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Abstract

The Volcanic-related Be-U-Mo Baiyanghe deposit is located in the Paleozoic Xuemisitan
Volcanic Belt in West Junggar (NW China). It is the largest Be deposit in Asia which is
dominantly hosted in late Devonian rhyolitic tuff and in the late Carboniferous Yangzhuang
granite (313+2 Ma) that were emplaced after the closure of the Junggar oceanic domain. The
late Devonian rhyolitic tuff is a strongly fractionated peralkaline A1-type volcanic rock with a
major magmatic enrichment in Nb, Y, Th, Be, Ta and U. Highly fractionated REE patterns
and significant concentrations of Pb, Nb, Zr, Y, Th and Ta in the primary U mineralisation
identified these tuffs as the dominant U and probably Be source for Be-U ore genesis in West
Junggar. The primary high U concentrations (6.5 < Upean < 15.0 ppm) were released through
volcanic glass devitrification and mobilised by oxidising fluids for the formation of
hydrothermal mineralisation. The Yangzhuang granite is to the contrary a moderately
fractionated moderate- to high-K calc-alkaline A2-type granite characterised by low
magmatic U and Be enrichment (Upean = 2.9 ppm; Bemean = 4.7 ppm), and thus constituted a
minor U source for the mineralisation as demonstrated by U release and remobilisation from

metamict U-bearing accessory minerals.



In the Baiyanghe deposit, structurally-controlled primary U mineralisation was temporally
constrained by an in situ U-Pb isotopic minimum crystallisation age of 240+7 Ma on
pitchblende. This event represents the hydrothermal stage of U mineralisation that occurred
during the early Permian—middle Triassic post-accretion event in West Junggar and
paragenetically postdates the Be ore stage (ca. 303-265 Ma). The hydrothermal U
mineralisation is mainly characterised by Pb-Nb-Ti-Zr-Mo-rich pitchblende veins associated
with calcite and quartz, which crosscut Be-stage fluorite veins. During this episode of crustal
extension, the Be-U-Mo ore therefore formed in a two-stage hydrothermal model within the
same mineralising event: (i) oxidising meteoric and possibly basinal waters percolated
downward into the basement through structures and mixed with CO,-bearing magmatic fluids
derived from early generations of mafic dykes that intruded the host rocks in the Baiyanghe
area. During the circulation of these thermal solutions along faults and fractured zones, Be
was leached mainly from the Devonian rhyolitic tuff during hydrothermal alteration and
dominantly transported as fluoride complexes in the fluids. These low-temperature (130—
150°C) ore solutions then reacted with Ca-rich minerals of the host rocks, which resulted in a
pH increase that triggered fluorite precipitation in turn promoting Be deposition as
bertrandite; and (ii) in a second stage, additional oxidising surface-derived fluids including
meteoric waters and possibly basinal brines infiltrated the basement. U was also leached
mainly from the late Devonian rhyolitic tuff and likely transported as chlorine and/or uranyl
carbonate complexes in the fluids. U precipitated as pitchblende due to fO, decrease when
these low-temperature (120-125°C) oxidising U-bearing solutions encountered favourable
reducing environments mainly represented by dolerite and diabase dykes crosscutting the host
rocks and/or carbonaceous shales at the contact with the Devonian rhyolitic tuff. Pitchblende
then locally experienced dyke-emplacement related post-ore hydrothermal potassic alteration

characterised by abundant illite crystallisation, significant Si gain and in sifu relative



enrichment of Nb, Ti, Th, and Ta due to strong U and Pb depletion. The primary U
mineralisation was then largely oxidised into uranophane due to supergene alteration related
to further meteoric water infiltration during late Mesozoic—Cenozoic crustal extension in
West Junggar.

The characteristics of the volcanic-related hydrothermal Be-U mineralisation in the
Baiyanghe deposit show key similarities with Streltsovka (U-Mo-F) and Spor Mountain (Be-
U) world-class districts, although Baiyanghe has much smaller resources than the ones in
Streltsovka.

Keywords: West Junggar; Xuemisitan Volcanic Belt; volcanic-related hydrothermal uranium
deposits; Baiyanghe deposit; Be-U-Mo mineralisation.
1. Introduction

The Baiyanghe Be-U-Mo deposit is located in the late Paleozoic Xuemisitan-Kulankazi
island arc at the northwest margin of the Junggar plate, in northwest China (Fig. 1A; Li et al.,
2015; Zhang et al.,, 2019). Although the U mineralisation was first discovered in the
Baiyanghe deposit (> 2000t U at 0.05-0.2% U; IAEA, 2016), it actually represents the largest
beryllium deposit (2.2 M tons of ore with grades ranging from 0.2% to 1.4%) in Asia (Wang
etal., 2012; Li et al., 2015).

The Be-U-Mo mineralisation in the Baiyanghe deposit is predominantly hosted in late
Devonian felsic volcanic rocks of the Tarbagatay Group and in the late Carboniferous
Yangzhuang granite porphyry (Fayek and Shabaga, 2011; Li et al., 2015; Shabaga et al.,
2013; Zhang et al., 2019). Zou (2006) first compared this deposit with the Spor Mountain
volcanic-tuff related Be-U deposit in the U.S.A that constitutes the world's most important
resource of Be (Lindsey et al., 1973; Lindsey, 1977; Foley et al., 2012; Lederer et al., 2016),
and suggested that the Baiyanghe Be-U-Mo deposit formed during the hydrothermal activity

that post-dated the emplacement of the Yangzhuang granite porphyry (Fig. 1B). Ore bodies in



the Baiyanghe deposit mainly occur as fracture fillings along contact zones between the
Yangzhuang granite porphyry and the Devonian volcanic rocks. Based on their spatial
distribution within the host rocks three types of ore were proposed, namely Be-type, U-type
and Be-U-Mo type (Wang et al., 2012; Xiao et al., 2011; Xiu et al., 2011), the third type
corresponding to the overlap of the first two. However, the genesis of the mineralisation
including the spatial and temporal relations between Be, U and Mo, and the role of the
Yangzhuang granite porphyry still remain unclear. While Shabaga et al. (2013) and Fayek and
Shabaga (2011) characterised the Devonian rhyolite as the main host rock and source of U
and Be for the Baiyanghe deposit, other studies (e.g. Li et al., 2015; Mao et al., 2014; Zhang
et al., 2019, 2020) proposed the Yangzhuang granite porphyry as the predominant host rock
and source of metals for the mineralisation. Moreover, the multiple generations of fluorite
observed in the deposit (Li et al., 2015; Yi et al., 2016; Zhang et al., 2019) as well as the
detailed petrographic and geochemical study on the alteration minerals presented in Zhang et
al. (2019), were taken as major lines of evidence to support a hydrothermal-related
metallogenic model characterising multi-stage Be-U mineralisation in the Baiyanghe deposit.
Microthermometry of fluid inclusions from fluorite indicated that Be and U minerals
precipitated from low-temperature (120-150 °C) and low-to moderate-salinity fluids (4.7% <
NaCl eq. < 19.7%) (Fayek and Shabaga, 2011; Li et al., 2015; Mao et al., 2013; Yang et al.,
2014; Yi et al., 2016). Furthermore, Li et al. (2015) proposed that the ore-forming solutions
originated from the mixing of magmatic and meteoric fluids based on O and H isotopic
signatures of hydrothermal muscovite. However, whereas the dark purple fluorite (fluorite (2)
in Li et al, 2015; Zhang et al, 2019) co-precipitated with the principal Be mineral
(bertrandite, (BesSi,07(OH),)), the textural relations between pitchblende and the other
hydrothermal minerals described by Yi et al. (2016) and Zhang et al. (2019) do not allow for

clear determination of paragenetic succession. Finally, the timing between the Be and primary



U mineralisation is still under debate. Li et al. (2015) proposed that Be and U were deposited
together with coeval hydrothermal muscovite dated by Ar-Ar method at 303+2 Ma. On the
contrary, Sm-Nd dating performed by Yi et al. (2016) on ore-stage fluorite gave an age of
265+33 Ma for the Be mineralisation, and U-Pb TIMS dating on pitchblende-bearing samples
yielded a series of dates at 23843 Ma, 22443 Ma, 198+3 Ma, 98+1 Ma and 30+1 Ma, hence
suggesting that Be and U mineralisation could have occurred later than proposed in Li et al.
(2015). Most recent works (e.g. Xu et al., 2017; Zhang et al., 2019) also proposed that the
primary U mineralisation was closely related to the multiple stages of mafic dyke intrusions
emplaced during the early Permian—late Triassic post-orogenic event in West Junggar.

In order to address the above issues, the present study aims to characterise the
mineralogical, chemical and isotopic signatures of the primary U mineralisation from the
Baiyanghe deposit through detailed petrographic and mineralogical studies and the
measurements of the trace element concentrations by LA-ICP-MS and U-Pb isotopes by
SIMS in pitchblende. Ultimately, the new petrographic-mineralogical observations and
analytical data provided by this paper will allow proposing a unified metallogenic model for
the volcanic-related hydrothermal Baiyanghe deposit based on the spatial-temporal relations
between Be and U in the system.

2. Geological setting
2.1. Regional geology

The Baiyanghe deposit is located in West Junggar region, situated on the southern part of
the Altai Orogen (Mao et al., 2014). The area is characterised by three magmatic belts (Li et
al., 2015) including: (i) the EW-trending Xuemisitan Volcanic Belt and (ii) the EW-trending
Saur Volcanic Belt located in northern West Junggar (Zhang et al., 2019; Zhong et al., 2017),
and (iii) the NE-trending alkali-feldspar granitic belt in southern West Junggar (Chen et al.,

2010) (Fig. 1).



In northern West Junggar, the Saur Volcanic Belt on the north, mainly composed of calc-
alkaline basalts and basaltic andesites, is the product of southward subduction of the Irtysh—
Zaysan oceanic lithosphere during the Devonian—early Carboniferous (Didenko and Morozov,
1999; Vladimirov et al., 2008). The Xuemisitan belt on the south is dominated by a suite of
Devonian intermediate to felsic volcanic and intrusive rocks, and minor amounts of late
Carboniferous—middle Permian granite, granite porphyry, and diorite (Fig. 1; Li et al., 2015).
It resulted from southward subduction of the Junggar oceanic crust during the late Silurian—
early Devonian (Li et al., 2015; Mao et al., 2014; Shen et al., 2012; Zhao and He, 2013). The
closure of the oceanic basin between the Xuemisitan and Saur volcanic belts took place before
the late Devonian (~380 Ma, Filippova et al., 2001), whereas the Irtysh—Zaysan oceanic basin
closed in the late Carboniferous (Chen et al., 2010; Han et al., 2010; Kuibida et al., 2009).
Ages of the granite batholiths and their coeval mafic intrusions in the region indicate that
voluminous magmatism took place during the late Carboniferous to early Permian (Geng et
al., 2009). Lithofacies paleogeographical studies and paleomagnetic research revealed that a
remnant oceanic basin still existed in the northern West Junggar region until 300 Ma ago
(Choulet et al., 2011; Wang, 2006; Wang et al., 2007), which strongly argues in favour of an
ocean ridge subduction model to interpret the extensive late Carboniferous magmatism in
West Junggar (Geng et al., 2011, 2009; Tang et al., 2010a, 2010b, 2009; Yang et al., 2012;
Yin et al., 2011, 2010). The northern West Junggar region then entered in a post-orogenic
stage (Choulet et al., 2012, 2011) associated with intraplate magmatism characterised by
multiple events of dyke intrusions during the early Permian—middle Triassic (Miao et al.,
2019; Yi et al., 2014), including diorite porphyry (290+18 Ma, 222+18 Ma), dolerite (277+6
Ma, 27244 Ma), diabase (255 Ma), and alaskite (255+2 Ma, 246+1 Ma).

2.2. Geology of the Baiyanghe Be-U-Mo deposit

The Baiyanghe Be-U-Mo deposit is located on the northwestern margin of the Xuemisitan



Volcanic Belt (Fig. 1A). In the Baiyanghe area, stratigraphic sequences include the late
Devonian Tarbagatay Group of intermediate to felsic volcanic and pyroclastic rocks, the early
Carboniferous Hebukehe Group of shale, limestone, siliceous shale, sandstone and
conglomerate, and the early Carboniferous Heishantou Group of mafic to intermediate
volcanic and pyroclastic rocks (Mao et al., 2013; Wang et al., 2012; Zhang and Zhang, 2014).
These volcano-sedimentary units were then intruded by the late Carboniferous Yangzhuang
granite porphyry and a series of dykes emplaced during the early Permian—late Triassic (Figs.
1B and 1C; Li et al., 2015; Miao et al., 2019; Yi et al., 2014; Zhang et al., 2019). The Be-U-
Mo mineralisation is mainly hosted within the Yangzhuang granite porphyry and the late
Devonian rhyolite and rhyolitic tuff of the Tarbagatay Group (Figs. 1 and 2; Li et al., 2015;
Shabaga et al., 2013; Xu et al., 2017; Zhang et al., 2019). The Yangzhuang granite porphyry
intruded from the east of the Baiyanghe area and along the EW-trending Yangzhuang Fault in
the south, at a 45-75° north-dipping contact with early Carboniferous rocks. In the north, the
Yangzhuang granite displays a ~30° south-dipping curved-tectonic contact (synform) with the
Devonian volcanic rocks (Fig. 1C; Li et al., 2015; Zhang et al., 2019).

The Yangzhuang granite porphyry exhibits a porphyritic texture with quartz and K-
feldspar phenocrysts. However, the highly fractured phenocrysts supported by a
microgranular matrix rather characterise a trachytic texture belonging to a subvolcanic rock
facies (Fig. 2A; Xu et al., 2017). The main mineral assemblage is composed of quartz, K-
feldspar, plagioclase, and mica (Li et al., 2015; Zhang et al., 2019). Zircon, (U)-thorite,
columbite-(Mn), and REE-fluoro-carbonate are the dominant accessory minerals (Zhang et
al., 2020). Zircon U-Pb dating of the granite porphyry yielded an emplacement age of 313+2
Ma (Zhang and Zhang, 2014). It was previously characterised as a metaluminous to weakly
peraluminous fractionated Al-type granite (according to Eby, 1992), associated with very

high Nb (84-121 ppm) and Ta (7.6-9.4 ppm) concentrations (Mao et al., 2014; Zhang et al.,



2019), which are nearly ten times higher than the coeval granite of A2-type affinity in this
region. The Devonian rhyolite and rhyolitic tuff (Figs. 2B and 2C) were characterised by
Fayek and Shabaga (2011) and Shabaga et al. (2015, 2013) as a peralkaline to weakly
peraluminous strongly fractionated Nb-rich rhyolite (Nbmean 124 ppm). They are mainly
composed of quartz, K-feldspar, volcanic glass and biotite with accessory minerals including
topaz and tourmaline.

The mineralisation at the Baiyanghe deposit is predominantly hosted in the Devonian
rhyolite and in minor proportion in the Yangzhuang granite porphyry (Figs. 1C and 2D-2G;
Fayek and Shabaga, 2011; Li et al., 2015; Shabaga et al., 2013; Zhang et al., 2019). Be-U-Mo
ore bodies mainly occur in fractures along contact zones between the Yangzhuang granite
porphyry and Devonian volcano-sedimentary rocks (Figs. 1C, and 2E-F). Small amounts of
the mineralisation also occur along structures inside the granite itself (Figs. 1C and 2D).
Three types of ore were identified in the deposit, namely Be type, U type, and U-Be-Mo type
(Wang et al., 2012; Xiao et al., 2011; Xiu et al., 2011). These three types of ore occur either
separately or show a crosscutting relationship (Fig. 1C). The Be-U-Mo mineralisation is also
spatially associated with the intrusion of NW-trending diabase dykes (Li et al., 2015; Xu et
al., 2017; Zhang et al., 2019), which vary in width from a few centimetres to several meters
within the Yangzhuang granite porphyry. Be-U grades are lower in the western section of the
Yangzhuang granite, where the diabase and diorite dykes are well developed, and higher in
the eastern section, where the dykes are scarcer (Fig. 1B; Li et al., 2015; Zhang et al., 2019).
Three Be-U-Mo ore bodies have been identified to date. The No. 1 ore body is the largest and
contains 90% of the BeO reserves (Fig. 1C). The No. 1 ore body is stratiform in shape and
occurs at the contact zone between the Yangzhuang granite and Devonian rhyolite. It extends
over 600 m long by up to 300 m wide, and has a thickness ranging from 1.5 m to 20 m with

an average of ~5 m. The predominant primary U mineral is pitchblende, which is largely



overprinted by the secondary U mineral uranophane (Li et al., 2015; Shabaga et al., 2013;
Zhang et al., 2019). U-Pb isotopic TIMS dating on pitchblende-bearing samples yielded a
series of dates at 23843 Ma, 224+3 Ma, 19843 Ma, 98+1 Ma and 30+1 Ma (Yi et al., 2016).
U-Pb SIMS dating performed on uranophane yielded dates within the range 130-20 Ma
(Fayek and Shabaga, 2011; Shabaga et al., 2015). The principal Be mineral is bertrandite,
which mainly occurs as fine planar and 20-300-um-long prismatic crystals within the dark
purple fluorite veins (Li et al., 2015; Shabaga et al., 2013; Zhang et al., 2019). Ore-stage
fluorite gave Sm-Nd isotopic age of 265+33 Ma (Yi et al., 2016). Mo mineralisation primarily
occurred as molybdenite, which was oxidised into supergene Mo-oxide (e.g. ilsemannite; Li
etal., 2015).

The pre-Be-ore alteration minerals are albite, chlorite, quartz, and colourless and green
fluorite (FI1) (Zhang et al., 2019). The colourless and green fluorite is generally not directly
associated with Be-U mineralisation. The original K-feldspar was partly replaced by sericite
and albite. Secondary quartz that coexists with chlorite commonly occurs as veins in the host
rocks. Calcite surrounded by chlorite can also be found. The Be-ore-stage hydrothermal
alteration is characterised by several generations of fluorite, quartz, illite/muscovite, kaolinite,
chlorite and calcite (Zhang et al., 2019). Fluorite that formed during this stage displays light
to dark purple colours. The earlier dark purple fluorite (FI2) is cut by the later light purple
fluorite (F13) (Fig. 2H). Bertrandite is closely associated with the fluorite formed during this
stage but no clear petrographic relations with pitchblende have been presented to date. The
alteration minerals in the post-ore stage mainly include calcite, quartz and colourless to light
purple fluorite (F14). Uranophane partly to totally replaces pitchblende in fractures and is
associated with Pb-and Mn-oxides (Shabaga et al., 2013; Zhang et al., 2019).

3. Materials and methods

3.1. Sampling



Twenty-five samples including sixteen samples of the main host rocks, seven mineralised
samples and two mafic dyke samples were collected from outcrops and exploration drill holes
in the area of the Baiyanghe deposit. The host rock samples include nine samples of late
Devonian rhyolitic tuff and seven samples of the late Carboniferous Yangzhuang granite
porphyry. Two high-grade mineralised samples (0.1-1% U) from the U ore and containing
primary U mineralisation (pitchblende) were collected in exploration drill holes ZK5434 and
ZK5828 (Fig. 1B) at depths 358.3m and 285.2m, respectively. These two samples were
studied in details to constrain the U ore genesis in the Baiyanghe deposit.

3.2. Whole rock geochemistry

Whole-rock geochemistry was performed by inductively coupled plasma mass
spectrometry/atomic emission spectrometry (ICP-AES) and X-ray fluorescence spectrometry
(XRF) at the Hubei Province Geological Lab Testing Center in Wuhan (China).

3.3. Microscopy and mineral analysis by EPMA

The petrographic/mineralogical study was carried out at the State Key Laboratory of
Nuclear Resources and Environment of the East China University of Technology (China)
using: (i) optical microscope (transmitted and reflected lights), (ii) a FEI-Nova Nano-SEM
450 scanning electron microscope (SEM), and (iii) a JEOL JXA 8100 electron probe
microanalyser (EPMA). EPMA analytical conditions were 15 kV accelerating voltage, 20 nA
beam current with a 5 um beam diameter for the composition analysis of U minerals
(pitchblende and uranophane). X-ray elemental mapping was carried out on two pitchblende
veins using the same conditions as for in sifu measurements. The step size was 1 um with a
spot size of about 1 pm. X-ray were collected with a dwell time of 40 ms per pixel.

3.4. Trace element measurements by LA-ICP-MS
The measurement of trace element concentrations in pitchblende was performed by laser

ablation inductively coupled plasma mass spectrometry (LA-ICPMS; AGILENT 7500) at the
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GeoRessources Laboratory of the Université de Lorraine-CNRS in Nancy (France). The
detailed methodology that was followed for LA-ICP-MS measurements is presented in
Bonnetti et al. (2020, 2018a). For each analysis performed on pitchblende, a 32 pym or 16 um
spot size has been used depending on the size of the mineral. Rare earth elements (REE: La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) along with ten trace elements (Zr, Ba,
Sr, W, Nb, Ta, Y, Mo, Th and Ti) were analysed. A dwell time of 10 ms was used for each
measured isotope, except for U (5 ms). The certified glass standards NIST610 and 612
(Pearce et al., 1997) were used as reference material for the analyses of trace elements in
pitchblende using U content measured by EPMA as internal standard, following the protocol
developed by Lach et al. (2013). Then, data were processed using the Iolite program (Paton et
al., 2011) in order to convert raw counts for every measured trace element into concentration
(in ppm). U was used as internal standard, based on concentration established for each
analysed zone by EPMA. The selected U concentrations varied from 60 to 70 wt.% U,
depending on the type of U mineralisation and degree of alteration. The relative error on
concentrations is generally around 5%.
3.5. U-Pb isotopes dating by SIMS

U-Pb isotopic compositions of pitchblende were determined using a CAMECA IMS 1280-
HR ion microprobe at CRPG-CNRS (Nancy, France). The O primary ion beam was
accelerated at 13 kV, with an intensity ranging between 3.5 and 5 nA. The spot size on
pitchblende was ~ 15 pm. Positive secondary ions were extracted with a 10 kV potential, and
the spectrometer slits were set for a mass resolving power of ~ 6,000 to separate isobaric
interferences of REE dioxides from Pb. lons were measured by peak jumping in
monocollection mode using the axial Faraday cup (FC) for ***U and **UO and the axial
electron multiplier (EM) for ***Pb, *°°Pb, **’Pb, ***Pb and ***ThO. Each analysis consisted of 8

successive cycles. Each cycle began with measurement of the mass 203.5 and 203.6 for
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backgrounds of the FC and the EM respectively, followed by 204pp, 206py, 207pp, 208pp 238y
8ThO and ***U0, with acquisition times of 4, 4, 10, 6, 20, 4, 4, 3, and 3 s, respectively
(waiting time of 1 s). The relative sensitivity factor between Pb and U used for unknown
samples was determined from an empirical linear relationship defined between UO'/U" and
Pb+/U" (Compston et al., 1984; Deloule et al., 2002) from all the measurements performed on
the reference uraninite (Zambia, concordant age of 540+4 Ma; Cathelineau et al., 1990). The
error on the calibration curve for the reference material is reported in the error given for each
analysis of unknown uranium oxide. Internal precision obtained on Zambia uraninite during
the SIMS analytical session was 0.1% and 0.01% for **°Pb/?*U and **’Pb/*”°Pb ratios
respectively. A **U/*°U ratio of 137.88 was used to calculate the *°’Pb/**°U ratios based on
the measured **°Pb/***U and **"Pb/*?°Pb ratios. Due to the common Pb-rich character of the U
oxides (0.0156>*"'Pb/**®Pb>0.0146), a common lead correction based on the measured ***Pb
content and the Pb isotopic composition calculated using the model of Stacey and Kramers
(1975) at the estimated age of the U oxide was applied to the analyses. Initial data treatment,
standardisation against Zambia uraninite, calculation of U/Pb and Pb/Pb ratios and related
ages, and calculation of error (1 sigma) were done using an in-house Excel spreadsheet at
CRPG (Table G). Data implementation in Wetherwill and Tera-Wasserburg diagrams were
done using ISOPLOT flowsheet (Ludwig, 1999). In this respect, an identical correlation error
of 0.8 between “*°Pb/***U and **’Pb/**°U ratios was used (Table G). For more details about the
analytical protocol, see Martz et al. (2019).
4. Results
4.1. Typology of the host rocks

The whole rock geochemical features of the late Devonian Rhyolitic tuff and late
Carboniferous Yanghuang granite porphyry are presented in Figure 3. The data plotted aim to

determine: (i) the typology of these host rocks, (ii)) magmatic vs hydrothermal fractionation
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trends and (iii) their possible role as a metal source for the mineralisation. The whole-rock
geochemical data including major elements, rare earth elements (REE) and trace elements are
respectively presented in Tables A, B and C.
4.1.1. Late Devonian rhyolitic tuff

Late Devonian rhyolitic tuff represents the main host rock of the Baiyanghe deposit (Fig.
2). This volcanic rock is metaluminous to slightly peraluminous (0.83 < A/CNK < 1.23, Fig.
3A; -48 < A < 44, Fig. 3B) and characterised by very low contents of ferro-magnesian
minerals (B < 16; Fig. 3B). It is rich in quartz (Q > 163; Fig. 3C) and has a significant
plagioclase proportion (-140 < P < -53; Fig. 3C). Nevertheless, some low P values may also
be attributed to the presence of carbonate in altered samples (e.g., sample BYH-06 with 1.61
wt% CaO and P = -110; Table A). It shows moderate to high U contents ranging from 3.1 to
12.3 ppm (Umean = 15 ppm in Fayek and Shabaga, 2011), and low to high Th/U ratios (2.8 to
11.0; Table C), which is characteristic of a good U source for the mineralisation. Values of
Th/U >> 4 (e.g. 11.0 in sample BYH-06; Table C) are indicative of U leaching (Fig. 3D). The
rhyolite has low to moderate K,O contents (3.33—4.10 wt%) and one anomalously low value
at 2.74 wt% that is attributed to albitisation (5.99 wt% Na,O in sample BYH-07; Table A),
also associated with the lowest concentrations in Nb, Ta and Th (Table C). The rhyolite also
shows a very high degree of fractionation characterised by REE patterns with a pronounced
negative Eu anomaly and a “gull-winged” shape (Fig. 3F), and by very high Nb content (up to
117.0 ppm; Fig. 3E; Table C) and relatively high concentration in Y (up to 51.8 ppm) and Th
(up to 39.1 ppm). It is also significantly enriched in other incompatible elements like Rb and
Ta, and strongly depleted in Ba (Fig. 3E), relative to the composition of the upper continental
crust. In the A/NK vs A/CNK diagram (Fig. 3A) the composition of the rhyolitic tuff is very
close to the origin. A slight alteration (i.e. incipient sericitisation of plagioclase) is sufficient

to shift the composition from the peralkaline field to midly peraluminous to metaluminous
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compositions. Hence, we suggest that the initial composition of the rhyolitic tuff magma was
midly peralkaline (Al-type according to Eby, 1992; Fig. A) as further supported by its very
high Fe/Mg and Na/K ratios, low Ca, Ti and P contents, high to very high concentrations of
Nb, Ta, Th, Y, and U, and the REE “gull-winged” pattern. These tuffs are also relatively
enriched in Be with values up to 10 ppm compared to an average biotite granite (5 ppm; Foley
etal., 2017).
4.1.2. Late Carboniferous Yangzhuang granite porphyry

The Yangzhuang granite porphyry is the second main host rock of the mineralisation in the
Baiyanghe deposit (Fig. 2). This granite is weakly to moderately peraluminous (1.02 <
A/CNK < 1.15, Fig. 3A; 6 < A <35, Fig. 3B). It shows moderate to high quartz contents (117
< Q< 190; Fig. 3C), low contents of ferro-magnesian minerals (B < 56; Fig. 3B), and variable
proportions of K-feldspar relatively to plagioclase (-120 < P < 25; Fig. 3C). The Yangzhuang
granite has low U contents ranging from 2.3 to 4.3 ppm (mean U content = 2.9 ppm), and
Th/U ratios around the average value in the continental crust (2.4 to 6.1; Table C; Fig. 3D),
hence indicating that this granite likely represents a minor U source for the mineralisation. Be
contents (mean = 4.7 ppm) are similar to the average concentrations in biotite granite,
suggesting that the Yangzhuang granite may also represent a relatively minor source of Be for
the mineralisation. Compared with the Devonian rhyolite, the granite porphyry is less
fractionated as indicated by its REE patterns with weaker negative Eu anomalies (Fig. 3F),
and lower concentrations in Th (10.4—14.1 ppm) and Ta (2.4-3.2 ppm), although Y (up to
57.5 ppm) and Nb (up to 46.8 ppm) contents remain relatively high (Table C). The variable
moderate to high K,O contents (3.44-6.11 wt%) and the positive evolution trend of the Q-P
parameters (Fig. 3C) define a moderate- to high-K calc-alkaline association and characterise
the Yangzhuang granite as a moderately fractionated A2-type granite (according to Eby,

1992; Fig. A).
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4.2. Petrography and mineral assemblage of the uranium mineralisation

In the Baiyanghe deposit, two distinct stages of U mineralisation were characterised from
our sampling based on the predominant U mineral, their respective mineral assemblage and
textural relations (Figs. 2 and 4): (i) an early hydrothermal pitchblende-dominated stage
mainly associated with illite, quartz and calcite; and (ii) a late supergene alteration
uranophane-dominated stage comprising hexavalent U silicate, quartz, calcite, barite and
Pb/Ti-oxide. Both U mineralisation stages are represented by different generations of veins
that postdate Be ore-stage fluorite veins (Fig. 4).
4.2.1. Primary uranium mineralisation

The hydrothermal stage is characterised by pitchblende as the predominant U mineral,
which represents the primary U mineralisation. It occurs as 0.01-to 2 cm-thick veins (Fig. 4)
within fractured zones of the host rocks. Pitchblende displays colloform to massive textures
and shows centripetal evolution of the crystal growth in veins. In sample 5828, colloform
pitchblende displays a succession of five major bands of hydrothermal growth (Figs. 4A and
4B), whereas in sample 5434, pitchblende is alternating with micrometre-thick layers of
microcrystalline quartz (Figs. 4D-4F). Pitchblende is subsequently fractured (Fig. 4A) and
mainly associated with illite, quartz and calcite. Illite is a major alteration mineral occurring
in the matrix of mineralised host rocks or in fractures crosscutting pitchblende (Fig. 4). In
sample 5828, edges of the pitchblende vein (Figs. 4A and 4B) show alteration features mainly
characterised by Nb/Ti-rich altered pitchblende domains intimately associated with illite and
other phyllosilicates. Calcite and quartz occur as cement in veins together with pitchblende
(Figs. 4E and 4F). At the thin section scale, pitchblende veins crosscut early muscovite and
dark purple fluorite veins (Figs. 4C-4G) that are associated with bertrandite and therefore,

postdate the Be mineralisation. Fluorite is intensively fractured and brecciated by later
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generations of pitchblende veins, which also replace an early generation of illite (Figs. 4D and
4E).
4.2.2. Secondary uranium mineralisation

The supergene stage is characterised by uranophane as the principal U mineral also
associated with minor hexavalent U silicate (e.g., uranosilite), which represents the secondary
U mineralisation. Uranophane either occurs in re-opened pre-existing pitchblende veins as 10
to 100 um crystal aggregates replacing pitchblende (Figs. 4D and 4F), or in a newly formed
set of veins crosscutting hydrothermal fluorite, illite/muscovite, and pitchblende veins (Fig.
4C). Hexavalent U silicate mainly occurs in alteration of pitchblende or was co-precipitated
with uranophane in veins (Fig. 4D). Uranophane is also associated with a series of alteration
and gangue minerals mainly including quartz, calcite, barite and Pb/Ti-oxide.
Microcrystalline quartz and calcite occur as cement in uranophane veins (Figs. 4C and 4F),
and barite and Pb/Ti-oxide have been observed replacing of pitchblende (Fig. 4G).
4.3. Composition of the primary uranium minerals

In sample 5828, among the five growth bands of hydrothermal pitchblende, the latest band
(V) shows a reasonably preserved chemical composition (Figs. 5 and 7; Table 1; Table D)
characterised by very high UO, (mean = 78.08 wt%, Figs. 7A-B) and high PbO contents
(mean = 7.76 wt%, Fig. 7A), and homogeneous and relatively low concentrations in Nb
(mean = 1.91 wt% Nb,Os, Fig. 7E), Ti (mean = 0.81 wt% TiO,, Fig. 7F), W (mean = 0.74
wt% WO3) and Zr (mean = 0.48 wt% ZrO,). Relatively homogeneous Ca contents (mean =
226 wt% CaO, Fig. 7C) suggest that calcium was most likely incorporated during
crystallisation and very low Si concentrations (mean = 0.32 wt% SiO,, Fig. 7D) shows
evidence for a low degree of post-crystallisation alteration (Fig. 5). In comparison,
pitchblende (I) to (IV) (Fig. 4A) have more variable compositions characterised by lower UO;

(64.92-76.12 wt%, Fig. 7A) and PbO (4.44-9.06 wt%, Figs. 7A, 7C-D) contents, and higher
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concentrations in Nb (2.76-9.14 wt% Nb,Os, Fig. 7E) and Ti (0.36-2.31 wt% TiO,, Fig. 7F).
Individually, pitchblende (I) to (IV) have relatively homogeneous CaO contents (Fig. 7C),
indicating that calcium was most probably incorporated during crystallisation, although a
minor part could be related to post-crystallisation alteration. Low to high SiO, concentrations
(0.27-4.97 wt%, Fig. 7C) indicate heterogenous degrees of post-crystallisation alteration. An
altered pitchblende domain (Figs. 4A-B) is characterised by high to very high concentrations
in Nb (up to 20.22 wt% Nb,Os, Fig. 7E), Ti (up to 7.19 wt% TiO,, Fig. 7F), and Si (up to
22.21 wt% SiO,, Figs. 7B and 7D-F).

In sample 5434, pitchblende is characterised by very high UO, (mean = 76.30 wt%, Figs.
7A-B) and relatively high PbO (mean = 4.45 wt%, Fig. 7A) contents, and variable low to very
low concentrations in Nb (<LOD-2.77 wt% Nb,Os, Fig. 7E), Zr (<LOD-1.06 wt% ZrO,), W
(<LOD-0.69 wt% WOs3) and Ti (<LOD-0.42 wt% TiO,, Fig. 7F). It also has relatively
homogeneous high Ca (mean = 7.17 wt% CaO, Fig. 7C) and Si (mean = 6.01 wt% SiO, Fig.
7D) contents. Here, the relatively high SiO; concentrations measured by the EPMA are due to
contamination by the micro-rims of microcrystalline quartz alternating with pitchblende in
veins (Figs. 4F and 6). Otherwise, pitchblende shows low degrees of post-crystallisation
alteration as indicated by very low Si contents (<< 1.00 wt% SiO,, Figs. 7B and 7D-F)
measured on quartz-free zones (Table 1; Table D).

4.4. Trace element concentrations in pitchblende

Chondrite-normalised REE spectra of pitchblende from samples 5434 and 5828 in the
Baiyanghe deposit (Figs. 8 A-B, Table E) have a typical “gull-winged” pattern characterised
by well-pronounced negative Eu anomalies and high enrichments in HREE relatively to
LREE. In sample 5828, variably altered pitchblende (I) to (IV) and Nb/Ti-rich altered
pitchblende show higher LREE enrichment and slight HREE depletion compared with non-

altered pitchblende (V) (Fig. 8B).
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Pitchblende from the Baiyanghe deposit also presents singular trace element signatures
(Fig. 8C; Table 2; Table F). Pitchblende from sample 5434 has relatively high Sr (mean =
3243 ppm), Mo (mean = 1261 ppm), Y (mean = 590 ppm) and Ba (mean = 406 ppm)
concentrations, low to very low mean values of W (83 ppm), Nb (40 ppm), Zr (12 ppm) and
Ti (3 ppm), and negligible contents of Ta and Th. Non-altered pitchblende (V) from sample
5828 has high to very high mean values of Nb (17,890 ppm), Zr (5237 ppm), Ti (4047 ppm),
W (3580 ppm), Y (3469 ppm), Th (721 ppm), Sr (555 ppm), Mo (449 ppm), and Ta (401
ppm), and a low mean value of Ba (78 ppm). Variably altered pitchblende (I) to (IV) and
Nb/Ti-rich altered pitchblende show much higher contents of Nb (up to 93,800 ppm), Ti (up
to 20,100 ppm), Zr (up to 12,080 ppm), Sr (up to 7155 ppm), Th (up to 5563 ppm), Ta (up to
5464 ppm) and Ba (up to 1700 ppm), and lower concentrations in Mo, W and Y (Figs. 8C-E).
Furthermore, the higher Nb, Ti, Th and Ta concentrations tend to be positively correlated to
higher SiO; contents (Figs. 8D-E).

4.5. In situ U-Pb isotopic dating on pitchblende

Non-altered pitchblende from sample 5434, that is the most representative of the primary
U mineralisation in the Baiyanghe deposit, was selected for in situ U-Pb isotopic dating in
order to constrain the timing of the hydrothermal U event with respect to the regional and
local geological evolutions. Non-altered pitchblende (V) from sample 5828 was also
considered for U/Pb dating but it was damaged during sample preparation due to high degree
of fracturing and it was not possible to perform SIMS analysis.

Based on back-scattered electron images obtained by SEM and preliminary EPMA
analyses (Table D) performed on pitchblende, the largest and most suitable areas of
pitchblende were selected for U-Pb in situ dating by SIMS. Special caution was taken in
selecting zones devoid of galena inclusions, having relatively homogeneous U and Pb

contents, and low Si contents and thus showing the less developed post-crystallisation
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alteration. The 38 analyses performed on pitchblende from sample 5434 display very high
common lead contents with ***Pb/**°Pb values ranging from 0.0146 to 0.0156 (Table G).
These analyses, corrected from common lead contamination, gave sub-concordant dates in
Wetherill Concordia diagram spanning between 110 and 240 Ma (**’Pb/*°U age; Figure 9
and Table G). Such distribution does not allow the calculation of interpretable upper and
lower intercepts (Fig. 9A) to determine the primary crystallisation age of pitchblende as well
as the timing of its secondary alteration. In a Tera-Wasserburg diagram, the thirty-eight
analyses, uncorrected for common lead contribution, plot in a strongly discordant position and
do not allow the calculation of a plausible age (Fig. 9B). Results obtained in Wetherill and
Tera-Wasserburg diagrams are linked to two processes: dominance of common lead
compared to radiogenic lead and Rn leackage due to post-crystallization alteration (Ludwig
and Simmons, 1992). Such a phenomenon was previously observed for uranium oxides, as for
example from U deposits from the Armorican Massif in France (Ballouard et al., 2017b). As
Rn is part of the disintegration chain of *®U but not of *°U, **’Pb/*°U ratios can be
considered as less perturbed than ***Pb/***U ratios and thus **’Pb/*°U ages are more accurate
than *°°Pb/***U ages. Therefore, the oldest **’Pb/**’U date at 240 + 7 Ma is considered as the
minimum crystallisation age. Due to high common lead contribution, the U-Th-Pb chemical
ages calculated after Bowles (1990) from the EPMA analyses on pitchblende showed
meaningless peak ages (i.e., most of estimates are older than the host rocks; Fig. 9C).
S. Discussion
5.1. The source(s) of uranium

In the Xuemisitan Volcanic Belt, Devonian and late Carboniferous—middle Permian
igneous rocks (Fig. 1; Li et al., 2015) characterise the major I-and A-type magmatic events
that took place during the southward subduction of the Junggar oceanic crust and the closure

of the oceanic basin between the Xuemisitan and Saur volcanic arcs (Choulet et al., 2011;
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Geng et al., 2011; Mao et al., 2014; Shen et al., 2012; Tang et al., 2010a; Wang et al., 2007;
Yang et al., 2012; Yin et al., 2011). The West Junggar region then experienced a post-
orogenic stage (Choulet et al., 2012, 2011; Fig. 10) associated with intraplate magmatism and
marked by multiple events of dyke intrusions until the late Triassic (Miao et al., 2019; Yi et
al., 2014). In the Baiyanghe area, the late Devonian felsic volcanic and pyroclastic rocks of
the Tarbagatay Group, and the late Carboniferous Yangzhuang granite porphyry represent the
U source rocks for the mineralisation in the Baiyanghe deposit proposed in previous studies
(Lietal., 2015; Mao et al., 2014; Shabaga et al., 2013; Zhang et al., 2019, 2020).

In the West Junggar region including the Xuemisitan belt, the large variety of mafic to
felsic Devonian volcanic rocks show affinities with tholeiitic to calc-alkaline magmas
originated from the partial melting of the mantle within a subduction zone (Chen et al., 2017,
Wang et al., 2014; Xu et al., 2019; Yang, G.X. et al., 2014; Zhang et al., 2011). Nevertheless,
late Devonian rhyolite and rhyolitic tuff in the Baiyanghe area belong to strongly fractionated
magmatism of peralkaline affinity, equivalent to the Al-type granites of Eby (1992), with
moderate to very high enrichment in incompatible elements such as K, Rb, Nb, Y, Th, Be, Ta
and U (6.5 < Upean < 15.0 ppm). These felsic volcanic rocks were most likely produced in an
extensional setting after the closure of the Junggar oceanic domain (Filippova et al., 2001).
Here, a subducted ridge (Choulet et al., 2011; Mao et al., 2014; Shen et al., 2011; Tang et al.,
2010a; Wang et al., 2007) may have induced asthenosphere upwelling through a slab window,
which would have provided the source of peralkaline magmas (Shen et al., 2011).
Geochemical and isotopic features of Devonian volcanic rocks (e.g. +4.33 < gHf(t) < +15.2,
+0.2 < eNd(t) < +1.9, and Nd model ages from 600 to 803 Ma; Mao et al., 2014; Xu et al.,
2019) indicate that their parent magmas were derived from the partial melting of either an
enriched mantle or a depleted mantle possibly metasomatised by slab-derived fluids, with

relatively minor crustal contamination (De Paolo, 1988; Mao et al., 2014; Shen et al., 2012;
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Wang et al., 2014; Xu et al., 2019; Yang, G.X. et al., 2014; Zhang et al., 2011). For instance,
it was proposed in Mao et al. (2014) that the very high Nb (up to 121 ppm) and Ta contents of
these rocks originated from magmas produced by partial melting of Nb-and Ta-rich
amphibole-bearing metasomatised mantle wedge, which were further enriched during crystal
fractionation. Hence, the strong magmatic enrichment of incompatible elements, especially
Nb, Y, Th, Be, Ta and U, in the late Devonian rhyolitic tuff within the Baiyanghe area mainly
resulted from a high degree of crystal fractionation of the peralkaline magmas from which it
was derived, as attested by very high Fe/Mg and Na/K ratios, low Ca, Ti and P contents, high
to very high concentrations of Nb, Ta, Th, Y, and REE “gull-winged” pattern. Similar to the
Streltsovka caldera in Russia (Chabiron et al., 2003, 2001), the relatively high proportion of
volcanic glass in these rhyolitic tuffs has allowed significant U and probably Be release
during volcanic glass devitrification (Forbes et al., 1984; Walton et al., 1981) during
hydrothermal alteration, which is corroborated by Th/U ratios higher than 10 in altered zones
(Table C; Fig. 3D).

Furthermore, the REE signatures of hydrothermal pitchblende in the Baiyanghe deposit are
characterised by a typical “gull-winged” pattern, which shows strong similarities with those
from the host rhyolitic tuff (Figs. 8A-B). Hence, it demonstrates that the REE signatures of U
oxides from hydrothermal mineralisation mimic the REE patterns of the volcanic rocks from
which the U was leached (Alexandre et al., 2016; Bonnetti et al., 2017, 2018a; Cuney et al.,
1990; Frimmel et al.,, 2014; Mercadier et al., 2011; Perez-Soba et al., 2014), and thus
characterise late Devonian peralkaline rhyolitic tuff as a major U source for the Baiyanghe
deposit. Similar to U oxides, fractionated “gull-winged” REE patterns of the Be-ore stage
dark purple fluorite (Fig. 8; Li et al., 2015), that is coeval with bertrandite, also identify the
rthyolitic tuff as the prominent Be source at Baiyanghe. Moreover, the similar chemical

signatures (Pb, Nb, Zr, Y, Th and Ta) between the rhyolitic tuff and pitchblende constitute an
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additional line of evidence to argue that these tuffs represent a major source of U for the
mineralisation. Finally, **°Pb/***Pb ratios in rhyolite are lower than in the Yangzhuang granite
(Li et al., 2015), which also suggest that the rhyolitic tuff may have been a major source of
common Pb that was strongly enriched in pitchblende, although carbonaceous shales at the
contact with the tuff likely represent an additional source of common Pb. For instance,
metavolcanic units were also proposed as a possible source of metals for common Pb-rich
pitchblende from granite-related U deposits in the French Armorican Massif of the European
Hercynian Belt (Ballouard et al., 2017a; Bonhoure et al., 2007). Therefore, the late Devonian
rhyolitic tuff represents the dominant U and Be source for the hydrothermal mineralisation in
the Baiyanghe deposit.

The late Carboniferous Yangzhuang granite porphyry belongs to a moderately fractionated
weakly to moderately peraluminous moderate-to high-K calc-alkaline A2-type granite
(according to Eby, 1992), with low to moderate enrichment in incompatible elements such as
K, Y, Nb, Th, Be (mean = 4.7 ppm), Ta and U (mean = 2.9 ppm). This characterisation of the
Yangzhuang granite porphyry significantly differs from the interpretation that was proposed
in previous studies (e.g. Li et al., 2015; Mao et al., 2014), where it was identified as a strongly
fractionated Al-type granite and the most favorable source of uranium for the mineralisation
in the Baiyanghe deposit. In this study, the whole rock composition of the Yangzhuang
granite shows different geochemical features with, for example, much lower Nb and U
contents compared with the data presented in Mao et al. (2014), Zhang and Zhang (2014) and
Zhang et al. (2019) (Nbmean = 98 ppm, Umean = 17 ppm). In fact, the geochemical signatures
from these studies are very similar to those of the Devonian rhyolitic tuff (see data
comparison in Figure 3). It is therefore possible that part of what is considered as the
Yangzhuang granite porphyry in fact belongs to Devonian rhyolite. The Yangzhuang granite

characterised by relatively low magmatic U enrichment was derived from the partial melting
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of either juvenile continental crust (Chen and Arakawa, 2005) or metasomatised depleted
mantle with heterogeneous crustal contamination (Han et al., 1997), as indicated by positive
eNd(t) values (i.e. +4.1—+5.9; Mao et al., 2014) which are comparable with those of other A2-
type granites in West Junggar region (Han et al., 1998), combined with a wide range of the
initial *’Sr/*Sr ratio (i.e. Mao et al., 2014).

Magmatic uraninite has never been observed in the Yangzhuang granite (Li et al., 2015;
Zhang et al., 2019), however, metamict U-bearing accessory minerals including (U)-thorite,
zircon and columbite showed evidence of U release and remobilisation along the rock
fractures (Zhang et al., 2020). Moreover, whole-rock geochemical data presented in Zhang et
al. (2020) demonstrated that part of the U and Be contents were leached out of the granite.
Therefore, although the Yangzhuang granite represents a minor source of U because of low U
contents, Th/U ratios are close to chondritic values and Nb/Ta and Zr/Hf ratios (14-17 and 42-
45, respectively) characterise a barren granite according to Ballouard et al. (2016), the
evidences provided by Zhang et al. (2020) of U release from accessory phases and U and Be
leaching from the whole rock suggest that the Yangzhuang granite may have partly
contributed to the total U and Be budget in the Baiyanghe deposit.

5.2. Hydrothermal uranium mineralisation

The primary U mineralisation, mainly hosted in fractures along contact zones between the
late Carboniferous Yangzhuang granite porphyry and late Devonian rhyolitic tuff, yielded a
minimum crystallisation age of 240+7 Ma on pitchblende. This is the first time that U-oxide
was dated by in situ U-Pb isotopic techniques (i.e. SIMS) in this deposit; hence this age
constrains a minimum age for the volcanic-related hydrothermal U mineralisation stage in the
Baiyanghe deposit (Fig. 10) that corresponds to the early Permian—middle Triassic post-
accretion crustal extension in West Junggar (Choulet et al., 2012, 2011). This date is

comparable with the oldest age (i.e. 23843 Ma) previously obtained by U-Pb TIMS dating on
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pitchblende-bearing samples (Yi et al., 2016). In addition, cogenetic molybdenite (Li et al.,
2015) suggests synchronous U and Mo mineralisation. Pitchblende veins also exibit
petrographic evidence that the hydrothermal U event postdates Be ore-stage dark purple
fluorite veins (Figs. 4 and 6). This is further corroborated by (i) different alteration/gangue
mineral assemblages, a fluorite-quartz-chlorite-muscovite/illite-calcite-kaolinite assemblage
for the Be-ore-stage while the U mineralisation is only associated with quartz and calcite (Fig.
10A), possibly indicating different fO,, pH or temperature conditions of the ore fluids; and (ii)
older ages obtained for coeval phases of the Be mineralisation compared with the
crystallisation age of pitchblende determined in this study, including a 303+2 Ma Ar-Ar age
on muscovite (Li et al., 2015) and a 265+33 Ma Sm-Nd age on dark purple fluorite (Yi et al.,
2016). Nevertheless, considering the analytical errors of these isotopic ages, Be and U-Mo
were deposited within the same mineralising event, even though they occur in two distinct
stages in the paragenetic succession (Fig. 10). In addition, the minimum time gap of 10 to 70
Ma between the emplacement age of the Yangzhuang granite porphyry (313+2 Ma) and the
formation of the hydrothermal Be and U ores (ca. 303—240 Ma) tends to disprove the model
of Li et al. (2015) who proposed that the hydrothermal Be-U mineralisation was genetically
related to the Yangzhuang granite. In the Baiyanghe deposit, hydrothermal U mineralisation is
characterised by non-altered pitchblende significantly enriched in Pb, Nb, Zr, W and Ti with
relatively high concentrations in Y and Mo. High contents of minor elements such as Nb and
Zr together with REE element patterns reflect the geochemical signatures of the Devonian
rhyolitic tuff that was characterised in section (5.1) as the prominent metal source rock for the
mineralisation in the Baiyanghe deposit. For instance, Zr concentration in pitchblende is
typically indicative of a volcanic source rock (Alexandre et al., 2016; Frimmel et al., 2014;
Mercadier et al., 2011) as it can be easily released together with U during volcanic glass

devitrification (Forbes et al., 1984). In addition to radiogenic Pb, large amounts of common
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Pb characterised by SIMS analyses should derive from country rocks such as the Devonian
rhyolitic tuff (Pbmean = 30 ppm; Table C).

The synchronous development of the Junggar Basin (Wang et al., 2019; Fig. 10B) and the
Be-U-Mo hydrothermal system (ca. 303—240 Ma), at the origin of the volcanic-related
Baiyanghe deposit during the early Permian—middle Triassic post-accretion event in West
Junggar region, suggests that ore formation was controlled by crustal extension. During this
extensional tectonic episode, the Baiyanghe area experienced multiple events of dyke
intrusion (Miao et al., 2019; Yi et al., 2014), such as diorite (290+18 Ma, 222+18 Ma),
dolerite (277+6 Ma, 272+4 Ma), diabase (255 Ma), and alaskite (255+2 Ma, 2461 Ma).
Diorite and dolerite intrusions were sub-concomittent with the Be mineralisation stage (ca.
303-265 Ma), while diabase and alaskite were emplaced slightly before the U-Mo
mineralisation (at ca. 240 Ma). In this period of post-orogenic extension, the dykes are mostly
indicative of the regional scale, higher heat flow generated by lithospheric and/or crustal
thinning, which represents the main source of heat and driver for the hydrothermal system
(e.g. Ballouard et a., 2017a,b; Bonnetti et al., 2020, 2018a). Although magmatic fluids may
have been introduced locally in the basement during these episodes of mafic intrusions as
suggested by CO;-bearing fluid inclusions in dark purple fluorite (Li et al., 2015), the dykes
represent a negligible source of heat and fluids to the system. The preferred spatial
distribution of the U ore bodies at or near the intersection between these dykes and the main
host-rocks (i.e. late Devonian rhyolitic tuff and late Carboniferous Yangzhuang granite; Li et
al., 2015; Xu et al., 2017; Zhang et al. 2019) also suggests that they locally represent a
favourable physicochemical environment (chemical trap) for the precipitation of the U
mineralisation from oxidised fluids, as they contain large amounts of reduced Fe-bearing
minerals such as pyroxene, hornblende and biotite. Moreover, the relatively high Ti

concentrations in pitchblende may have been mobilised from the mafic dykes (1.35-2.70 wt%
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TiO,; Table A) by the mineralising fluids, as the host rocks of the Baiyanghe deposit have
very low Ti contents (< 0.22 wt% TiO; in the Yangzhuang granite and < 0.08 wt% TiO; in
Devonian rhyolitic tuff). In addition, late Devonian carbonaceous shales of the Tarbagatay
Group at the contact with the rhyolitic tuff represent another major reducing lithology that
may have controlled the distribution and precipitation of the U mineralisation (e.g. in the
Guérande district, French Armorican Massif; Ballouard et al., 2017b; Figs. 2E and 2G).
Analyses of the fluid inclusions from dark purple fluorite that is cogenetic with the Be
mineralisation in the Baiyanghe deposit indicated low temperatures of the hydrothermal
system, ranging from 130 to 150 °C (Fayek and Shabaga, 2011; Li et al., 2015; Mao et al.,
2013; Yang et al.,, 2014). These temperatures are consistent with low to moderate
temperatures calculated from the chemical composition of hydrothermal chlorite (125-
230 °C; Zhang et al., 2019) also associated with bertrandite (Fig. 10A), a mineral which is
stable at temperature <250°C and indicative of an epithermal system (Barton, 1986; Foley et
al., 2012). Based on O and H isotopic signatures (-4.7 < 8'°0 < -3.2%o and -110.6 < 8D
< -56.0%0; Li et al., 2015) of hydrothermal muscovite associated with dark purple fluorite and
bertrandite in veins, combined with the broadly ranging salinities measured in the fluid
inclusions (4.7% < NacCl eq. <19.7%), Li et al. (2015) proposed that the ore-forming solutions
for the Be-U-Mo Baiyanghe deposit originated from the mixing between magmatic-derived
fluids and local meteoric waters (Figs. 10 and 11). While all these characteristics support the
contribution of low-temperature- and low-salinity meteoric waters to the system, the origin of
the high-salinity fluids that may have mixed with these surface-derived waters remain
speculative. Magmatic-derived fluids may have been introduced in the host rocks of the
Baiyanghe deposit during the successive mafic dyke intrusions, as suggested by CO,-bearing
fluid inclusions in fluorite (Li et al., 2015). But the small volumes of magmatic fluids

introduced in the basement by the dykes would be negligible. Oxidising basinal brines could
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have also been produced during the development of the Junggar Basin (Wang et al., 2019),
hence providing a possible additional source of fluids and explaining the highest salinity
values measured in fluid inclusions. For instance, the contribution of basin-derived waters to
the ore-forming fluids in U hydrothermal systems was previously proposed for mineralisation
associated with granite in the Nanling Metallogenic Belt, South China (Bonnetti et al., 2018a;
Zhang et al., 2017) and in the Armorican Variscan Belt, France (Ballouard et al., 2017b). As
discussed in Li et al. (2015) and Zhang et al. (2019), the abundance of fluorite and other F-
and/or Ca-bearing alteration minerals (e.g. muscovite, calcite; Fig. 10A) in the Baiyanghe
deposit suggest that the ore-forming fluids were F-and Ca-rich solutions. As already
characterised for micas from magmatic rocks related to U deposits (e.g. Chabiron et al., 2001;
McPhie et al., 2011), F may have been released into aqueous solution during chloritisation of
F-rich micas within the host rocks (e.g. 4.22-6.70 wt% F in micas from the Yangzhuang
granite; Li et al., 2015) or during volcanic glass devitrification (0.03—-0.06 wt% F in rhyolitic
tuff; Li et al., 2015), while Ca most likely originated from the hydrothermal alteration of
mafic dykes containing abundant Ca-rich minerals such as plagioclase and pyroxene.

In a first hydrothermal stage, oxidising meteoric and possibly basinal waters percolated
downward into the basement through structures and mixed with CO,-bearing magmatic fluids
derived from early generations of mafic dykes that intruded the host rocks in the Baiyanghe
area. During the circulation of these thermal solutions along faults and fractured zones, Be
was leached out of the volcanic glass and magmatic micas and feldspars (Foley et al., 2012;
Kovalenko et al., 1977; London, 1997; Evensen and London, 2002) during the hydrothermal
alteration of the host rocks. It was then transported in solution to the deposition site
dominantly as fluoride and possibly minor carbonate ion complexes in the fluids (Li et al.,
2015; Wood, 1992; Zhang et al., 2019). These ore solutions then reacted with Ca-rich

minerals of the host rocks, which resulted in a pH increase that triggered fluorite precipitation
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in turn promoting Be deposition as bertrandite (Barton and Young, 2002; Foley et al., 2012;
Liet al. 2015; Wood, 1992; Zhang et al., 2019). Therefore, pH variations and F removal from
the fluids were likely the main destabilisation mechanisms of metal complexes controlling Be
ore formation in the Baiyanghe deposit (Barton and Young, 2002; Li et al., 2015; Lindsey,
1981; Zhang et al., 2019). In a second stage, additional oxidising surface-derived fluids
infiltrated the basement. Fluid inclusion study from post-Be-ore-stage white fluorite also
indicated low temperatures of the hydrothermal system (120-125 °C; Li et al., 2015) and low
to moderate salinity of the fluids (7.3% < NaCl eq. <15.4%; Li et al., 2015), indicating the
contribution of meteoric fluids. However, the variation of salanity values suggests mixing
processes between meteoric and basinal waters (e.g. Ballouard et al., 2017b). Moreover, REE
signatures of post-Be-ore-stage fluorite characterised Cl-rich hydrothermal solutions (Li et al.,
2015), which is in agreement with the contribution of basinal brines (e.g. Richard et al.,
2012). Additionally, the fact that pitchblende postdates fluorite veins, has low F contents
(Table 1) and is mainly associated with calcite and quartz also excludes that U was
transported as fluoride complexes in the mineralising solutions. Therefore, during percolation
and circulation of these oxidising fluids along opening fractures, U was leached from the
source rocks and likely transported as chlorine and/or uranyl carbonate complexes. These U-
bearing solutions encountered favourable reducing environments mainly represented by
dolerite and diabase dykes crosscutting the host rocks (Fig. 1C; Xu et al., 2017) and/or
carbonaceous shale at the contact with the Devonian rhyolitic tuff (Fig. 2G), which induced a
SO, decrease of the fluids and promoted U precipitation as pitchblende (Zhang et al., 2019).
Therefore, the Baiyanghe Be-U-Mo deposit primarily formed in a two-stage hydrothermal
mineralisation model (e.g. Wang et al., 2012; Yi et al., 2016; Zhang et al., 2019), where
different characteristics of the ore fluids and deposition mechanisms may explain why Be and

U mineralisation formed in two distinct stages.
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5.3. Post-ore hydrothermal alteration

In the Baiyanghe deposit, the U mineralisation experienced post-ore hydrothermal potassic
alteration mainly characterised by abundant illite crystallisation replacing pitchblende or
along secondary fractures (Figs. 4A-B and 5). In sample 5828, the chemical compositions of
pitchblende (I) to (IV) and Nb/Ti-rich altered pitchblende showed variable degrees of post-
crystallisation alteration characterised by low to very high Si contents (e.g. Martz et al.,
2019), broadly ranging from 0.27 to 22.21 wt% SiO, (Table 1). The negative correlation
between Si and Pb in altered pitchblende (Fig. 7D) also suggests radiogenic Pb loss during
post-crystallisation alteration (Ludwig, 1978; Martz et al., 2019), which is also reflected by
the wide range of U-Pb dates obtained by SIMS (i.e. 110240 Ma; Fig. 9A). Moreover,
altered pitchblende has significantly higher Nb, Ti, Th and Ta concentrations (up to 20.22
wt% Nb,Os, 7.19 wt% TiO,, 5563 ppm Th and 5464 ppm Ta) than non-altered pitchblende
(Figs. 7E-F and 8C-E), which show positive correlation with Si contents. The enrichment in
these elements may have resulted from a relative in situ concentration increase due to the loss
of up to >20 wt% UQO, from pitchblende during the post-ore alteration. In the Baiyanghe
deposit, hyperspectral characteristics of drill cores from deep U mineralised sections also
identified an alteration envelop with intense illite crystallisation along structures (Xu et al.,
2017). A late generation of diorite dyke intrusion (i.e. at 222+18 Ma; Miao et al., 2019; Yi et
al., 2014) postdating the formation of the primary U mineralisation is evidence for an active
phase of crustal extension, which may have favoured further fluid circulation in the basement.
It may also have provided additional magmatic fluids to the system that could have driven this
stage of post-ore hydrothermal alteration. However, this might be restricted to the vicinity of
the dykes as not all the ore was affected by this hydrothermal alteration. For instance,
pitchblende from sample 5434 shows no feature of post-ore hydrothermal alteration.

5.4. Supergene uranium mineralisation
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As revealed in extensive studies conducted by Fayek and Shabaga (2011) and Shabaga et
al. (2013) on the Be-U ore from the Baiyanghe deposit, a large majority of the U
mineralisation occurs as secondary U minerals. Indeed, this secondary U mineralisation is
mainly represented by uranophane and minor hexavalent U silicate replacing pitchblende in
re-opened veins or filling a new set of fractures (Figs. 4 and 6), associated with Pb/Ti-, Mn-
and Mo-oxides, calcite, quartz, barite and hematite (Li et al., 2015; Shabaga et al., 2015,
2013; Zhang et al., 2019; Fig. 10A). This mineral assemblage indicates that the hydrothermal-
related ore was most likely oxidised by surface-derived fluids (i.e. meteoric waters) that
percolated into the host rocks through structures during Mesozoic-Cenozoic crustal extension
in West Junggar (Shabaga et al., 2015; Wang et al., 2019; Figs. 10B and 11). The youngest
date at 110+2 Ma obtained by SIMS analysis on pitchblende (Fig. 9A; Table G) could reflect
the time when the U-Pb isotopic system was re-opened, hence constraining the timing of
secondary ore oxidation. This hypothesis is consistent with U-Pb isotopic ages on uranophane
ranging from 20 Ma to 130 Ma (Shabaga et al., 2015), which also suggest that the Baiyanghe
deposit experienced multiple stages of supergene oxidation. These phases of ore oxidation
were most likely controlled by alternating periods of crustal extension and tectonic uplift
during late Mesozoic-Cenozoic in West Junggar (Wang et al., 2019), which favoured host
rocks fracture and weathering related to meteoric fluid percolation through structures.
Therefore, the primary hydrothermal U ore characterised by pitchblende was oxidised.
Mineral textures described in this study (Fig. 4) and in Shabaga et al. (2013) suggest that
oxidising fluids (meteoric water) altered pitchblende and fluorite, leaching U, Ca, F, Pb, Ti
and Mn that were remobilised in situ from the ore minerals and/or from the host rocks.
Shabaga et al. (2013) proposed that an acidic solution deriving from pyrite oxidation was
responsible for U remobilisation and that a change in pH conditions of the fluid caused the

precipitation of uranophane and associated minerals Pb/Ti-and Mn-oxides (Fig. 10A).
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5.5. Implications for uranium metallogenesis in the West Junggar

The combined mineralogical, trace element and U-Pb isotopic signatures of the U
mineralisation in the Baiyanghe deposit led to: (i) the characterisation of a pitchblende-
dominated primary hydrothermal U stage along with its alteration features; and (ii) the
definition of the timing (i.e. 240+7 Ma) of the structurally-controlled volcanic-related
hydrothermal U deposits in the Xuemisitan belt, in West Junggar. Late Devonian strongly
fractionated rhyolite or rhyolitic tuffs most probably of peralkaline Al-type affinity were
identified as a major host rock for the mineralisation and the dominant U and also Be source.
The late Carboniferous moderately fractionated weakly to moderately peraluminous
moderate-to high-K calc-alkaline A2-type Yangzhuang granite represents an additional host
rock for the mineralisation and a minor U source. Therefore, fractionated peralkaline felsic
volcanic rocks from the late Devonian Tarbagatay Group in the Xuemisitan belt represent
highly valuable exploration guides for the discovery of similar volcanic-related U deposits in
the province. It was also demonstrated that the hydrothermal U mineralisation has close
spatial relationships with Devonian carbonaceous shale of the Tarbagatay Group (Fig. 2E)
and mafic dykes that have intruded the host rocks during the early Permian—middle Triassic
post-accretion crustal extenion in West Junggar (Xu et al., 2017; Zhang et al., 2019). Hence,
the spatial distribution of these shale and dykes likely control the ore geometry, and their
regional association with Devonian felsic volcanic rocks would also constitute U-prospective
areas. Moreover, hydrothermal mineral assemblage and zoning associated with the
hydrothermal Be-U mineralisation could be used as proxy to identify mineralised zones (Xu
et al., 2017; Zhang et al., 2019). For instance, hyperspectral alteration information such as
illite crystallinity was used by Xu et al. (2017) to identify surface signatures and illite
typology zoning that may highlight pathways of hydrothermal fluids and narrow down the

location of the mineralisation (e.g. Be ore-stage and U post-ore stage illite; Fig. 10A).
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The detailed characterisation of a structurally controlled pitchblende-dominated
hydrothermal mineralisation stage in the Baiyanghe deposit and its geochronological
constraint to the middle Triassic (ca. 240 Ma) represents a new contribution to the U
metallogenesis in the West Junggar region. This low-temperature hydrothermal event was
mainly controlled by the infiltration of meteoric and possibly basinal waters in basement
rocks during the early Permian—middle Triassic post-accretion crustal extension in the region.
We also demonstrated that hydrothermal U mineralisation postdates the Be-ore stage and that
U deposition was mainly promoted by fO, decrease when oxidised U-bearing solutions
encountered favourable reducing environment such as carbonaceous shale and mafic dykes.
This new model therefore proposes that hydrothermal processes were at the origin of the
primary U ore formation characterised by Pb-Nb-Ti-Zr-Mo-rich pitchblende, which was
further enriched in Nb, Ti, Th, and Ta during dyke-emplacement related post-ore
hydrothermal alteration. This hydrothermal ore stage finally reveals that asthenospheric
upwelling induced by a ridge subduction during the late Devonian (Choulet et al., 2011; Shen
et al., 2011; Tang et al., 2010a; Wang et al., 2007) may have produced favourable volcanic
host rocks and U sources derived from fractionated peralkaline magmas.

Finally, there are major differences between U metallogenesis in the Baiyanghe deposit
and genetic models proposed in other provinces showing volcanic-related U deposits.
Compared with the largest district in the world, the Streltsovka caldera in Russia characterised
by U-Mo-F mineralisation (Chabiron et al., 2003, 2001), the Baiyanghe deposit is associated
with a graben-like structure and a much smaller caldera, with low dipping tectonic structures,
ore deposition largely postdates the emplacement of the host rocks, the U mineralisation was
deposited after an early Be-F mineralisation episode, and the primary U ore was intensively
oxidised by supergene processes. Another comparison may be done with Spor Mountain

(Thomas Range, western Utah), representing the world’s largest economic deposits of
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berylium characterised by Be and U mineralisation associated with fluorite in a volcanic
environment (Lindsey, 1981; Burt and Sheridan, 1985). At Spor Mountain, the Be ore
associated with anomalous amounts of U occurs in volcanic tuff and tuffaceous sandstone
along the ring fault of the Oligocene Thomas caldera. The occurrence of Be and U in
fluorspar indicates coprecipitation of fluorite, bertrandite, and U (probably dispersed in the
fluorite lattice; no U mineral has been identified in fluorite). The proposed mechanism for
precipitation is declining fluorine activity in cooling hydrothermal fluids. Similar to
Baiyanghe, the host volcanic rocks (tuff and rhyolite) were identified as the predominant U
and Be source for the mineralisation. REE patterns in zircon and other geochemical signatures
characterised by Ayuso et al. (2020) reflected the interplay of alkaline (A-type) trachytic to
rthyolitic magma enriched in Be, U, Li, and F and a protracted history of fractional
crystallisation. Moreover, secondary U mineralisation also occurred, separately from Be and
fluorite in the Be tuff member. Under near-surface temperatures and oxidising conditions, U
may have been mobilised as uranyl carbonate complexes. As no reducing material (e.g. pyrite
or organic matter) has been identified and no uraninite has been found, U is interpretated to
have precipitated as uranophane and other oxidised minerals such as weeksite.
6. Conclusions

The volcanic-related Be-U-Mo Baiyanghe deposit located in the Paleozoic Xuemisitan
Volcanic Belt in West Junggar (NW China) represents the largest Be deposit in Asia and a
significant resource for U. The U mineralisation is predominantly hosted in late Devonian
rhyolitic tuff and in the late Carboniferous Yangzhuang granite porphyry. The late Devonian
rhyolitic tuff is a strongly fractionated peralkaline Al-type volcanic rock that represents the
dominant Be and U source for the mineralisation. This volcanic rock was produced by
magmas derived from partial melting of either an enriched mantle or a depleted mantle

possibly metasomatised by slab-derived fluids, with relatively minor crustal contamination.
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These peralkaline magmas were strongly fractionated and enriched in incompatible elements,
especially Nb, Y, Th, Be, Ta and U. Rhyolitic tuff has elevated U concentrations (6.5 < Upnean
< 15.0 ppm), which were leached by the hydrothermal ore-forming fluids during volcanic
glass devitrification. The late Carboniferous Yangzhuang granite is a moderately fractionated
weakly to moderately peraluminous moderate-to high-K calc-alkaline A2-type granite, which
was derived from partial melting of either juvenile continental crust or metasomatised
depleted mantle with heterogeneous crustal contamination. This granite is characterised by
low magmatic U and Be enrichment (Umean = 2.9 ppm; Beémean = 4.7 ppm) and constitutes a
minor U and Be source for the mineralisation. Nevertheless, evidences of U release from
metamict accessory U phases (uranothorite, zircon, columbite) and U and Be leaching from
the whole rock indicate that the Yangzhuang granite likely contributed to the U and Be budget
in the Baiyanghe deposit.

The combined mineralogical, trace element and U-Pb isotopic signatures of the U
mineralisation from the Baiyanghe deposit allowed the characterisation of a primary
hydrothermal U mineralisation stage and its alteration features. The hydrothermal vein-type U
mineralisation is mainly characterised by Pb-Nb-Ti-Zr-Mo-rich pitchblende associated with
calcite and quartz. This event, constrained by an in situ U-Pb isotopes minimum
crystallisation age of 240+7 Ma on pitchblende, occurred during the early Permian—middle
Triassic post-accretion event in West Junggar and postdated the Be ore stage in the
paragenetic succession. The Be-U-Mo ore formation that was controlled by an extensional
tectonic regime followed a two-stage hydrothermal model within the same mineralising event:
(1) oxidising meteoric and possibly basinal waters percolated downward into the basement
through structures and mixed with CO;-bearing magmatic fluids derived from early
generations of mafic dykes that intruded the host rocks in the Baiyanghe area. During the

circulation of these thermal solutions along faults and fractured zones, Be was leached mainly
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from the late Devonian rhyolitic tuff during hydrothermal alteration and dominantly
transported as fluoride complexes in the fluids. These ore solutions then reacted with Ca-rich
minerals of the host rocks, which resulted in a pH increase that triggered fluorite precipitation
in turn promoting Be deposition as bertrandite; and (ii) in a second stage, additional oxidising
surface-derived fluids including meteoric waters and possibly basinal brines infiltrated the
basement. U was also leached mainly from the late Devonian rhyolitic tuff and likely
transported as chlorine and/or uranyl carbonate complexes in the fluids. U precipitation as
pitchblende was mainly promoted by fO, decrease when these oxidised U-bearing solutions
encountered favourable reducing environment mainly represented by dolerite and diabase
dykes crosscutting the host rocks and/or carbonaceous shales at the contact with the Devonian
rthyolitic tuff. Pitchblende also locally experienced dyke-emplacement related post-ore
hydrothermal potassic alteration characterised by abundant illite crystallisation, significant Si
gain and in situ relative enrichment of Nb, Ti, Th, and Ta due to strong U and Pb depletion.
Then, the primary U mineralisation was largely oxidised into uranophane due to supergene
alteration related to further meteoric water infiltration during late Mesozoic—Cenozoic crustal
extension in West Junggar.

Finally, the characteristics of the volcanic-related hydrothermal Be-U mineralisation in the
Baiyanghe deposit showed key similarities with Streltsovka (Russia) and Spor Mountain
(USA) world-class distrcits (e.g. U mainly hosted and/or derived from volcanic tuff, fluorite
as a major gangue mineral), although the Baiyanghe resources are much smaller than the ones
of the Streltsovka caldera.
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Figure 1, (A) Simplified geological map of West Junggar, Xinjiang, NW China (modified after Li et
al., 2015; Mao et al., 2014; Zhang et al., 2019); (B) Geological map of the Baiyanghe area (modified
after Li et al., 2015; Mao et al., 2014; Zhang et al., 2019); (C) Cross section of the Baiyanghe U-Be-
Mo deposit showing the spatial distribution of ore bodies (modified after Li et al., 2015; Xu et al.,
2017; Zhang et al., 2019).
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Figure 2, Representative photographs of the host rocks and mineralised sections from the Baiyanghe
deposit. (A) Drill core sample of the late Carboniferous Yangzhuang granite porphyry; (B) Drill core
sample of rhyolitic tuff from the late Devonian Tarbagatay Group; (C) Drill core sample of fractured
and altered rhyolitic tuff from the late Devonian Tarbagatay Group; (D) Rock-chip sample of the U-Be
mineralised Yangzhuang granite showing secondary U mineralisation; (E) Mineralised drill core
section of Devonian rhyolitic tuff showing secondary U mineralisation along with alteration minerals
in fractures, near contact with carbonaceous shale; (F) Mineralised drill core section of Devonian
rhyolitic tuff showing primary and secondary U mineralisation in vein; (G) Contact zone between
rhyolitic tuff and siliceous-carbonaceous shale of the Tarbagatay Group; (H) Ore-stage fluorite veins
in siliceous-carbonaceous shale of the Tarbagatay Group.
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Figure 3, Whole-rock geochemical signatures of the late Carboniferous Yangzhuang granite porphyry
and late Devonian rhyolitic tuff in the Baiyanghe area. (A) A/NK vs A/CNK diagram showing the
metaluminous to peraluminous characters of the rhyolitic tuff and peraluminous characters of the
granite porphyry; (B) A vs B diagram showing the variations of the aluminous index (A parameter)
relative to a differentiation index (B parameter) displaying A-type magmatic fractionation trends; (C)
Q vs P diagram showing the variations in quartz content relative to the variations of proportions of K-
feldspar and plagioclase; (D) Th vs U diagram showing U, Th and Th/U evolution during magmatic
fractionation in metaluminous magma from which the rhyolitic tuff and granite porphyry are derived;
(E) Primitive mantle (PM) normalised concentrations of incompatible elements; (F) Chondrite-
normalised REE patterns. For comparison, whole-rock geochemical compositions of the Yangzhuang
granite from Mao et al. (2014), Zhang and Zhang (2014) and Zhang et al. (2019), the Late Devonian
rhyolite and rhyolitic tuff from Zhang et al. (2019), and additional compositions of Late Devonian and
Late Carboniferous A-type granites from Shen et al. (2011) are indicated with symbols in shades of
grey in the diagrams. Major elements, A/NK, A/CNK (in cations), A, B, Q and P values (in
millications) are presented in Table A. A/NK = agpaicity; A/CNK = aluminum saturation index; A =
excess of alumina not bound to the feldspars; B = differentiation index; Q = estimate of quartz content
obtained by subtracting silica bound to the feldspar from the total silica content of the rock; P =
proportion of K-feldspar (positive) relative to plagioclase (negative). gr = granite, ad = adamellite, gd
= granodiorite, to = tonalite, mzq = quartz-monzonite, mzdq = quartz-monzodiorite; s = syenite; sq =
quartz-syenite; dq = quartz-diorite; go = gabbro; mzgo = monzo gabbro-diorite; mz = monzonite. See
REE concentrations in Table B; Th, U and other incompatible elements contents in Table C. Chondrite
composition is from Taylor and McLennan (1985). Upper continental crust composition is from
Rudnick and Gao (2004). Composition of the primitive mantle is from McDonough and Sun (1995).
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Figure 4, Back-scattered electron images of the uranium mineralisation from the Baiyanghe deposit.
(A) Pitchblende vein showing five bands of hydrothermal growth, associated with illite, galena and
Nb/Ti-rich altered pitchblende (sample 5828); (B) Pitchblende (III) to (V) associated with illite, galena
and Nb/Ti-rich altered pitchblende (sample 5828); (C) Pitchblende and uranophane veins crosscutting
Be ore-stage fluorite vein (sample 5434); (D) Pitchblende-hexavalent U silicate-uranophane vein
crosscutting Be ore-stage fluorite vein (sample 5434); (E) Pitchblende-calcite vein crosscutting Be
ore-stage fluorite vein and replacing earlier illite/muscovite vein (sample 5434); (F) Alternating
pitchblende and microcrystalline vein lately re-opened and filled with uranophane and calcite (sample
5434); (G) Pitchblende replaced by uranophane associated with Pb/Ti-oxide and barite (sample 5434).
Alt. = altered; Brt = barite; Cal = calcite; U™ Sil. = hexavalent U silicate; F1 = fluorite; Gn = galena;
Il = illite; Kfs = K-feldspar; Mus = muscovite; Pit = pitchblende; Qtz = quartz; Urp = uranophane.
Orange circles (pitchblende) and yellow circles (uranophane) indicate the location of EPMA
datapoints. Blue circles indicate the location of LA-ICP-MS and green circles the location of SIMS
measurements on pitchblende. The white dashed lines show the boundaries between the different
pitchblende growth bands.
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Figure 5, EPMA X-ray maps of pitchblende (III) to (V) and associated hydrothermal minerals
characterising the primary U mineralisation in sample 5828 from the Baiyanghe deposit. Alt. =
altered; Gn = galena; Ill = illite; Pit = pitchblende. The white dashed lines show the boundaries
between the different pitchblende growth bands.
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Figure 6, EPMA X-ray maps of pitchblende-hexavalent U silicate-uranophane vein crosscutting Be
ore-stage fluorite vein in sample 5434 from the Baiyanghe deposit. UM Sil. = hexavalent U silicate;
F1 = fluorite; 11l = illite; Kfs = K-feldspar; Mus = muscovite; Pit = pitchblende; Qtz = quartz; Urp =
uranophane.

BA



10.00
&
]
e}
o
1.00 0.10 4 Lﬁi
50.00 60.00 70.00 80.00 90.00 50.00 60.00 70.00 80.00 90.00
U0, (wt%) U0, (Wt%)
10.00 |
‘h“. t
. | 0
[ freaa, .‘ " . 1]
P B e
—_ Sample 5828:
S » ®  Pichblende (1), n=6
§ | | Pitchblende (Il),n=9
= |} Pitchblende (lll), n = 16
@) | ] Pitchblende (IV),n =4
© a Pitchblende (V), n = 10
O | Nb/Ti-rich alt. pit, n=9 L]
Sample 5434:
1.00 r-] ® Pitchblende, n = 36
: L From Zhang et al. (2019):
5 o 2 ® Pitchblende, n = 12
B (C ) —> Alteration trend ( D )
| ----» Inferred alt. trend
- 1.00 I I I I I
1.00 10.00 0.10 1.00 10.00
PbO (wt%) SiO; (Wt%)
TT H 10.00 ;i
10.00 :+ + 3 ‘ ; L
Prs i 1 e L
®s I =
—~ 8 - _1. O 1.00 f——nxo
O\O ope B - /\; L T
§ 1.00 e
£ 2 ° " w
0 et ® L
(@) ~ |
P Q
z [ ] = 0.10 =
0.10 - T I
— T - b [ hel )
- ] ‘ﬁl
0.01 0.01
0.10 1.00 10.00 0.10 1.00 10.00
SO, (Wt%) SO, (Wt%)
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pitchblende and Nb/Ti-rich altered pitchblende from the Baiyanghe deposit. Grey-filled cirlces
indicate pitchblende composition from Zhang et al. (2019).
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Figure 8, Chondrite-normalised REE patterns for pitchblende in samples 5434 (A) and 5828 (B) from
the Baiyanghe deposit (Chondrite composition is from Taylor and McLennan (1985). Chondrite-
normalised REE patterns of the Yangzhuang granite porphyry, the rhyolitic tuff and Be-ore-stage dark
purple fluorite from Zhang et al. (2019) are indicated for comparison; (C) Box plot diagram displaying
the trace element signatures of pitchblende and Nb/Ti-rich altered pitchblende from the Baiyanghe
deposit; (D and E) Th+Ta versus SiO, and Nb+Ti versus Th+Ta diagrams showing pitchblende post-
crystallisation features.
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Figure 9, (A) Wetherill concordia plots of U-Pb data corrected from common lead contamination for
pitchblende in sample 5434 from the Baiyanghe deposit. The data error ellipses are at 2c. Age given is
the maximal **’Pb/*°U individual age (see Results); (B) Terra-Wasserburg concordia plots of U-Pb
and Pb-Pb data uncorrected from common lead contribution; (C) Histogram of U-Th-Pb chemical ages
on pitchblende (calculated according to Bowles, 1990). The dashed line indicates the minimum
crystallisation age of pitchblende and the thickness is representative of the error.
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Figure 10, (A) Mineral succession diagram and metallogenic model related to the Be-U-Mo ore
formation of the Baiyanghe deposit (modified from Fayek and Shabaga, 2011; Li et al., 2015; Zhang
et al). Cal = calcite; Chl = chlorite; Fl = fluorite; 11l = illite; Qtz = quartz; (B) Regional geodynamic-
metallogenic evolution of the Xuemisitan Volcanic Belt in northwest China during the emplacement
of the late Devonian rhyolitic tuff and late Carboniferous Yangzhuang granite porphyry, and the Be-
U-Mo ore formation in the Baiyanghe deposit. Stratigraphic chart is after ICS (2016). Information
regarding the major geodynamic events related to Be-U-Mo mineralisation that occurred during
Paleozoic-Mesozoic in West Junggar is after Choulet et al. (2012, 2011), Li et al. (2015); Mao et al.
(2014), Wang et al. (2019), and Zhang et al. (2019). U-Pb age of zircon from the Yangzhuang granite
porphyry is from Zhang and Zhang (2014). Ages of mafic dykes are from Miao et al. (2019) and Yi et
al. (2014). Ar-Ar age of Be-ore-stage hydrothermal muscovite is from Li et al. (2015). Sm-Nd age of
Be-ore-stage dark purple fluorite is from Yi et al. (2016). U-Pb age of pitchblende is from this study
and U-Pb ages of uranophane are from Shabaga et al. (2015). E. = early, M. = middle, L. = late, Strati.
= stratigraphic.
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Figure 11, Schematic model sections representing the genetic conditions of the volcanic-related
hydrothermal Be-U-Mo mineralisation in the Baiyanghe deposit (modified after Fayek and Shabaga,
2011; Shabaga et al., 2015, 2013; Xu et al., 2017; Zhang et al., 2019).
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Figure A, Nb-Y-Ce and Nb-Y-3*Ga diagrams (Eby, 1992) for classification of A-type magmatic
rocks hosting Be-U-Mo mineralisation in the Baiyanghe deposit, Xuemisitan Volcanic Belt.
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