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ARTICLE INFO ABSTRACT

Keywords: In the large Shihuiyao Rb-Nb-Ta-Be deposit, a beryl-bearing granite was identified with three texturally different
Beryl zones that show an increasing degree of fractionation, including the albite granite (bottom zone), albite granite
Magmatic evolution with pegmatite pockets (intermediate zone), and intercalation of granite and pegmatite layers (top zone). Beryl
Flu%d memso_mansm occurs both in the intermediate and top zones. Microtextural (SEM), Raman spectra, and trace-element (LA-ICP-
Fluid exsolution R . . .
Shihuiyao deposit MS) data on beryl from these zones shed new light on the behavior of trace elements during magmatic-
hydrothermal evolution.
In the intermediate zone, magmatic beryl (Brl-1) has a homogeneous texture, while beryl in the top zone (Brl-
2) can be divided into magmatic (Brl-2a) and metasomatic subtypes (Brl-2b). The magmatic Brl-2a shows
oscillatory zonation, whereas the metasomatic Brl-2b is darker in BSE images and highly porous. Fractional
crystallization led to an increase in Na, Sc, Fe, Rb, and Cs contents from Brl-1 to Brl-2a. Comparing these data
with those of beryl in other pegmatites worldwide reveals that Cs in beryl is an ideal trace element to monitor the
magmatic evolution of the pegmatite host. Distinct textural and chemical features of Brl-2a and Brl-2b reflect
metasomatic alteration by a dissolution-reprecipitation process for Brl-2b. In combination with published
experimental and fluid inclusion data, we propose that metasomatic fluids exsolved from the magma during late-
magmatic stages could transport large amounts of rare metals, such as Ta and Rb. The higher content of Ta in Brl-
2b compared to Brl-2a suggests that metasomatic fluids exsolved from the magma play a favorable role in Ta
mineralization. In contrast, decreasing Rb contents in Brl-2b is attributed to the high mobility of Rb in the fluid.
Such Rb-rich fluids are expected to generate Rb orebodies of economic value surrounding the ore-bearing
granite, implying that more investigation into hydrothermal Rb mineralization in the Shihuiyao district is
warranted.

1. Introduction such as green emerald (Cr and/or V), blue aquamarine (Fez+), yellow

heliodor (Fe®"), red bixbite (Mn>*), and pink morganite (Mn®") (Cerny,

In recent years, rare metals such as Li, Be, Na, Ta, Rb have been
treated as strategical critical metals for many countries, which have
drawn a lot of attentions in the economic geology society (Jiang et al.,
2023). Of these rare metals, Be has been treated as one of the most
strategic metals facing shortages in China. Beryl is the most abundant
and widespread beryllium-bearing mineral in granitic pegmatites and
displays a wide variety of colors as a consequence of trace impurities,

* Corresponding authors.

2002; Lum et al., 2016; Khaleal et al., 2022). The chemical variations
observed in beryl could be indicative of host-pegmatite evolution. The
fractional trend of beryl towards alkali (Na, Li, and Cs)-rich and Fe-Mg-
poor, concluded based on major element analysis, has been well docu-
mented in various pegmatites worldwide (e.g., pegmatite in the Greer
Lake, Manitoba, Cerny and Turnock, 1975; Bikita granitic pegmatite,
Zimbabwe, Cerny et al., 2003; pegmatite from Namivo, Mozambique,
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Neiva and Neiva, 2005; Koktokay #3 pegmatite in Altai, China, Wang
et al., 2009; pegmatite in the Bratislava and Bojna massifs, Slovakia,
Uher et al., 2010; pegmatite in the Velasco district, Argentina, Sardi and
Heimann, 2014). Nevertheless, recent studies on trace elements of beryl
have revealed that this general trend may not be universally applicable
to all pegmatites (e.g., Lum et al., 2016; Bacik et al., 2021; Pauly et al.,
2021; Fan et al., 2022; Suo et al., 2022; Lei et al., 2023), and the reason
for this difference remain unclear. Other trace elements of beryl, such as
Rb, Zn, Sc, and REE, may be potential indicators for monitoring the
evolution of host pegmatites due to their systematic changes with
magmatic evolution (Neiva and Neiva, 2005; Sardi and Heimann, 2014;
Bacik et al., 2021; Pauly et al., 2021). Moreover, the textures and
chemical compositions of beryl can also record multiple stages of
metasomatism in pegmatites and give insight into the behavior of trace
elements during fluid metasomatism (e.g., Novak and Filip, 2010;
Aurisicchio et al., 2012; Michallik et al., 2019).

Our investigation focuses on beryl from the large Shihuiyao Rb-Nb-
Ta-Be deposit in Inner Mongolia, Northeastern China, which exhibits
several generations from the magmatic to hydrothermal stages. Trace-
element compositions and Raman spectra were determined on both
magmatic and metasomatic beryls based on the textural zoning pattern
obtained by scanning electron microscopy (SEM). We carried out a
comparative analysis, incorporating published data, to show the dif-
ferences in the trends of trace element contents in beryl from different
pegmatites during magmatic evolution. Following this, we attempted to
investigate the possible factors influencing these trends and to identify
specific elements within beryl that could serve as universal indicators of
magmatic evolution. Then, by combining the available experimental
and fluid inclusion data from the literature, we discuss the mobilization
of rare metals (particularly Ta and Rb) during fluid metasomatism.

2. Geological setting

The southern Great Xing’an Range (SGXR) is located in the eastern
part of the Central Asian Orogenic Belt (Fig. 1a), the largest Phanerozoic
accretionary orogen in the world (e.g., Windley et al., 2007; Safonova
et al., 2011). Since the Paleozoic, the SGXR underwent the evolution of
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the Paleo-Asian Ocean, Mongol-Okhotsk Ocean, and Paleo-Pacific Ocean
tectonic systems (Meng, 2003; Wu, F.Y. et al., 2011; Xu et al., 2013). The
complex tectonic evolution triggered multiple-stage magmatism and
metallogenic events in this region, especially the large-scale magmatism
and Sn-Pb-Zn-Ag and rare metal mineralization during the Late Meso-
zoic. This metallogenic event made the SGXR one of the most important
rare metal concentrated regions in China (Jiang et al., 2020). A number
of large Sn polymetallic and rare metal deposits have been discovered,
including the Baerzhe Zr-Nb-REE deposit (Su et al., 2021), the Shihuiyao
Rb-Nb-Ta-Be deposit (Duan et al., 2021), the Tailaihua Nb-Ta deposit,
and the Weilasituo Sn-Rb-Li deposit (Jiang et al., 2022).

The Shihuiyao deposit is a typical highly evolved granite type Rb-Nb-
Ta-Be deposit, similar to the most evolved rare-metal granites world-
wide (e.g., Penouta Sn-Ta-Nb deposit in NW Spain, Gonzalez et al., 2017;
Yichun Nb-Ta deposit in SE China, Wu et al., 2018; Nuweibi Nb-Ta
intrusion in Egypt, Moussa et al., 2021; Zhaojinggou Nb-Ta-W-Sn de-
posit in northern China, Zhang et al., 2023a). The proven reserves of
Rb,0 are about 870,000 tons at a grade of 0.17-0.93 wt% (average 0.55
wt%) (Sun et al., 2015), with associated (Nb, Ta),0s reaching about
16.21 Mt at a grade of 0.02 % NbyOs5 and 0.015 % TaOs (Zhou et al.,
2022). Six granitic facies were identified in the mining area: side-
rophyllite monzogranite (Pluton I), muscovite-albite granite (Pluton II-
1V), zinnwaldite granite (Pluton V), and zinnwaldite-amazonite granite
(Pluton VI) (Fig, 2a). They were emplaced during the Late Jurassic (ca.
145 Ma) and related to the partial melting of a Neoproterozoic juvenile
crust (Duan et al., 2021). The wall rocks are the Permian Linxi Forma-
tion composed of black slate, meta-sandstone, and limestone. Except for
barren Pluton I, the other five plutons contain varying degrees of Rb-Nb-
Ta mineralization, with the two largest Nb-Ta orebodies hosted in
Pluton IIT and Pluton IV, respectively (The Inner Mongolia Autonomous
Region Bureau of Geology, 1986). These two units (Pluton III and IV) are
also the dominant Be-bearing granites. Li-Rb mineraliza tion mainly
occurs in Pluton V and VI with zinnwaldite (Li and Rb), orthoclase (Rb),
and amazonite (Rb) as the main host minerals.
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Fig. 1. (a) Tectonic framework of northern China (modified from Duan et al., 2021); EB = Erguna block, XB = Xing’an block, SXB = Songliao-Xilinhot block, JB =
Jiamusi block. MOS = Mongol-Okhotsk suture, XXS = Xinlin-Xiguitu suture, HHS = Heihe-Hegenshan suture, MYS = Mudanjiang-Yilan suture, SXS = SolonKer-Xar
Moron suture; 1 = Derbugan fault, 2 = Nenjiang-Balihan fault, 3 = Songliao Basin Central fault, 4 = Jiamusi-Yilian fault, 5 = Dunhua-Mishan fault. (b) Regional
geological map of the Shihuiyao deposit in the southern Great Xing’an Range (modified from Duan et al., 2021).
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3. Beryllium mineralization

In the Shihuiyao area, seventeen Be ore bodies (grading at
0.164-0.314 wt% BeO) were discovered, mainly hosted in Pluton III and
IV (The Inner Mongolia Autonomous Region Bureau of Geology, 1986).
These Be orebodies occur in greisenized granite, and beryl is the only
beryllium-bearing mineral present. We investigated in detail the No. 17
Be orebody, which occurs on the apical parts of Pluton IV (Fig. 2b). This
orebody is approximately 3 m thick and 30 m long (The Inner Mongolia
Autonomous Region Bureau of Geology, 1986) and particularly well
exposed in an exploratory trench at the top of the pluton (Fig. 3). The
trench can be divided into three subzones based on petrographic vari-
ations, from bottom to top (Fig. 4): granite (bottom zone), granite with
pegmatite pockets (intermediate zone), and layered aplite-pegmatite
body (top zone).

3.1. Bottom zone

This zone is composed of fine-grained albite granite (Fig. 5a), which
consists of quartz (~30 vol%), K-feldspar (~15 vol%), albite (~50 vol
%), and muscovite (~5 vol%), with columbite-group minerals (CGM)
and monazite as accessory minerals (Fig. 5b-c). This zone has been
identified as a Ta orebody (The Inner Mongolia Autonomous Region
Bureau of Geology, 1986) (Fig. 3).

3.2. Intermediate zone

This zone is characterized by the development of pegmatite pockets
(Fig. 5d-e), which are several centimeters in length and 1-3 cm in width,
mainly composed of K-feldspar (~70 vol%), quartz (~30 vol%), and
minor albite and muscovite. Only a very few pockets contain beryl. At
the scale of the hand specimen, beryl forms short columnar crystals (Brl-
1) of light green, about 2 cm long, accompanied by muscovite and minor
K-feldspar, quartz, and albite (Fig. 5e-f). Minor CGM with patchy
zonation also occurs in this zone and is locally replaced by pyrochlore
(Fig. 5g).

3.3. Top zone

The top zone occurs as layered aplite-pegmatite rocks composed of
0.1-1 cm layers of aplite and pegmatite (Fig. 6a-b). The mineral
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assemblage of the aplite layer is similar to that of the albite granite in the
bottom zone, i.e., it consists of albite (~70 vol%), quartz (~20 vol%), K-
feldspar (<10 vol%), and minor muscovite (<1 vol%) (Fig. 6¢). The
pegmatite layer mainly comprises K-feldspar (~70 vol%), quartz (~30
vol%), and minor albite, beryl, muscovite, and cassiterite (Fig. 6a-c).
Massive Nb-Ta oxides were observed in the aplite layers, which can be
classified into dark CGM and bright pyrochlore (Fig. 6d). CGM exhibits
progressive or patchy zonation and is locally enclosed by cracked
pyrochlore, which suggests the replacement of CGM by pyrochlore
(Fig. 6d). Pegmatite pockets locally occur as 2 cm to tens of centimeter
thick bodies in the pegmatite layer and consist of quartz (~50 vol%),
beryl (~40 vol%), K-feldspar (~10 vol%), and minor albite and
muscovite, with light green beryl (Brl-2) commonly occurring as hex-
agonal prismatic crystals (1 to 3 cm long) (Fig. 6e-f).

Based on the above observations, beryl only occurs in the interme-
diate and top zones. Thus, Be mineralization in the Pluton IV mainly
occurs in pegmatite.

4. Samples and analytical methods

Samples of the intermediate and top zones were collected from the
outcrop exposure. The interior zonation of pegmatite is the key factor in
determining the characteristics and evolution stages of associated min-
erals, including beryl (e.g., Pauly et al., 2021; Fan et al., 2022; Suo et al.,
2022). Thus, we divide the beryl in the two subzones into type Brl-1 and
type Brl-2. Thin and thick sections were made from these samples for
textural and in-situ chemical analyses.

Backscattered electron (BSE) images were obtained using a TESCAN
TIMA GMS integrated mineral analyzer equipped with MIRA Schottky
Field Emission (FE) Scanning Electron Microscope (SEM) in the
Collaborative Innovation Center for Exploration of Strategic Mineral
Resources (CIC-ESMR), China University of Geosciences (Wuhan). An
acceleration voltage of 25 kV, a beam current of 8nA, and a working
distance of ~ 15 mm were used for analysis.

Trace element concentrations of minerals were determined by an
NWR 193 HE laser ablation system coupled to an Agilent 7900 single
quadrupole ICP mass spectrometer in the CIC-ESMR. Each spot analysis
incorporates approximately 30 s of background acquisition followed by
40 s data acquisition from the sample. A spot size of 50 pm was used with
arepetition rate of 8 Hz and an energy density of ~ 4 J cm™2. Every 8-10
sample analyses were followed by several analyses of external reference

al b]

11
0 100 m
—
Quaternary and Permian strata J Muscovite albite granite I Pluton number

[ siderophyllite monzogranite

Muscovite granite

I zinnwaldite albite granite

[ zinnwaldite amazonite granite

o Be ore body

" Fault

Fig. 2. (a) Geological map of the Shihuiyao deposit (modified from Duan et al., 2021). (b) Geological map of the Pluton IV (modified from The Inner Mongolia

Autonomous Region Bureau of Geology, 1986).
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materials. A total of 35 trace elements, including Li, Be, B, Na, Mg, Al Si,
Sc, Ti, V, Cr, Mn, Fe, Zn, Rb, Zr, Nb, Sn, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta were analyzed. NIST SRM 610 was used as
quality control (QC) reference material to correct the instrumental time-
dependent sensitivity drift, and multiple external standards (NIST 612,
BCR-2G, BHVO-2G, and BIR-1G) were selectively used for external
calibration. Raw data reduction was performed offline using the
ICPMSDataCal software (Liu et al., 2008). The analytical uncertainty is
better than 10 % (relative percentage) for most trace elements.

Laser Raman spectra were acquired using a HORIBA Jobin Yvon
Odyssey Raman spectrometer in the CIC-ESMR. Raman spectra in the
range of 100-1300 cm ™! were excited by a green diode laser (532 nm).
The output power of the laser was set at 100 mW. All spectra were
collected with a 600-grooves/mm grating (defining a spectral resolution
of 0.35 ~ 0.65 cm™!) and a 50 x Olympus long working distance
objective. The Raman spectrometer was corrected with the signal of
silicon at 520.7 cm™! before data collection. Raman and absorption
bands were fitted by the Lorentz function with automatic background

correction and Savitzky-Golay smoothing.

5. Results
5.1. Beryl textures and chemical compositions

The two types of beryl found in the intermediate and top zones of the
pegmatite have distinct textures. Beryl (Brl-1) from the intermediate
zone is homogeneous (Fig. 5h), while beryl (Brl-2) in the top zone is
systematically zoned, displaying two texturally distinct subtypes (Brl-2a
and Brl-2b; Fig. 6g-i). Under the optical microscope, the Brl-2a has a
smooth surface, whereas the Brl-2b is very murky (Fig. 6g). In BSE im-
ages, Brl-2a shows an oscillatory pattern typical of growth zoning
(Fig. 6h-1), while Brl-2b shows darker BSE tones and is characterized by
a pitted surface with visible voids (Fig. 6i). In places, the darker Brl-2b
surrounds Brl-2a and the boundaries between them are commonly
irregular (Fig. 6i). This texture suggests that EDS brighter Brl-2a are
relicts, being replaced by the Brl-2b phase.
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Fig. 5. (a) Photograph of representative hand-specimens of fine-grained albite granite (bottom zone); (b) Representative cross-polarized picture of fine-grained albite
granite; (c) Representative backscattered electron (BSE) image of columbite-group minerals in fine-grained albite granite; (d-e) Photograph of representative hand-
specimens of the intermediate zone: light green beryl is associated with mica and quartz in the pegmatite pocket; (f) Photomicrograph in cross-polarized light
showing the relationship between granite and beryl-bearing pegmatite pocket (intermediate zone); (g) Representative BSE image of columbite-group minerals in the
intermediate zone; (h) Representative BSE image of homogeneous beryl from the intermediate zone (Brl-1). Abbreviation: Ab = albite; Brl = beryl; CGM =
columbite-group minerals; Kfs = K-feldspar; Ms = Muscovite; Qz = quartz; Pcl = pyrochlore. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

The trace element compositions of the different beryl types from the
Shihuiyao deposit are listed in Supplementary Table S1. The elements B,
Mg, V, Cr, Zr, Nb, and Hf were mostly measured below detection limits
and will not be described here. The three types show various chemical
compositions consistent with their specific textural features. Brl-1 has
lower average contents of Na (1211 ppm), Li (275 ppm), Sc (264 ppm),
Fe (1352 ppm), Rb (42.6 ppm), and Cs (344 ppm) than Brl-2a (average
1638 ppm Na, 315 ppm Li, 1210 ppm Sc, 3209 ppm Fe, 88.9 ppm Rb,
and 768 ppm Cs) (Table S1; Fig. 7). The Ta contents of Brl-1 and Brl-2a
are near the detection limits. There is a distinct compositional boundary
between Brl-2a and Brl-2b. Titanium is distinctly enriched in Brl-2b,
reaching concentrations up to 100 ppm; in Brl-2a its average is less
than 6 ppm (Table S1; Fig. 7). Tantalum also shows a similar enrichment
in Brl-2b (average 9.94 ppm) (Table S1; Fig. 7). Other elements,
including Na, Fe, and Sc, display a relatively pronounced enrichment in
Brl-2b compared to Brl-2a, with average contents increasing from 1572
to 3127 ppm Na, from 3079 to 5521 ppm Fe, and from 1181 to 1410 ppm
Sc, respectively (Table S1; Fig. 7). However, Rb and Cs contents in Brl-2b
significantly decrease compared to Brl-2a, with average concentrations

dropping from 89.7 to 67.8 ppm and from 775 to 520 ppm, respectively
(Table S1; Fig. 7). The contents of the rare earth elements in the three
types of beryl are extremely low, with most analyses below detection.
The total amount of REE is less than 1 ppm (Table S1).

5.2. Raman spectroscopy

The representative Raman spectra of the three types of beryl are
shown in Fig. 8, and the Raman active modes and their assignments are
listed in Table 1. The Raman bands (Table 1; Fig. 8) were assigned to A;¢
modes at 320-321, 396, 684, and 1065-1068 cm !, E;g modes at
526-528 and 1010 cm ™~ and Epg modes at 445-448 cm L. Brl-2b lost the
396 cm ™! band relative to Brl-1 and Brl-2a (Table 1 ; Fig. 8). The Raman
shifts for the Brl-2a core and Brl-2a rim are consistent.

Brl-1 and Brl-2a have similar Raman spectra (Fig. 8). Two peaks at
320-321 cm ! and 396 cm ™! may be caused by the deformation modes
of the ring. The peak at 445-447 cm™! may be ascribed to the 0-Si-O
internal vibration of deformation. The peak at 526-528 cm ™ is assigned
to Al-O stretching modes. The intense peak at 684 cm ™ is characteristic
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§ 200m |

Fig. 6. (a) Photograph of representative hand-specimens of layered aplite-pegmatite rocks (top zone); (b) Photograph of a representative thin section of layered
aplite-pegmatite rocks; (c) Photomicrograph in cross-polarized light showing the relationship between granite layer and pegmatite layer; (d) Representative
backscattered electron (BSE) image of columbite-group minerals in the aplite layer; (e-f) Photograph of a representative beryl-bearing pegmatite pocket in the
pegmatite layer; (g) Photomicrograph in cross-polarized light showing the beryl from the top zone (Brl-2) can be classified into two sub-types: Brl-2a and Brl-2b; (h)
Representative BSE image of Brl-2a with oscillatory zonation; (i) Representative BSE image showing dark and porous Brl-2b replacing Brl-2a. The white dots in (h)
and (i) are residues of gold coating. Abbreviation: Ab = albite; Brl = beryl; Cst = cassiterite; CGM = columbite-group minerals; Kfs = K-feldspar; Ms = muscovite;

Qz = quartz; Pcl = pyrochlore.

of the Be-O bond stretching coupled with the ring stretching. The 1010
cm ™! band may correspond to the Si-O stretching mode. The intense
band at 1065-1068 cm ™! may be attributed to Si-O stretching modes.

6. Discussion
6.1. Beryl genesis

Pegmatite pockets, also known as pegmatite segregations, are
commonly encountered in highly evolved granites (e.g., London and
Kontak, 2012; London, 2014, 2018). They are generally considered to
share the same origin as pegmatite dikes, which are the final products of
extreme fractionation of a granitic melt (e.g., Jahns and Burnham, 1969;
Barnes et al., 2012; Hulsbosch et al., 2014; London, 2018). This is also
supported by studies on tourmaline and melt-fluid inclusions found
within pegmatite pockets (e.g., Zhao et al., 2019; Yuan et al., 2021).
Thus, it can be proposed that Brl-1 from pegmatite pockets in the Shi-
huiyao deposit has a magmatic origin.

The occurrence of layered pegmatite-aplite bodies has been widely

reported in the literature (e.g., London, 2014; Garate-Olave et al., 2017,
Wu et al., 2018; Galliski et al., 2020). They are generally interpreted to
be related to rapid crystal growth in an undercooled melt (e.g., Webber
etal., 1997; London et al., 2012; Breiter et al., 2018). A recent study on
cassiterite from different stages of Pluton IV (named Pluton II in Zhang
et al., 2023b) in the Shihuiyao deposit has suggested that intercalation
of aplite and pegmatite layers (top zone) formed during the magmatic-
hydrothermal transition. Additionally, pegmatite pockets in the top
zone are distinguished from hydrothermal hollow miarolitic cavities by
their solid interiors (Fig. 6e-f). Therefore, we suggest that unaltered Brl-
2a is of magmatic origin. In contrast, Brl-2b has the following features
(Fig. 61, 7-8): 1) it still preserves the shape of the primary crystals; 2) it
exhibits a sharp compositional boundary with Brl-2a; 3) numerous
micro-porosities are present; 4) the absence of a 396 cm™! peak in its
Raman spectra implies the breakdown and reconstruction of the beryl
crystal structure. All these features reflect that the formation of Brl-2b is
related to a dissolution-reprecipitation process (Putnis, 2002). Given the
lack of hydrothermal veins in the top zone, we suggest the metasomatic
fluid may be the magmatic fluid exsolved from magma during late-
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magmatic stages. This fluid shares the same origin as the fluid respon-
sible for the metasomatic caasiterite and quartz-fluorite veins reported
by Zhang et al., (2023b). The presence of fluorite within those quartz
veins, coupled with the abundant topaz and fluorite in greisen, and the
evidence of variations in trace element concentrations in cassiterite,
indicates an F-rich nature of the metasomatic fluid (Zhang et al., 2023b).

6.2. Indicators of magmatic evolution

In the Shihuiyao deposit, the zonation of the Pluton IV from bottom
to top represents the sequence of magmatic evolution, as attested by the
increasing concentrations of columbite-group minerals and pegmatitic
texture. Thus, we interpret Brl-2a formed from a more evolved melt than
Brl-1. Two factors may dominate the chemical variations between Brl-1
and Brl-2a: crystal structure and magmatic evolution.

The incorporation of various elements in beryl is controlled by its
crystal structure (e.g., Aurisicchio et al., 1988; Bacik et al., 2021). Two
main substitutions in the octahedral and tetrahedral sites control the
entry of trace elements into the beryl lattice: (1) octahedral VIg3+ (A13+,
V3+’ Cr3+’ Fe3+’ Ti4+) + CD o VIR2+ (Mg2+’ Fe2+’ Mn2+) + CR+ (Na+,
K", Cs*, Rb™) substitution; and (2) tetrahedral VBe** + 7] « VLi* +
CR* (Na™, K", Cs™, Rb™) substitution (Aurisicchio et al., 1988). Based on
this, beryl can be further divided into three subtypes (Aurisicchio et al.,
1988): normal (AlyBesSigO1g), tetrahedral (RAlyBe,LiSigO:g), and
octahedral (R*AIR?"BesSigO1g). There is a large compositional gap be-
tween tetrahedral and octahedral beryl (Aurisicchio et al., 1988). Binary
plots exhibit a positive correlation between R>* and R™ in all types of
beryl matching the octahedral substitution mechanisms (Fig. 9a), while
R shows no significant correlation to Li (Fig. 9b). Therefore, Brl-1 and
Brl-2a should have the same crystal structure, both belonging to octa-
hedral beryl, suggesting that magmatic evolution exerts the primary
control on their trace element compositions. That is to say, the compo-
sitional variations, along with the correlations between certain elements
in beryl from the Shihuiyao deposit, can be used as indicators for the
evolution of its host pegmatite.

In general, during magmatic fractionation, late-stage beryl tends to
be enriched in alkali elements (e.g., Na, Cs, Li) and depleted in ferro-
magnesian elements (e.g., Fe, Mg) compared with early-stage beryl (e.g.,
Cerny and Turnock, 1975; Cerny, 2002; Cerny et al., 2003; Neiva and
Neiva, 2005; Uher et al., 2010; Sardi and Heimann, 2014). In particular,
the content of Cs in beryl shows a consistent upward trend with
magmatic evolution in all pegmatites worldwide (e.g., Cerny and
Turnock, 1975; Cerny, 2002; Neiva and Neiva, 2005; Uher et al., 2010;
Sardi and Heimann, 2014; Pauly et al., 2011; Fan et al., 2022; Suo et al.,
2022). This trend is also observed in the Shihuiyao deposit, where Cs
contents increase from an average of 344 ppm in Brl-1 to an average of
775 ppm in Brl-2a (Fig. 7). In a recent study (Suo et al., 2022), it was
observed that Na content of beryl exhibited a declining trend from the
wall zone (10,099-15,814 ppm) to the intermediate zone (2262-4041
ppm) inside the Dakalasu No.1 pegmatite (NW China). A similar trend
was also noted in the Baishawo deposit (SE China), where Na contents in
beryl also decreased from the wall zone (average 0.27 wt%) to the in-
termediate zone (average 0.22 wt%) (Fan et al., 2022). This declining
trend contradicts the increasing Na concentration from Brl-1 (average
1211 ppm) to Brl-2a (average 1572 ppm) in the Shihuiyao deposit
(Fig. 7), and is also inconsistent with the documented trend in other
pegmatites (e.g., Cerny and Turnock, 1975; Cerny, 2002; Neiva and
Neiva, 2005; Uher et al., 2010; Sardi and Heimann, 2014). The decrease
in Na content of beryl from the Baishawo and Dakalasu No.1 pegmatites
may be due to the co-crystallization of a large amount of albite (Fan
etal., 2022; Suo et al., 2022). There is a slight increase in Li content from
Brl-1 to Brl-2a (Fig. 7), whereas, in the scatter plot, only a few data
points in Brl-2a are above those in Brl-1 (Fig. 10a). This suggests that Li
in beryl from the Shihuiyao deposit may not be a reliable indicator for
magmatic evolution. Pauly et al. (2021) reported a gradual decrease of
Li content from the core to the rim of a single beryl crystal (Fig. 10a),
contrary to the general trend that shows a Li increase in beryl along with
magmatic evolution (Cerny and Turnock, 1975; Cerny, 2002; Neiva and
Neiva, 2005; Uher et al., 2010; Sardi and Heimann, 2014; Suo et al.,
2022). Although Pauly et al. (2021) did not explain what caused the
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garnet, and Nb-Ta oxides (e.g., Neiva and Neiva, 2005; Uher et al., 2010;
Table lb d 1) and thei . Suo et al., 2022). In the Shihuiyao deposit, only minor muscovite crys-
Raman bands (cm ) and their assignment. talized in pegmatite pockets (Figs. 5-6). Consequently, the competition
Assignment References Brl-1 Brl-2a Brl-2b for Fe was relatively restricted, leading to a greater incorporation of Fe
Aig into Brl-2a. Therefore, the statement that Fe content of beryl decreases
ring 1,2,3 320 321 321 with magmatic evolution is questionable, as the influence of competing
ring 123 396 396 - minerals is an important factor in the variations of Fe content in beryl.
Be-O 1,2,3 684 684 684 . .
.0 123 1065 1067 1066 Several other trace elements in beryl can also be used to monitor
E magmatic evolution, such as Rb, Zn, and Sc (e.g., Sardi and Heimann,
1g
Al-O 1,2,3 526 527 528 2014; Bacik et al., 2021; Pauly et al., 2021). In the Shihuiyao deposit, the
Si-0 1,2,3 1010 1010 1010 Rb content increases from Brl-1 (average 42.6 ppm) to Brl-2a (average
Ezg . 67.8 ppm), consistent with the evolution trend (Fig. 10c) observed in the
Si-0 4 445 447 447

References: 1, Adams and Gardner (1974); 2, Hagemann et al. (1990); 3, Charoy
et al. (1996); 4, Lodzinski et al. (2005);

decreasing Li content of beryl from the core to the rim, they suggested
that Li concentration data from beryl may not yield unequivocal in-
terpretations of magmatic evolution. There is a significant increase in Fe
from Brl-1 (average 1352 ppm) to Brl-2a (average 3079 ppm). This in-
crease aligns with the core-to-rim trend of a single beryl crystal from the
California Blue Mine topaz-beryl pegmatite (Pauly et al., 2021)
(Fig. 10b), but is contrary to the fractionation trend observed in other
pegmatitic systems (e.g., Neiva and Neiva, 2005; Uher et al., 2010; Suo
et al., 2022). Generally, the decreasing Fe content in beryl is due to the
co-crystallization of massive Fe-rich minerals, such as tourmaline,

beryl from the California Blue Mine topaz-beryl pegmatite (Pauly et al.,
2021). Sardi and Heimann (2014) also reported that the extremely low
Rb content in beryl reflects the low degree of evolution for its pegmatite
host. However, a trend of decreasing Rb content from beryls in the wall
zone to the intermediate zone (Fig. 10c) was found in the Dakalasu No.1
Pegmatite, Altai, NW China (Suo et al., 2022). The massive crystalliza-
tion of megacrystic muscovite in the intermediate zone (Suo et al., 2022)
may be responsible for the decreasing trend of Rb content in beryl. Bacik
et al. (2021) suggested that beryl with a higher content of Zn may
indicate a higher magmatic fractionation degree in its pegmatite host
(Fig. 10d), while beryl from the California Blue Mine topaz-beryl
pegmatite displayed an opposite trend (Pauly et al., 2021). In the Shi-
huiyao deposit, Brl-1 and Brl-2a have similar Zn (average 66.4 and 67.1
ppm, respectively) contents (Fig. 10d), indicating that Zn cannot track
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magmatic evolution. Similarly, no evidence of an increasing Zn content
with evolution was found in beryl from the Erongo Volcanic Complex
(Lum et al., 2016). It is noteworthy that the structures of Zn-rich and Zn-
poor beryls reported by Bacik et al. (2021) are different. This may ac-
count for the variations in the Zn content of beryl, as there can be large
compositional gaps between beryls of different structures (Aurisicchio
et al., 1988). For Sc, a study on four rare metal pegmatites from the
Damara Belt in Namibia revealed that beryl formed in a less fractionated
environment has higher contents of Sc (Bacik et al., 2021). In contrast,
beryl from the California Blue Mine topaz-beryl pegmatite shows an
increasing Sc content from the core to the rim (Pauly et al., 2021),
consistent with the increase in Sc content from Brl-1 (average 264 ppm)
to Brl-2a (average 1181 ppm) in the Shihuiyao deposit (Fig. 10e). A
same increasing trend of Sc content in beryl is also observed in the
Dakalasu No.1 pegmatite (Fig. 10e) (Suo et al., 2022). This trend agrees
with the preference for Sc to enter the F-rich residual melt during
magmatic evolution (Shchekina and Gramenitskii, 2008). In the Shi-
huiyao deposit, the total amount of REE (less than 1 ppm) in beryl is too

low to provide reliable information. However, a study of beryl from the
granitic pegmatite in Mozambique showed that the total amount of REE
increased from the outer zone (1.6-3.7 ppm) to the core zone (4.0-5.8
ppm), which suggests that REE in beryl can indicate the evolution of
granitic pegmatite (Neiva and Neiva, 2005). Yet, no such trend was
found in beryl from the Velasco Zone of the Pampeana pegmatite
province, Argentina (Sardi and Heimann, 2014). These two studies
suggested that the concentrations of REE in beryl alone are not a good
indicator for magmatic evolution and that more in-depth studies on the
behavior of REE in beryl are required.

To sum up, beryl is indeed a useful indicator of magmatic evolution,
particularly as its Cs content increases with magmatic evolution, a trend
that has been extensively recognized in many pegmatites worldwide
(Cerny and Turnock, 1975; Cerny, 2002; Cerny et al., 2003; Neiva and
Neiva, 2005; Wang et al., 2009; Uher et al., 2010; Sardi and Heimann,
2014; Bacik et al., 2021; Pauly et al., 2021; Fan et al., 2022; Suo et al.,
2022). However, for other elements in beryl, different deposits
frequently show different trends due to variations in beryl crystal
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structure and mineral paragenesis, and hence render their general
application as petrogenetic tools suspect.

6.3. Hydrothermal remobilization

As discussed in Section 6.1, the formation of Brl-2b is related to a
dissolution-reprecipitation process that occurred during the interaction
of F-rich metasomatic fluids with magmatic Brl-2a. This process can
result in a systematic decrease in the content of many trace elements in
the reprecipitated phase relative to the primary phase, which has been
observed in many natural metasomatic samples (Li and Zhou, 2015;
Zeng et al., 2016; Duan et al., 2022). This can explain the lower contents
of Rb and Cs in Brl-2b compared to Brl-2a (Fig. 7). Another important
feature of the dissolution-reprecipitation process is the addition of some
elements with high contents in the reactive fluid into the newly formed
phase. This phenomenon has been well documented in the fluorite from
the Wujianfang deposit (Duan et al., 2022) where the addition of certain
elements significantly elevates their concentration in the reprecipitated
fluorite. Therefore, the higher contents of Na, Ti, Fe, Sn, and Ta in Brl-2b
reflect the enrichment of these elements in the metasomatic fluids.

One counterargument to the presence of Ta-rich exsolved fluids is
that the fluid-melt partition coefficients for Ta are extremely low (Dfuid-
melt |5wver than 0.008; Borodulin et al., 2009). However, it can react with
already crystallized Ta-bearing minerals to obtain Ta, as shown by the
replacement of CGM with pyrochlore (Fig. 6d). The breakdown of CGM
can also release considerable amounts of Ti, Fe, and Sn into the fluid.
Two experimental studies have reported that the solubility of Ta in the F-
rich fluid is lower than that of Nb (Zaraisky et al., 2010; Timofeev et al.,
2017). Therefore, if the metasomatic fluid is simply an F-rich aqueous
liquid, it would be expected to exhibit higher contents of Nb than Ta,
which would result in a more pronounced increase in Nb content in Brl-
2b compared to Ta. However, this is not the case in this study (Nb
average 0.26 ppm and Ta average 8.76 ppm in Brl-2b; Table S1).
Another candidate is a liquid that contains high concentrations of Na
and Si, named by Smirnov et al. (2012) as a hydrosilicate liquid. Such
fluids can dissolve high concentrations of Ta over a wide temperature
range (up to 600 °C, Smirnov et al., 2012). Hence, it can be inferred that
the metasomatic fluid is an F-Na-rich hydrosilicate liquid, which un-
derwent the interaction with magmatic CGM to acquire large amounts of
Ta, Ti, Sn, and Fe. This also corresponds to the rise in Na content from
Brl-2a (average 1211 ppm) to Brl-2b (average 1572 ppm) (Fig. 7), as
well as the high Na contents (about 25,000 ppm) found in fluid in-
clusions within albite granite of the Shihuiyao deposit (Chen et al.,
2023). A similar process has also been proposed for the formation of
hydrothermal Ta-rich minerals in the Shangbao, Yichun, and Jianfen-
gling deposits (Wu et al., 2018; Zhao et al., 2021; Diao et al., 2022).
Meanwhile, it also suggests that hydrothermal fluids exsolved from
magma in the late-magmatic stage may play an active role in the
remobilization and enrichment of Ta in highly evolved granitic systems.

It has been experimentally demonstrated that Rb behaves similarly to
Tain the hydrosilicate liquid (Smirnov et al., 2012). In general, the fluid-
melt partition coefficients for Rb are low (D¢ ™! ranging from 0.01 to
0.3; London et al., 1988; Bai and Koster van Groos, 1999; Audetat and
Pettke, 2003) and are not affected by melt composition and temperature
(Borchert et al., 2010), indicating that Rb preferentially partitions into
the melt during fluid exsolution. However, an experimental study con-
ducted by Iveson et al. (2019) has shown that the fluid/melt partition
coefficients for Rb can increase with increasing Cl content in the fluid.
Additionally, trace element analysis of primary fluid inclusions from the
highly evolved topaz granite in Kymi stock (southeastern Finland) also
revealed that magmatic fluid exsolved from the magma could contain
high concentrations of Rb (650-1050 ppm, Berni et al., 2020), corre-
sponding to extremely high contents of Cl (>1,000,000 ppm, Berni et al.,
2020). Chen et al. (2023) reported chemical compositions of fluid in-
clusions from albite granite of Pluton III and V, as well as greisenized
albite granite of Pluton IV. The Cl contents of these fluid inclusions are
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concentrated between 2 wt% and 4 wt% (Chen et al., 2023). According
to Iveson et al. (2019), DA™l js approximately between 0.13 and 0.4
when the Cl content of fluid is 2-4 wt%. The whole-rock Rb content of
Pluton IV averages 910 ppm (Duan et al., 2021). Thus, the maximum Rb
concentration in the metasomatic fluids is estimated to be 364 ppm. As
mentioned above, the metasomatic fluid is an F-Na-rich hydrosilicate
liquid that can transport a large amount of Rb (e.g., Smirnov et al,,
2012). Therefore, the Rb content in the metasomatic fluid may be higher
than 364 ppm, as evidenced by the highest Rb content in fluid inclusions
up to 1296 ppm (Chen et al., 2023). Such a high content of Rb in the
fluid can cause the precipitation of Rb into Brl-2b during the dissolution-
reprecipitation process, leading to a higher Rb concentration in Brl-2b
compared to Brl-2a. Yet, the Rb content in Brl-2b (average 67.8 ppm)
is lower than that in Brl-2a (average 89.7 ppm) (Fig. 7). The absence of
Rb-bearing mineral inclusions in Brl-2b suggests that Rb exhibits high
mobility in F-Na-rich hydrosilicate liquids. These Rb-rich fluids may
form hydrothermal Rb orebodies of economic value, like the fluorite-
muscovite veins outside Pluton IV observed by Zhang et al., (2023b).
Hence, more work on the origin of these hydrothermal veins and the
prospecting of hydrothermal Rb mineralization in the Shihuiyao deposit
would be of great value.

7. Conclusion

This study conducted textural and in situ trace-element analyses on
magmatic and metasomatic beryls from a pegmatitic Be orebody in the
Shihuiyao deposit. These data confirm the sensitivity of the Cs content in
beryl to the magmatic evolution of its pegmatite host. However, other
elements in beryl, such as Na, Fe, Rb, Sc, Zn, and REE, do not seem to be
universal tools for monitoring magmatic evolution, as the co-
crystallization of associated minerals such as albite, K-feldspar, mica,
garnet, Nb-Ta oxides, and tourmaline, as well as the crystal structure of
beryl itself, significantly impact the distribution of these elements in
beryl. This study also revealed the distinct behaviors of Ta and Rb during
fluid metasomatism. Available experimental and fluid inclusion data
have demonstrated that the fluid exsolved from magma can transport
significant amounts of Ta and Rb. This is evidenced by the notably
elevated concentrations of Ta in metasomatic beryl relative to magmatic
beryl. However, the decreasing Rb contents in metasomatic beryl can be
attributed to the higher mobility of Rb in fluid compared to Ta. These
Rb-rich fluids are expected to form hydrothermal Rb orebodies, such as
the numerous fluorite-muscovite veins surrounding the ore-bearing
granite. Therefore, it is necessary to conduct further studies on the
origin of hydrothermal veins and the exploration of hydrothermal Rb
mineralization in the Shihuiyao deposit.
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