of oxidised, relatively low temperature
saline fluids, with ore deposition taking place at redox interfaces
(Quirt et al., 1991; Fayek and Kyser, 1997; Nazari-Dehkordi et al.,
2018; Richter et al., 2018). Similar fluids have been identified in
primary fluid inclusions at Yushui (i.e. 8-15 wt. % NaCl equiv.,
110-287 °C; Jiang et al.,, 2016). In general, the hydrothermal
transport of REEs requires complexation with a dominance of
Cl-, COs%, and SO,% species (Williams-Jones et al.,, 2012;
Migdisov et al., 2016; Zhou et al., 2016). The occurrence of
hydrothermal barite, anhydrite, hematite, synchysite-[Y],
kamphaugite-[Y], and iimoriite-[Y] in the Yushui mineralisation
indicates that the ore fluids were oxidised with a dominance of
CO32~ and SO,%~. However, although redox reactions cannot
effectively drive the formation of HREE-bearing minerals
(Migdisov et al., 2016), the presence of phosphorus in hydrother-
mal fluids can significantly lower the solubilities of HREEs
(Williams-Jones et al., 2012; Gysi et al., 2015), and, notably, there
are apatite-rich beds in the lower part of the overlying dolostone/
limestone at Yushui. Therefore, we suggest that HREEs and
U were leached from detrital minerals in the underlying
hematite-bearing red sandstone by saline, oxidised basinal fluids

High

Low

|
10 ym

Figure 3 (a, e) Backscattered electron (BSE) images and electron probe microanalysis (EPMA) element maps of clastic xenotime in red sand-
stone, showing the distributions and textures of leaching of (b, f) Y, (c, g) Yb, and (d, h) U.
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and were then precipitated in organic-rich beds in the overlying
dolostone/limestone, which acted as a reductant and also pro-
vided P for efficient REE fixation.

Metal Endowment from the Final
Assembly of Gondwana

The age range of 228-218 Ma for xenotime-I from the footwall
red sandstone is coeval with the formation age (223 Ma) of
HREE- and U-bearing minerals from the bedded mineralisation.
The 387-329 Ma range for xenotime-II is comparable to the for-
mation age of the Late Devonian to early Carboniferous sedi-
mentary sequence. By contrast, the 486-404 Ma age range for
detrital xenotime-III is coincident with the principal age peak
at 470-410 Ma of detrital zircon in the footwall sandstone.
The Devonian to Carboniferous successions in the South
China block are dominated by siliciclastic units with minor coeval
magmatism (Wang et al., 2010), and contain significant amounts
of detrital xenotime, monazite, rutile, and zircon. Triassic exten-
sion produced rifting-related, basinal fluid circulation and leach-
ing of metals (e.g., HREEs and U) by oxidised basinal fluids from
the underlying red sandstone sequence. Notably, Late Devonian
to early Carboniferous sedimentary red bed basins are found
elsewhere (Song et al., 2017), such as the Chu-Sarysu basin of
Kazakhstan, which also hosts major redox-controlled U deposits
(Dahlkamp, 2009). Therefore, this finding strongly suggests that
analogous Carboniferous red bed sedimentary basins in South
China and elsewhere may also host HREE and U mineralisation.

Crucially, the principal peak (421.2+2.6 Ma) of detrital
xenotime corresponds to the age of Silurian S-type granites in
South China (Zhao ef al.,, 2018), suggesting that the footwall
sandstone is ultimately derived from Silurian S-type granites.
Such granites in South China are mainly peraluminous two
mica/garnet granites. They have been interpreted as a far field
response to early Palaeozoic continental collision and then oro-
genic collapse events (Wang et al., 2010) (Fig. 4a), which led to
the South China block becoming accreted to the northern mar-
gin of East Gondwana leading to the final Gondwana assembly
(Fig. 4b) (Cawood et al., 2013; Zhao et al., 2018).

S-type granites generally have a metapelitic source char-
acterised by accessory assemblages comprising xenotime, mona-
zite, and zircon (Chappell et al., 1987; Bea and Montero, 1999).
Partial melting of metapelites can enhance the HREE and U con-
centrations in peraluminous melts (Bea and Montero, 1999;
Villaseca et al., 2003). In addition, P has a high solubility in
strongly peraluminous S-type granitic magmas and there is sub-
stitution of REE®* + Y3+ for Zr (ZrSiO, < [REE,Y]PO,) in zircon
from S-type granites which is charge balanced by P°* (Burnham
and Berry, 2017). Consequently, subsequent crystallisation of the
S-type granites would produce abundant zircon, xenotime, and
monazite.

The amalgamation of Gondwana is the most important
period of S-type granite production in geological history, espe-
cially in Australia, Europe, and South China (Spencer et al., 2014;
Zhu et al., 2020). Rapid erosion led to clastic sedimentary rocks
that contain abundant HREE-U-bearing minerals which can
then be leached by younger mineralising events. Furthermore,
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Figure4 (a)Schematic genetic model of Silurian S-type granites as a far field response to early Palaeozoic continental collision and orogenic
collapse events. (b) Schematic palaeogeographic reconstruction showing the position of the South China block during the Gondwana
assembly (Cawood et al., 2013). (c) Genetic model of erosion of Silurian S-type granites to form the lower Carboniferous red sandstone with
abundant detrital zircon, xenotime, and monazite. Then Triassic extension allowed basinal fluid circulation, resulting in leaching of metals

(e.g., HREEs and U) from the red sandstone sequence.
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these HREE-U-bearing clastic sedimentary rocks may undergo
partial melting and generate younger HREE-U-rich granites
(Fig. 4c) which may then be upgraded by processes in the critical
zone to form the recent/subrecent regolith-hosted (or ion
adsorption) HREE deposits of South China (Li et al., 2017).
Our study highlights that the final assembly of Gondwana estab-
lished a long term metal reservoir in South China which was
tapped repeatedly by ore forming fluids.
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Supplementary Information accompanies this letter at https://
www.geochemicalperspectivesletters.org/article2317.
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Sample Descriptions

Three samples containing uraninite (sample 1804YS04), xenotime (sample1605YS04), and hingganite-[Y]
(sample 1804YS10) for U-Pb dating, and Sm-Nd isotope analysis were collected from the lower part of the
bedded orebody. Fourteen samples (Ys01-14) of sulfide bulk ore were collected from the lower to the upper
part of the bedded orebody. Five samples (20YS11, 23, 26, 29, and 32) with clastic xenotime and one sample
(20YS28) with detrital zircon of red sandstone for U-Pb dating, and sixteen samples of red sandstone for bulk-
rock Sm-Nd isotope analysis were collected from the footwall red sandstone (sampling locations are shown
in Fig. S-5). The xenotime, hingganite-[Y], and uraninite samples were prepared as polished sections for
element mapping, U-Pb dating, Sm-Nd analysis. Detrital zircon samples were handpicked under a binocular
microscope, mounted in an epoxy resin disc, and then polished for U-Pb dating analysis. Hingganite-[Y] and
xenotime in the bedded mineralisation occur as subhedral to anhedral grains, uraninite occurs as elongated
aggregates (Figs. 1c—g and S-4d, e), and detrital zircon in the sandstone occur as euhedral to subhedral grains.
The xenotime, hingganite-[ Y], and uraninite samples were prepared as polished sections for element mapping
and U-Pb dating analysis. The element mapping of xenotime was carried out by electron probe microanalysis
(EPMA), and the U-Pb data were acquired by LA-ICP-MS. In-situ xenotime and hingganite-[Y], and bulk-
rock Sm-Nd isotope data were acquired by LA-MC-ICP-MS and MC-ICP-MS, respectively.
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Analytical Methods

U-XRF element mapping

Element mapping was carried out at Guangzhou Tuoyan Analytical Technology Co., Ltd., China, using a
Bruker’s M4 Tornado Plus pu-XRF spectrometer. The X-ray generator was operated at 50 kV and 300 pA and
a composition of filters was used to reduce the background. All measurements were carried out under 2 mbar
vacuum conditions and directly on the samples which were placed on the p-XRF platform with pixel distance
for 18 um and a 5 ms time per pixel. Evaluation of the data and preparation of element distribution maps were
done using M4 TORNADO software provided by Bruker Nano Analytics.

SEM and mineral and element mapping

Mineral/phase distribution maps were obtained on thin sections using a TESCAN Integrated Mineral Analyser
(TIMA3 GHM) system at the State Key Laboratory of Continental Dynamics, Northwest University, Xi’an,
China. The measurements were performed with the dot-mapping mode. Pixel spacing (BSE) was set to 3 um
and dot spacing (EDS) was set to 9 um. All measurements were done at 25 kV with a spot size of 50 nm in
high-vacuum mode, a working distance of 15 mm and beam current of 5 nA. EPMA element mapping was
carried out using a JEOL JXA-8230 electron microprobe with an accelerating voltage of 15 kV, beam current

of 50 nA, and beam diameter of 1 um.

LA-ICP-MS U-Pb xenotime dating

U-Pb isotopic analysis of xenotime hosted in the bedded/massive mineralisation was carried out using an
Analytikjena M90 quadrupole ICP-MS equipped with a 193 nm NWRI193 Ar-F excimer laser at
Yanduzhongshi Geological Analysis Laboratories, China. Each analysis incorporated a background
acquisition of approximately 20 s followed by 40 s of data acquisition from the sample. Each analysis was
performed with a spot size diameter of 15 pm at 7 Hz with an energy of 4 J/cm?. The reference xenotime
material (MG-1) was analysed twice for every six analyses as an external standard, and the xenotime reference
(BS-1,513.6 £4.5 Ma; Liu et al., 2011) was analysed once for every six analyses as a control standard sample
to check age reproducibility. U-Pb isotope analysis of xenotime hosted in the red sandstone was done using
an Element XR HR-ICP-MS instrument (Thermo Fisher Scientific, USA) coupled with a 193 nm Ar-F excimer
laser system (Geolas HD, Goéttingen, Germany) at the State Key Laboratory of Lithospheric Evolution,
Institute of Geology and Geophysics, Chinese Academy of Sciences. Each analysis was performed with a spot
size of 10 um at 2 Hz with an energy of 5 J/cm?. Possible surface contamination was avoided by pre-ablation
with two laser pulses. More details are given in Wu et al. (2020). The reference xenotime material (MG-1)
was analysed twice for every six analyses as an external standard, and the xenotime reference (BS-1) was
analysed once for every six analyses as a control standard to check age reproducibility. All measured isotope

ratios of the MG-1 reference material during analyses were regressed and corrected via the method of Liu et
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al. (2011). Isotopic and elemental fractionation plus instrumental mass bias were calibrated using Glitter 4.0
software (Griffin et al., 2008). The U-Pb ages and weighted mean ages were calculated using the ISOPLOT
3.0 software package (Ludwig, 2003).

LA-ICP-MS uraninite U-Pb dating

U-Pb dating of uraninite was conducted by LA-ICP-MS at the Wuhan Sample Solution Analytical Technology
Co., Ltd., Wuhan, China, using an Agilent 7700e ICP-MS instrument coupled with a GeolasPro laser ablation
system. Each analysis was performed with a spot size diameter of 10 um at 1 Hz. Uraninite reference material
(GBW04420) was used as an external standard for U-Pb isotope calibration. Each analysis incorporated a
background acquisition of approximately 20-30 s followed by 50 s of data acquisition for the sample. The U-
Pb ages were processed by ICPMSDataCal software (Liu ef al., 2008), and the calculation of U-Pb ages was
performed by the ISOPLOT 3.0 software package (Ludwig, 2003).

LA-MC-ICP-MS Sm-Nd isotope analysis

Neodymium isotopic ratios of hingganite-[Y] and xenotime were analysed by LA-MC-ICP-MS at Nanjing
FocuMS Technology Co. Ltd, Jiangsu province, China, using a Nu Instruments Nu Plasma I MC-ICP-MS
coupled with a RESOlution 193-nm ArF Excimer Laser Ablation system. For hingganite-[ Y] and xenotime
Sm-Nd isotope analyses, each acquisition incorporated 20 s background (gas blank). Each analysis was
performed with a spot size diameter of 75 um at 5 Hz with an energy of 4.5 J/cm?. To correct for this
interference of '**Sm on '%Nd, the '*’Sm/'*Sm ratio (1.0868) and the measured '4’Sm/!'*’Sm ratios are for
calculating the Sm fractionation factor, and then the measured '¥’Sm intensity and the natural '*’Sm/!#*4Sm
ratios are used for correcting the Sm interference on mass 144. The interference-corrected **Nd/!**Nd ratios
were then normalised to 0.7219 for calculating the Nd fractionation factor. The **Nd/'*Nd and '**Nd/!*Nd
ratios were normalised via the exponential law. Standard monazites (Trebilcock, M4, 44069, M2 and
Namaqualand-2) and apatites (AP1, MAD, OtterLake, Durango, and AP2) were used as quality control for
every ten unknown samples. Similarly, the 47Sm/!**Nd ratios were calculated by the exponential law after
correction of the isobaric interference of '**Sm on '%4Nd, and was externally calibrated against the '’Sm/!*Nd
ratio of the standard monazite (Namaqualand-2, '4’Sm/!*Nd = 0.0980 + 3; Liu et al., 2012).

Bulk-rock Nd isotope analysis

High-precision Nd isotope measurements were done at Nanjing FocuMS Technology Co. Ltd, Jiangsu
province (China), using a Nu Instruments Nu Plasma II MC-ICP-MS. Rock powders were mixed with 0.5 mL
60 wt. % HNO; and 1.0 mL 40 wt. % HF in high-pressure PTFE bombs. Digested samples were dried down
on a hotplate and reconstituted in 1.5 mL of 1.5 N HCI before ion exchange purification. Biorad AG50W-X8
cation exchange column was for roughly separating Sr and REE. High-field-strength-elements were washed
out by 1.5 N HCI, and matrix elements (Na, Mg, K, Ca) and Rb were followed by 2.0 N HCI; then the Sr and
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REE fractions were washed out by 2.5 and 6.0 N HCI, respectively. After that REE fractions were dried down,
re-dissolved in 0.12 N HCI, and loaded onto LN-specific columns. La, Ce, and Pr were washed out by 0.12 N
HCI, and then Nd and Sm were eluted by 0.18 and 0.4 N HCI, respectively. Small aliquots of each sample
solution were analysed for exacting element concentration by Agilent Technologies 7700x quadrupole ICP-
MS. Raw data of Nd isotope ratios were corrected for mass fractionation via normalising to **Nd/!*Nd =
0.7219 with exponential law. An isotope standard (JNdi-1) was used to correct instrumental drift. Reference
materials (USGS BHVO-2, BCR-2, RGM-2, AVG-2,) were used as quality-control standards.

Bulk-rock REE analysis of sulfide ore

REE analyses of bulk ore were done by an Agilent 7700e ICP-MS at Nanjing FocuMS Technology Co. Ltd,
Jiangsu province, China. About 40 mg powder was mixed with 0.5 mL 60 wt. % HNO3 and 1.0 mL 40 % HF
in high-pressure PTFE bombs. To ensure complete digestion, the bombs were steel-jacketed and placed in the
oven at 195 °C for 3—4 days. Then the bombs were opened, solutions dried down on a hotplate, re-dissolved
with 5 mL 15 wt. % HNO;3 and 1 mL Rh internal standard, sealed and placed in the oven at 150 °C. Aliquots
of the digestions were nebulised into an Agilent Technologies 7700x quadrupole ICP-MS to analyse trace
elements. Geochemical USGS reference materials for quality control were basalt (BCR-2, BHVO-2), rhyolite
(RGM-2), andesite (AVG-2), and granodiorite (GSP-2).

LA-ICP-MS zircon U-Pb dating

SEM imaging and LA-ICP-MS zircon U-Pb dating of zircon was obtained at the State Key
Laboratory of Continental Dynamics, Northwest University, Xi’an, using a TESCAN
Integrated Mineral Analyser (TIMA3 GHM) system and an Agilent 7900 ICP-MS coupled
with a RESOlution M-50 193-nm ArF Excimer Laser Ablation system, respectively. Based on
observations of internal textures, inclusion- and fracture-free zircon grains were selected for
U-Pb dating. Each analysis was performed with a uniform spot size diameter of 37 um at 5 Hz
with an energy of 6 J/cm?. NIST SRM 610 was analysed once for every six analyses of the
tested sample. The reference zircon (GJ-1) was analysed twice for every six analyses as an
external standard, and the reference zircon (Plesovice) was analysed once for every six
analyses as a control standard to check data reproducibility. More detailed analytical
procedures are given in Yuan et al. (2004). The U-Pb ages were processed by ICPMSDataCal
software (Liu et al., 2008) and the calculation of U-Pb ages was performed by the ISOPLOT
3.0 software package (Ludwig, 2003).
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Supplementary Figures
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Figure S-1  (a) Geological map of the Yushui deposit (Huang et al., 2015). (b) Geological cross section of
the exploration line a—b in the Yushui deposit (Chen et al., 2021). Zircon U-Pb data are from Li et al. (2019).

Vi is the main orebody.
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Figure S-2  (a) Reflected-light photomicrograph of hematite in the red sandstone. (b) Transmitted-light
photomicrograph of xenotime in the red sandstone. (¢) Reflected-light photomicrograph of hematite, xenotime,
rutile, and zircon in the red sandstone. (d) SEM-EDS spectral image of apatite-rich beds in the overlying
dolostone. (e, f) Reflected-light photomicrographs of anhydrite barite, hematite, and chalcopyrite in the
bedded mineralisation. Abbreviations: Anh, anhydrite; Ap, apatite; Bn, bornite; Brt, barite; Ccp, chalcopyrite;

Gn, galena; Hem, hematite; Rt, rutile; Qz, quartz; Xtm, xenotime; Zrn, zircon.
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Figure S-3  Photographs of sulfide ore samples and pu-XRF images from the bedded orebody (about 10 m
thick) at the Yushui deposit. (a) Sampling locations of fourteen bulk ore samples from the bedded orebody.
(b) u-XRF images and HREE concentrations of seven bulk ore samples (Ys01-07) from the lower part of the
bedded orebody. Seven bulk ore samples from the lower part of the bedded/massive have high > REE and
HREE concentrations of 1.1-6.6 x 10* ppm and 1.1-6.1 x 10* ppm, respectively, with a relatively high average
HREE concentration of 2.5 x 10* ppm. Seven bulk ore samples from the upper part of bedded/massive
mineralisation display relatively low Y REE and HREE concentrations of 2.6-6.6 x 10° ppm and 2.3-5.4 x
10° ppm (Table S-1).
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Figure S-4  (a—d) Photomicrographs of (a) iimoriite-[ Y], (b) synchysite-[ Y], (¢) kamphaugite-[ Y], and (d)
chernovite-[ Y] in a matrix of bornite and chalcopyrite. (e—h) Photomicrographs and SEM-EDS spectral image
of xenotime in the footwall red sandstone. (e) Anhedral xenotime-I grains intergrown with hematite in a veinlet.
(f) SEM-EDS spectral image of anhedral fine-grained xenotime-II grains. (g, h) Euhedral to subhedral
xenotime-III grains. Abbreviations: Bn, bornite; Ccp, chalcopyrite; Chv-[Y], chernovite-[Y]; Gn, galena; Hem,

hematite; Khg-[Y], kamphaugite-[ Y]; lim-[ Y], iimoriite-[ Y]; Syn-[Y], synchysite-[Y]; Xtm, xenotime.
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Figure S-5  Sketch figure showing sampling locations. Samples of hingganite-[Y] (1804YS04), uraninite
(1804YS10), and xenotime-[Y] (1605YS04) were collected from the lower part of the bedded/massive
orebody, 14 samples of sulfide bulk ore were collected from the bedded orebody from lower (Ys01) to upper
part (Ys14). 16 samples for bulk-rock Nd isotope, 1 sample (20YS28) for detrital zircon U-Pb, and 5 samples
(20YS11, 23, 26, 29 and 32) for clastic xenotime U-Pb analyses were taken from the footwall red sandstone.
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Figure S-7  SEM-EDS spectral images of (a) zircon, (b) xenotime, and (¢, d) monazite in the red sandstone,
showing dissolution-modification textures, and as-yet unidentified HREE-bearing and Al-Si-mix mineral
phases within fluid-modified zircon, xenotime, and monazite. Abbreviations: Al-Si-mix, Aluminosilicate
mixture; Hem, hematite; HREE, unidentified/unnamed HREE-bearing mineral phases; Mnz, monazite; Rt,

rutile; Qz, quartz; Xtm, xenotime; Zrn, zircon.
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Supplementary Tables

Table S-1 REE contents in bedded sulfide ore samples from the Yushui deposit (in ppm).

Table S-2 LA-ICP-MS U-Pb data of xenotime and uraninite in the ore samples. Samples 1804Y S04

(uraninite) and 1605YS04 (xenotime) are from the lower part of the bedded mineralization.

Table S-3 LA-ICP-MS U-Pb data of xenotime-I, -II, and -III from the red sandstone of drillcore (ZKO1).

Table S-4 LA-ICP-MS U-Pb data of detrital zircon samples from the red sandstone in drillcore (ZKO1).
Ages older than 1000 Ma were calculated using 2°’Pb/?%Pb ratios, and ages younger than 1000 Ma were

calculated using 2°°Pb/?*8U ratios.

Table S-5 Sm-Nd isotope data of hingganite-[Y] (1804YS10), xenotime (1605YS04), and lower
Carboniferous red sandstone from the Yushui deposit. Samples 1804YS10 and 1605Y S04 are from the lower

part of the bedded mineralization, and 16 samples of the red sandstone are from drillcore (ZKO1).

Tables S-1 through S-5 (.xIsx) are available for download from the online version of this article at
https://doi.org/10.7185/geochemlet.2317.
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