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ABSTRACT

Beryllium is a critical metal typically concentrated in highly fractionated granitic
rocks such as the leucogranites in the Himalaya. Here, we report beryl mineralization
continuous from the earlier and less evolved two-mica granite to the highly evolved
albite granite and pegmatite in a typical leucogranite pluton at Pusila in the central of
Himalaya. Textural and mineral chemical evidences support a magmatic origin for
beryl, and the trends of beryl crystal chemistry indicate magma differentiation.
Despite low to moderate fractionation of the biotite granite and two-mica granite in
the Pusila leucogranite pluton, the Be contents (~7 pg/g, beryl-free and ~22 pg/g,
beryl-bearing, respectively) of these granites are much higher than the average for
biotite- and two-mica granites worldwide (~3-4, and 5-10 pg/g, respectively),
indicating that the initial magma had a relatively high Be concentration. The gneisses
of Greater Himalayan System, considered as the protolith, also show a higher Be
abundance (~4—6 pg/g) than the mean value of pelitic rocks worldwide (~2-3 pg/g),
which could be the source reservoir of Be. The source contributed the initial Be to the
melt and fractionation resulted in the onset of beryl crystallization from the interstitial
residual melt in the two-mica granite. The ubiquity of beryl in two-mica granite to
pegmatite stages of the Pusila pluton is explained by a continuous crystallization
model, although there was a delay in the onset of beryl crystallization in the two-mica
granite. Modeling based on Rayleigh fractionation indicates that Be becomes
compatible once saturation is attained owing to the beryl crystallization. Our findings

indicate that the enrichment of critical elements (e.g., Be) is controlled not only by
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fractional crystallization, but also by the buffering action of a saturating phase (e.g.,
beryl) on the concentration of the critical element in the melt.
Keywords: Himalayan leucogranite, beryllium, beryl, source, fractionation, delayed

crystallization

INTRODUCTION

Beryllium is a lithophile element that is considered as a critical metal, owing to
its high demand in technologically strategic materials in next-generation industries
(e.g., new energies, new alloys) (Chakhmouradian et al. 2014; Trueman and Sabey
2014; Sovacool et al. 2020). The world’s largest beryllium deposit is the Spor
Mountain in USA, a rhyolite-hosted deposit where the ore mineral is bertrandite. The
remainder of global Be production is almost entirely from beryl, which is typically
hosted by granitic pegmatites (Linnen et al. 2012), although phenakite may also be
important at some deposits.

On average, granites contain only ~4-8 pg/g Be (Beus 1966; Norton and Redden
1990; London and Evensen 2002). Beryl saturation in granitic melts requires extreme
fractionation and low temperatures (London 2008, 2015), consequently, Be
mineralization is generally linked to highly-evolved granites, in particular to granitic
pegmatites.

The Himalayan leucogranite belts are endowed in extensive beryl mineralization
(Wang et al. 2017). Particularly, the Pusila pluton, west of Mount Everest, is an

excellent site to study Be-Nb-Ta-Li mineralization (Liu et al. 2020). Beryl at this
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location is widely present as a magmatic phase not only in highly evolved intrusions
(albite granite and pegmatite), but unexpectedly also in the earlier, less evolved
two-mica granite stage of the magmatic evolution. This striking first-order
observation provides the opportunity to investigate the mechanisms involved in beryl
mineralization, beginning with two-mica granite and continuing to pegmatite in the
leucogranite pluton, which may be more complicated than simple fractionation in a
granitic system.

In this study, we present the whole-rock chemical composition of beryl-bearing
leucogranites in Pusila, together with the petrography and mineral chemistry of beryl,
and characterize the initial Be mineralization in two-mica granite. The evolutionary
mechanism(s) for continuous Be mineralization from moderately to highly evolved
granites and pegmatites are then evaluated, which may offer new insights into the Be
mineralization generally. Our results reveal that beryllium concentration is controlled
concurrently by more than one process in melts, for example, fractional crystallization
and the buffering action of beryl when the melt is saturated with beryl. This
interpretation of the control on Be concentration might be applicable to other rare and

incompatible elements.

GEOLOGICAL SETTING
Following the India—Asia continental collision beginning at ca. 55 Ma (Zhu et al.
2015), two sub-parallel, EW-trending belts of Cenozoic leucogranites intruded during

the Himalayan orogeny. The northern belt was emplaced into the Tethyan Himalayan
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sedimentary sequence, and the southern belt was emplaced within the Greater
Himalayan crystalline sequence (GHS) (Le Fort et al. 1987). The Pusila leucogranite
pluton crops out in the Rongxia Valley northwest of Mount Cho Oyu in the Mount
Everest region, and was emplaced into the GHS (Fig. 1a).

The Pusila pluton crops out over an area of ~100 km?, and is mainly composed
of biotite granite, two-mica granite, muscovite granite, albite granite, and pegmatite,
which progressively crop out with increasing altitude (from 3800 to 5400 m) (Figs.
Ib—Ic). This progression of granites crops out progressively along the Rongxia valley
from south-west to north-east, with gradational contacts between the lithologies (Liu
et al. 2020). Pegmatite typically forms dikes 0.5-3 meters thick and 10 to over 100
meters in extent cutting the country rocks near the upper parts of the Pusila pluton
(Fig. 2). These pegmatites belong largely to the spodumene subtype (Cerny and Ercit
2005) and are characterized by two stages of Li mineralization: a magmatic stage with
primary spodumene and a hydrothermal stage with secondary spodumene and petalite

(Liu et al. 2020).

SAMPLING AND ANALYTICAL METHODS
Samples
Sampling of the Pusila leucogranite pluton was carried out in the Rongxia Valley.
The leucogranites of the Pusila pluton have gradational lithological changes, and we
sampled typical biotite granite (3 samples) at an altitude of ~3800—-3860 m, two-mica

granite (10 samples) at ~3870—4600 m, muscovite granite (3 samples) at ~4600-5100
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109  m, albite granite (5 samples) at ~5100-5340 m, and spodumene (-petalite) pegmatite
110 (6 samples) at ~5200-5400 m (Figs. 1b—1c).

111 Whole-rock geochemistry

112 Whole-rock major element compositions were determined by wet chemical
113  methods at the Analysis Center of the No. 230 Research Institute of the China
114  National Nuclear Corporation (CNNC), Changsha, China. The procedures are
115  described in the Chinese National standard protocol GB/T 14506-2010DZG93-05,
116 and all errors on the reported concentrations are <5%. The trace element
117  concentrations, including rare earth elements (REEs), were measured using an Agilent
118  7700X inductively coupled plasma mass spectrometry (ICP-MS) at Nanjing FocuMS
119  Technology, Nanjing, China. Powdered samples (100 mg) were digested in 1 mL of
120  concentrated HF and 0.5 mL of concentrated HNO; in PTFE-lined stainless-steel
121 bombs at 190 °C for 72 h. Insoluble residues were dissolved by heating at 110 °C in 8
122 mL of 40 vol.% HNOs for 3 h (Qi et al. 2000). Standard reference materials (BHVO-2,
123 AGV-2, W-2 and GSP-2 from the USGS) were used for calibration. Analytical
124  precision for the REEs and other incompatible elements was better than +£10%. The
125  detection limits (D.L.) of all analyzed elements are shown in Supplemental Data 1.
126  Imaging and major- and minor-element analyses of minerals

127 Analyses were conducted at the State Key Laboratory for Mineral Deposits
128  Research in Nanjing University (MiDeR-NJU), China. Detailed pulse-colored mineral
129 maps were produced with a Zeiss Sigma 300 field emission scanning electron

130 microscope (FE-SEM) with a Bruker Quantax for energy-dispersive X-ray
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131 spectroscopy (EDS). Back-scattered electron (BSE) images were obtained on polished
132  thin-sections using a Zeiss Supra 55 field emission scanning electron microscope
133  (FE-SEM) and a JEOL JXA-8230 electron microprobe.

134 The major and minor element concentrations of mineral phases were obtained
135  using a JEOL JXA-8230 electron microprobe. The analyses (EMPA) were performed
136  with an accelerating voltage of 15 kV, a probe current of 20 nA for all elements, and a
137  beam diameter of 5 pm for micas, 3 pm for feldspars, and 1 um for other minerals.
138  Natural minerals (albite, fayalite, orthoclase, apatite, topaz, and hornblende) were
139  used as standards for silicate mineral analysis, whereas natural minerals (fayalite and
140  scheelite), synthetic metals (Nb, Ta, and Sc), and synthetic compounds (SnO, and
141 MnTiOs) were used as standards for oxide mineral analysis. The peak and background
142  counting times for the major elements in each mineral were 10 and 5 s, respectively,
143  and 20 and 10 s for other minor elements. All data were corrected using standard ZAF
144  correction procedures, and the detection limits (D.L.) of all analyzed elements in
145  minerals are shown in Supplemental Data 2.

146 In situ trace element analyses of minerals

147 In situ trace element analyses of beryl, micas, feldspars, tourmaline, and quartz
148  were conducted by laser ablation (LA)-ICP-MS at MiDeR-NJU, China. A Photon
149  Machines Excite LA system (RESOlution S-155) was used with a Thermo Fisher
150  Scientific i-CAP-Q ICP-MS instrument. An ablation spot diameter of 43 um was used
151  for micas, feldspars, and tourmaline, with a repetition rate of 4 Hz and laser energy of

152 5.12 J/em®. An ablation spot diameter of 30 pm was used for beryl and quartz, with a
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repetition rate of 4 Hz and laser energy of 5.36 J/cm”. Helium was used as the carrier
gas. National Institute of Standards and Technology (NIST) standard reference
materials NIST-610 and NIST-612, and US Geological Survey basaltic glasses
BCR-2G and GSE-1G were used as external standards, with 2Si used as an internal
standard to correct for instrument drift. Off-line data processing was performed using
the ICPMSDataCal program (Liu et al. 2008). The estimated precision was better than
+5% for major elements and + 10% for trace elements, and the detection limits (D.L.)

of all analyzed elements in minerals are shown in Supplemental Data 2.

RESULTS

Whole-rock geochemistry

Whole-rock geochemical analyses show that all the granitoids are peraluminous,
and display trends of increasing Na,O content and decreasing CaO and Sr
concentrations (Supplemental Data 1.1). From the biotite granite through two-mica
granite and muscovite granite then to albite granite and pegmatite, some whole-rock
compositional parameters show obvious trends, including the decrease in TiO, and
REE contents, the increase in Rb/Sr and decrease in Zr/Hf and Nb/Ta ratios (Fig. 3;
Supplemental Fig. S1). Empirical equations are used to calculate zircon (Tz) and
monazite (Trgg) saturation temperatures (Watson and Harrison 1983; Montel 1993),
which progressively decrease from ~780 °C (biotite granite) to ~550 °C (pegmatite)
(Fig. 3c). These temperatures are within a realistic range for crystallization of

Himalayan leucogranites (Scaillet et al. 1990; Ayres et al. 1997). However, the
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pegmatite has a much lower Trgg than Tz. The large difference can be attributed
either to the very low REE concentrations, which are at the limit of detection in
pegmatite, or to the high Hf content of the zircons from pegmatite, a factor not
considered in the calculation of Ty
Rock-forming minerals

Rock-forming minerals contain trace amounts of Be (Table 1; Supplemental Data
2.2-2.5). The K-feldspar in all of the leucogranites have similar compositions (Ang -
03/Abs3-17.4/Org24 947), with ~1-2 ng/g Be. Plagioclase in all types of leucogranites
contain ~9-11 pg/g Be, and are predominantly euhedral and clearly zoned, with a
composition trend of decreasing anorthite values from core to rim (Fig. 4). The
plagioclase in biotite granite is oligoclase (Anj4.0-232/Ab7a7-847/0113-31). In two-mica
granite, plagioclase varies from oligoclase to albite (Anye-152/Abgo.s596.1/O11.0-2.4). The
plagioclase in muscovite and albite granites are almost all albite (Anj3_10.9/Abg74-
97.7/0195-3.1). The Be contents of muscovite from different granites (~2 vol% in biotite
granite) increase from 10 pg/g in biotite granite to 22 pg/g in albite granite. Biotite in
the biotite- and two-mica granites contain a similar Be content, ~5-6 pg/g.
Tourmaline is a common accessory mineral in all lithologies, and contains ~2—7 pg/g
Be. According to the formulae (Novak et al. 1998; Burianek and Novak 2004; Ertl et
al. 2016), tourmaline varies from fluor-dravite to fluor-schorl in biotite granite, and is
fluor-schorl in the other evolved leucogranites and pegmatites (Supplemental Data
2.4).

Occurrence of beryl
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197 Beryl is the only mineral in the Pusila pluton in which Be is an essential
198  constituent, and its abundance increases from two-mica granite to pegmatite. The
199  ubiquitous occurrence of beryl in the two-mica granite is reported for the first time in
200 a relatively unevolved type of granite. Small beryl crystals about 50-100 um across
201 are commonly dispersed, among rock-forming minerals in the leucogranites (Figs. Sa—
202  5Sc; Supplemental Fig. S2). In pegmatite, beryl crystals can be identified in outcrops
203  (Fig. 2j), and typically form well-developed, euhedral, hexagonal columns that are
204  light cyan in color. The petrographic evidence, e.g., subhedral-euhedral granular
205  textures (Figs. 5a—5c¢), indicate that beryl from the Pusila leucogranites is of magmatic
206  origin.

207  Beryl chemistry

208 Beryl, ideally Be;Al;SisO;s, contains trace elements, including Fe and Mg
209  substituting for octahedral Al, Li substituting for tetrahedral Be, and Cs, Na, K and Ca
210  as ring channel constituents. Overall, trace elements in beryl vary by 1-2 orders of
211 magnitude from the two-mica granite to pegmatite: Na and Li increase and Fe and Mg
212 decrease with increasing Cs (Fig. 6a; Supplemental Fig. S3; Supplemental Data 2.1).
213 Moreover, the beryl in the Pusila pluton show continuous, gradually decreasing Na/Li
214  and slightly decreasing Mg/Fe, coincident with a strong increase of the Cs/Na ratio
215  (Figs. 6b—6c¢), which are also positively correlated with increasing Rb/Sr ratios of
216 whole rock (reflected by the symbol size and border color on Fig. 6).

217

218 DiscussioN
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Fertile source providing the initial Be enrichment

The enrichment of Be and other critical elements in granitic melt is mainly
controlled by the magma source, the saturation of key accessory minerals, mineral
melt partition coefficients and extreme fractionation during crystallization (London
2008). There is a consensus that high to extremely high Be contents > 200 ug/g,
which reflects critical element mineralization, is associated with strongly fractionated
granites or their equivalents (e.g., thyolite, aplite, pegmatite, etc.).

In the Pusila pluton, the high abundance of beryl has been observed not only in
the highly evolved albite granite and pegmatite, but interestingly also in the
moderately evolved two-mica granite and muscovite granite. It is not likely that a high
degree of fractionation is the only factor needed to attain beryl saturation. Instead, a
source relatively enriched in Be appears to be of first-order importance.

The average Be value is generally ~3—4 pg/g for biotite granites, and 5-10 ng/g
for two-mica granites (Hormann 1978; Taylor and McLennan 1985; Charoy 1999;
Trueman and Sabey 2014; Foley et al. 2017, and others in Table 2). Abundance of Be
in the Pusila biotite granite is as high as ~7 pg/g Be, and in the two-mica granite, up
to ~22 pg/g Be, which are higher than the average values for comparable rocks
worldwide (Fig. 7). Thus, the initial magma of the Pusila leucogranite was likely
already enriched in Be, interpreted to have been a consequence of a source relatively
enriched in Be. The principal sources for the granites that are fractionated to give
beryl-bearing pegmatites are clay-rich marine sediments, e.g., shale, or their mica-rich

metamorphic equivalents (London 2008). The Himalayan leucogranites have a
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peraluminous composition and are considered to have originated from melting of the
GHS (e.g., pelite, granitic gneiss; Harris et al. 2000; Hopkinson et al. 2019; Wu et al.
2020). The GHS gneisses contain ~4—-6 ug/g Be (Table 3), that is about twice the
mean Be concentration in pelitic rocks worldwide (~2-3 pg/g, Table 3; Grew 2002;
Grew et al. 2006) and nearly 3 times the average Be concentration in the upper
continental crust (2.1 pg/g, Rudnick and Gao 2014). Therefore, the pelitic and granitic
gneisses in the GHS that melted to give the Pusila leucogranites were an effective
source of Be for the initial melts.

This possibility has been investigated by modeling partial melting, where both
batch melting and fractional melting are being considered (Harris and Inger 1992):

Firstly batch melting equation: C/C, = 1/[(D,—PF)+F],

Secondly fractional melting equation: C/C, = (1/F) [ ]—(I—PF/DO)I/ 1.

D,: Bulk distribution coefficient of a given trace element at the onset of melting;

C,: Weight concentration of a trace element in the original unmelted solid;

Cr: Weight concentration of a trace element in melt;

P: Bulk distribution coefficient of minerals which make up a melt;

F: Weight fraction of melt relative to original parent.
Partial melting was modeled using a muscovite-biotite schist (MBS, Patifio Douce and
Harris 1998) as the initial mineral assemblage, which is nearly identical to the most
widespread mineral assemblage in GHS gneisses at Pusila. The Be partition
coefficients for modeling partial melting are given in Table 4. It is estimated that ~30%

partial melting of the gneiss would have generated a biotite granite melt with 67
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ug/g Be (Table 4). The GHS gneisses, and leucogranites that constituting the Pusila
pluton, were identified as cordierite-free. Granitic magmas that originate from
cordierite-bearing protoliths will not achieve beryl saturation at any point in their
evolution, owing to the very high compatibility of Be in cordierite (Evensen and
London, 2002; London, 2008). Among the common minerals in the pelitic and
granitic gneisses of the GHS, the white micas are expected to have the highest Be
concentrations, which could reach 10 pg/g (Grew, 2002; Ryan, 2002). Melting of
white mica would lead to its being nearly completely decomposed over a narrow
range of temperature (Acosta-Vigil et al., 2003), liberating thereby their trace
elements including Be to the magma, which results in a relatively high initial Be
concentration in the magma.
Sequential fractionation model of magmatic evolution

Generation of granitic magmas with increasing contents of incompatible
elements is commonly attributed to fractional crystallization, which can eventually
lead to the enrichment of critical elements in leucogranites and pegmatites (e.g.,
Raimbault et al. 1995; Breiter et al. 1997; Linnen et al. 2012; London and Morgan
2012). From the biotite granite to pegmatite, some whole-rock compositional
parameters are obviously indicative of fractionation, including the decrease in Ti and
REE contents, and increase in Rb/Sr and decrease in Zr/Hf and Nb/Ta ratios (Fig. 3;
Supplemental Fig. S1; Supplemental Data 1.1). The trends of Na-Li-Cs enrichment
and Fe-Mg depletion of beryl in the Pusila pluton are similar to well documented

trends of beryl in rare-element pegmatites worldwide (e.g., Aurisicchio et al. 1988;
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Cerny 2002). Chemical trends resulting from magmatic fractionation are reflected in
changes of beryl chemistry, including the decreasing Na/Li and Mg/Fe, and increasing
Cs/Na ratios (Fig. 6). Tourmaline and muscovite show continuous trends of increasing
F/(F+OH) and decreasing Mg/(Mg+Fe) ratios (Supplemental Fig. S4). These
geochemical and mineralogical characteristics of the Pusila leucogranitic rocks record
magmatic differentiation with progressive fractionation.

The equation for Rayleigh fractionation is: C; = Co F ”', where the element
concentrations in residual liquids (Cy) can be related to a parental melt (Cp), the F is
the fraction of liquid remaining, and D is the distribution coefficient between liquid
and solids, determined by the partition coefficient for each mineral phase weighted
according to the phase proportions (Table 5). In this study, our modeling of Rb and Sr
has a reasonable fit with the observed data (Fig. 8a). Melt compositions similar to
two-mica granite could be achieved by 40-50% fractional crystallization of the biotite
granite melt, and subsequent fractionation could successively produce the muscovite
granite, albite granite and pegmatite compositions. These, in turn, provides estimates
for the degree of crystallization (1 - F) for each of the leucogranites, which were then
used to model the Cs concentration at each stage of melt. The calculated Cs
concentrations agree reasonably well with the observed data (Fig. 8b). In the model
for Be, ~50% fractional crystallization of biotite granite melt is needed to generate the
two-mica granite composition (Fig. 8c), in agreement with the results for Rb, Sr, and
Cs.

However, this model failed to replicate the observed data for the more evolved
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albite granite and pegmatite. We attribute this failure to saturation of the melt with
beryl, at which point beryllium is no longer an incompatible constituent of the melt.
Instead, whole-rock Be compositions are controlled by the buffering action of beryl,
which is crystallizing out from the melt. In contrast, a saturating phase for Cs (e.g.,
pollucite, London 2019) did not crystallize out in the Pusila leucogranites. Thus, Cs
remained incompatible during evolution of the Ileucogranite and Rayleigh
fractionation modeling works well for Cs. Similarly, we expect Rayleigh fractionation
would work well for other elements that remained incompatible. Beryllium
partitioned into rock-forming minerals, notably white mica and plagioclase, together
with the Be contained in beryl crystallizing from the melt, add up to give the total
amount Be originally in the leucogranite. The Be partition coefficients of whole rock
were revised by considering the accumulated accessary beryl (Table 6). Although the
crystallization of beryl consumed Be from the initial melt, the differentiation of the
two-mica granite and muscovite granite still greatly increase the Be concentration in
the residual melt, as a consequence of the low bulk Be partition coefficients (Dge
(rock/melyy = 0.25 — 0.30, Table 7). It is noteworthy that although Be and Cs are
progressively enriched in melt by fractionation, their enrichment processes are
different during magma evolution, owing to differences in their bulk partition
coefficients.
Delayed beryl crystallization and continuous beryl mineralization

Theoretically, fractionation could generate the initial beryl saturation as seen in

the two-mica granite, but the continuously fractionated and Be-saturated melt should
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329 result in progressively lower Be contents with evolution (increasing ASI and
330 decreasing T, Evensen et al. 1999). However, this is contradictory to the case in Pusila
331  where Be contents progressively increase with differentiation since the abundance of
332  beryl is higher in the leucogranites. Thus, it suggests that fractionation by itself cannot
333  explain the continuous increase of the Be content in the Pusila leucogranite pluton.

334 As the behavior of Be can shift from incompatible to compatible owing to the
335  beryl crystallization, it is crucial to determine the precise point where beryl became
336  saturated. Beryl crystals in two-mica granite and muscovite granite are mostly
337  characterized by the texture of subhedral and interstitial grains among rock-forming
338 minerals (Figs. 5a—5b; Supplemental Fig. S2). This petrographic feature indicates the
339  crystallization of beryl just at the final stage of granite solidification. Considering the
340 overlapping compositions between rims of plagioclase in the leucogranite and cores
341  of plagioclase in the subsequent leucogranite (Fig. 4), the removal of fractionated melt
342  seems incomplete, resulting in a certain amount of residual melt having been left
343  behind, which then crystallized in situ. This in situ crystallization of residual melt
344  after incomplete separation of the residual melt can be referred to as “Delayed
345  crystallization”. At the onset of delayed crystallization, abundant crystallization of
346  rock-forming minerals led to the enrichment of Be due to their low partition
347  coeftficients for Be in these minerals (Evensen and London 2002; Table 5). The lower
348 temperature of interstitial melt decreases beryl solubility (Evensen et al. 1999), which
349  also promoted the delayed crystallization of beryl in the residual melt. Thus, the term

350 “Delayed crystallization of beryl” is suggested to describe the process of Be
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enrichment in the two-mica granite and muscovite granite (Fig. 9). The fractionated
melt was then extracted and formed the albite granite near the top of the Pusila pluton,
likely achieved by flow of melt away from the crystallization site (Sawyer 1987). As
expected, this fractionated melt is beryl-saturated, and abundant euhedral beryl
crystallized (C-1, in Fig. 9), and continued to grow as an accumulation phase (C-II, in
Fig. 9).

The widespread occurrences of tourmaline in the Pusila pluton indicate that the
melt had a high concentration of boron. Mineral chemistry of muscovite and
especially tourmaline yielded high contents of F (Supplemental Data 2.2 and 2.4). In
tourmaline, the homovalent substitution (OH) < F at the O1 crystallographic site
relates dravite or schorl to flour- dravite or schorl, respectively (Bosi et al. 2018). The
melt of pegmatite contains the most abundant fluid and highest F content, which is
recorded by the tourmaline chemistry, due to its sensitivity to the associated fluid (von
Goerne et al. 1999, 2011). Evidently, the individual leucogranitic magma contained
high amounts of fluid (H,O, B, F), which increased during differentiation. It is
interpreted that the fluid-rich melt had a low viscosity and density compared to the
bulk melt and migrated upward (Bartels et al. 2015; Pollard 2021). Such highly
evolved melts tend to sequester incompatible elements (Thomas and Davidson 2013),
and in the case of Pusila, the fluid-rich melt attained extreme Be-Nb-Ta-Li enrichment
(two stages of Li mineralization, including magmatic and hydrothermal stages; Liu et
al. 2020), and continuous beryl crystallization (C-I) ultimately led to the formation of

giant crystals in the pegmatites (C-II).
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373 In conclusion, multiple processes need to be considered to interpret the whole
374 rock abundances of incompatible elements like Be. The continuous beryl
375 mineralization in Pusila leucogranites, with a progressive increase in whole rock Be
376  contents is illustrated by the continuous crystallization model (Fig. 9). The bulk melts
377  of the two-mica granite and muscovite granite were initially unsaturated in beryl, but
378  beryl crystallized from interstitial residual melts during delayed crystallization. The
379  fractionated melts formed albite granite and pegmatite, and their bulk melts were

380  beryl saturated, which resulted in the crystallization of abundant euhedral beryl.

381
382 IMPLICATIONS
383 Beryllium is a critical metal typically concentrated in highly fractionated granitic

384  rocks. The beryl mineralization in what appears to be a typical leucogranite pluton at
385  Pusila in the central Himalaya is a striking example of continuous Be mineralization.
386 (1) Beryl is the most common beryllium mineral (Grew and Hazen 2014), and is
387  ubiquitous at Pusila. The beryl compositions trend to Na-Li-Cs enrichment and Fe-Mg
388  depletion, and show continuous decreasing Na/Li and Mg/Fe, and increasing Cs/Na
389  ratios, which is positively correlated with increasing whole-rock Rb/Sr ratio. Mineral
390 chemistry characteristics above highlight the beryl as a monitor of magmatic
391  evolution processes from the earlier stage.

392 (2) The enrichments of Be and other critical elements are associated with
393 strongly fractionated granites or their equivalents. Despite the low to moderate

394  fractionation, the biotite- and two-mica granites contain unusually high Be contents,
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395 indicative of an initial magma relatively enriched in Be. The gneisses of GHS,
396  considered as the protolith, also show high Be abundances, which could be the source
397  reservoir of Be. Therefore, a high degree of fractionation is likely not the only factor
398 for Be saturation. A source relatively enriched in Be could effectively reduce the
399 dependence on the degree of fractionation to concentrate Be sufficiently to reach
400  saturation.

401 (3) This study reveals the differing behaviors of incompatible elements (e.g., Be,
402  Cs) in melt. Once saturated, beryllium is no longer strictly incompatible owing to the
403  beryl crystallization, and the Be concentrations would be concurrently controlled by
404  multiple processes like fractional crystallization and the buffering action of beryl
405  crystallizing out when saturation had been attained. This combination of processes
406  could be applicable to other trace and incompatible elements.

407 (4) The term “delayed crystallization”, describing the process of beryl
408  crystallization at the late stage of granite solidification in two-mica granite and
409 muscovite granite, is the crucial part of the continuous crystallization model. This
410 continuous crystallization model reveals the evolutionary mechanisms of continuous
411  Be mineralization with a progressive increase in whole rock Be contents, and
412  concurrently could provide new insights into the enrichment processes of other
413  critical metal elements, like Cs, Li, Zr, etc., which are commonly rare and
414  incompatible in granitic melts.

415
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FIGURE CAPTIONS
Figure 1. Geological setting of the Pusila pluton. (a). Distribution of the Himalayan
leucogranites (after Wu et al., 2020). (b) Geological map of the Pusila pluton. (c)
Schematic diagram of the Pusila pluton. The approximate width at the base of Pusila

pluton is ~20 kilometers.

Figure 2. Outcrop photos of the Pusila pluton and photomicrographs of the
leucogranites and pegmatites. (a, b) Outcrop and mineral constituents of the biotite
granite. (c, d) Outcrop and mineral constituents of the two-mica granite. (e, f) Outcrop
and mineral constituents of the muscovite granite. (g, h) Outcrop and mineral
constituents of the albite granite. (i) Outcrop of the spodumene (-petalite) pegmatite
dikes. (J, k) Specimen photo and characteristic mineral constituents of the pegmatite.
Abbreviations: Kfs = K-feldspar; PI = plagioclase; Oli = oligoclase; Ab = albite; Qtz =
quartz; Mus = muscovite; Bt = biotite; Spd = spodumene; Brl = beryl; Tur =

tourmaline.

Figure 3. Co-variation of whole-rock trace elements in the Pusila leucogranites.
(&) Rb/Sr versus TiO,. (b) Rb/Sr versus Be. (¢) Comparison between zircon- and

monazite-saturation temperatures.

Figure 4. Box-plot for An (anorthite) values of Plagioclase in leucogranites. Pl:

Plagioclase; Biotite G: Biotite granite; Two-mica G: Two-mica granite; Muscovite G:
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709  Muscovite granite; Albite G: Albite granite.

710

711 Figure 5. Occurrence of beryl (BSE images). (a) Small beryl crystals in two-mica
712 granite. (b) Subhedral beryl crystals interstitial to rock-forming minerals in muscovite
713  granite. (C) Euhedral or subhedral beryl crystals in albite granite. Abbreviations: Brl =
714 beryl; Kfs = K-feldspar; P1 = plagioclase; Ab = albite; Qtz = quartz; Mus = muscovite;
715 Bt = biotite.

716

717  Figure 6. Composition of beryl. (a) Covariance Cs (ng/g) versus Li(ug/g). (b) Na/Li
718  (ung/g) versus Cs (ug/g). (c) Cs/Na (apfu) versus Mg/Fe (apfu).

719

720  Figure 7. Comparison of Be contents between Pusila leucogranites and other
721  Dbiotite- and two-mica granites worldwide. 2-Mica G = two-mica granite; Bt G =
722  Dbiotite granite.

723

724  Figure 8. Modeling of Rayleigh fractionation in Pusila leucogranites and
725  pegmatites. (a) Rb versus Sr variation diagram. (b) Rb/Sr versus Cs variation
726  diagram. (c) Rb/Sr versus Be variation diagram. The mean composition of biotite
727  granites was used as the starting composition.

728

729  Figure 9. Schematic continuous crystallization model illustrating the continuous

730  beryl crystallization in the Pusila pluton. C-I: Fractional crystallization in bulk melt;
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C-II: Delayed crystallization in residual interstitial melt after fractionation.

TABLE CAPTIONS
Table 1. Beryllium reservoirs in Pusila leucogranites.
Table 2. Beryllium contents in biotite granites and two-mica granites worldwide.
Table 3. Beryllium contents in gneisses and pelitic rocks worldwide.
Table 4. Modeled Be content after partial melting.
Table 5. Rb-Sr-Be-Cs partition coefficients of main minerals for modeling Rayleigh
fractionation.
Table 6. Beryllium partition coefficients of beryl.

Table 7. Beryllium partition coefficients of whole rock (including beryl).

SUPPLEMENTAL ITEMS

Item S1: Supplemental Figures.

Supplemental Figure S1. Co-variation of whole-rock trace elements in the Pusila
leucogranites. (a) Rb/Sr versus Zr/Hf. (b) Rb/Sr versus Nb/Ta. (¢) Rb/Sr versus
distance from the first biotite granite sampling point.

Supplemental Figure S2. Occurrence of beryl. (a—d) Small beryl crystals in
two-mica granite (a, b EDS maps; ¢, d BSE images). (e) Subhedral beryl crystals
interstitial to rock-forming minerals in muscovite granite (BSE image). (f) Euhedral
or subhedral beryl crystals in albite granite (BSE image). Abbreviations: Brl = beryl;

Kfs = K-feldspar; Pl = plagioclase; Ab = albite; Qtz = quartz; Mus = muscovite; Bt =
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biotite.

Supplemental Figure S3. Composition of beryl. (a) Covariance Cs (ug/g) versus Na
(ug/g). (b) Covariance Cs (ug/g) versus Fe + Mg (ug/g).

Supplemental Figure S4. Composition of tourmaline and muscovite. (@)
Covariance F/(F+OH) (apfu) versus Mg/(Mg+Fe) (apfu) in compositions of
tourmaline. (b) Covariance F/(F+OH) (apfu) versus Mg/(Mg+Fe) (apfu) in

compositions of muscovite.

Item S2: Additional Information on Parting Melting.

SUPPLEMENTAL DATA
Supplemental Data 1: Whole rock geochemistry.

Sheet 1.1 Whole rock geochemistry of leucogranites and pegmatites.

Supplemental Data 2: Minerals chemistry.

Sheet 2.1 EMPA and LA-ICPMS analyses of beryl.

Sheet 2.2 Representative EMPA and LA-ICPMS analyses of micas.
Sheet 2.3 Representative EMPA and LA-ICPMS analyses of feldspars.
Sheet 2.4 EMPA and LA-ICPMS analyses of tourmaline.

Sheet 2.5 EMPA and LA-ICPMS analyses of quartz.

Supplemental Data 3: Statistics.
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775 Sheet 3.1 Statistics of Be contents in biotite granites and two-mica granites
776  worldwide.
777  Sheet 3.2 Statistics of Be contents in pelitic rocks in Himalaya.

778  Sheet 3.3 Statistics of Be contents in pelitic rocks worldwide.
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Table 1. Beryllium reservoirs in Pusila leucogranites.

Biotite granite Two-mica granite =~ Muscovite granite Albite granite
Temperature (°C) 774 756 721 641
Be content of melt (ppm)  6-8 7 8-39 22%° 13-35 23™° 10-241 102%°
Mineral and Mode fraction Be fraction Be fraction Be fraction  Be
K-feldspar 25% 0.9 28% 1.2 20% 1.3 10% 1.8
Plagioclase 42% 10.3 25% 9.2 30% 9.4 42% 11.2
Quartz 20% 0.8 30% 1.0 35% 0.0 40% 0.4
Muscovite 2% 10.0 8% 10.8 10% 11.3 3% 22.3
Biotite 10% 5.7 8% 52
Tourmaline 1% 2.5 1% 44 4% 3.4 5% 5.4
Total Be in RFM (ppm): 6 4 4 6
Be in beryl (ppm) 18 19 96
Be in beryl (% total Be) 81% 81% 94%
Beryl in rock (Modal %) 0.04% 0.04% 0.19%

Abbreviation: RFM = rock-forming minerals; *': average.
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Table 2. Beryllium contents in biotite granites and two-mica granites worldwide.

. . Number of ~ Mean Be Data
Rock Informations (country, location)
samples content (ppm) Source

o ) China, Canada, Czech, Karelia,
Biotite granite . . . 95 3 1-10
Russia, Spain, Tuva, USA, Ukraine

) ) China, Canada, Czech, Russia, 1,2, 4,

Two-mica granite ) 80 7
Spain 11-15

Other biotite and

. . China, Russia, Kazakhstan 48 6 2
two-mica granites
All biotite and

223 5

two-mica granites

Data source: 1 = Bea et al., 1994; 2 = Beus, 1966; 3 = Breaks and Moore, 1992; 4 = Breiter et al.,
1991; 5 = Chen et al., 2018; 6 = Lowell and Young, 1999; 7 = Tang, unpublished data; 8 = Tian et
al., 2020; 9 = Xiang et al., 2020; 10 = Zhang et al., 2016; 11 = Breaks and Tindle, 2001; 12 =
Chen et al., 2016; 13 = Ramirez and Grundvig, 1999; 14 = Ramirez and Grundvig, 2000; 15 =

Zaraisky et al., 2009; see details in Supplemental Data 3.1.
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Table 3. Beryllium contents in gneisses and pelitic rocks worldwide.

Number of Mean Be Data
Rock Other information  Location
samples content (ppm) Source
Gneiss Himalaya, GHS Pusila 3 6 1
Gneiss Himalaya, GHS Dinggye 8 5 2
Gneiss 5 4
Himalaya, GHS Nyalam 3
Gneiss, Melanosomes 8 5
Pelite Himalaya, THS Yala-Xiangbo 6 5 4
unmetamorphosed  Worldwide 205 3 5
Pelitic rocks
metamorphosed Worldwide 382 3 5

Data source: 1 = this study, Supplemental Data 3.2; 2 = Zhang et al., 2020; 3 = Yang, 2020; 4 =

Aikman et al., 2012; 5 = Supplemental Data 3.3.
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Table 4. Modeled Be content after partial melting.

Rock MBS (22MS + 7P1 + 8Q — 25Melt + 5Kfs + 5Sil + 2Bt)*

Mineral Dinineraymet: for Be Origin  Consume  Produce Restite Recalculate
K-feldspar ~ 0.19° 0% 7% 7% 9%
Plagioclase  1.84° 11% 8% 3% 4%

Quartz’ 0.01 38% 10% 28% 40%
Muscovite ~ 1.35° 29%  29% 0% 0%

Biotite 0.54° 13% 3% 16% 22%
Sillimanite®  0.01 4% 7% 11% 15%
Garnet* 0.01 6% 6% 9%
Modeled Protolith Dy P F Batch melting Fractional melting
Be 5.5 ppm 0.669 0.540 30% 6.8 ppm 7.3 ppm

The stoichiometry of muscovite dehydration-melting reaction from data: a = Patifio Douce and
Harris, 1998; Be partition coefficients used for partial melting modelling from data: b = Evensen

and London, 2002; ¢ = Assumed.
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Table 5. Rb-Sr-Be-Cs partition coefficients of main minerals for modeling Rayleigh fractionation.

Rock Biotite granite Two-mica granite Muscovite granite Albite granite

Fraction DRb DSr DBe DCS Fraction DRb DSr DBe DCs Fraction DRb DSr DBe DCS Fraction DRh DSr DBe DCS

K-feldspar ~ 25% 0.88¢ 5.00° 0.14" 0.13¢ 28% 0.899 5.00° 0.14° 0.13% 20% 0.95% 5.00° 0.14° 0.13% 10% 0.95¢ 5.00° o0.14" 0.13¢
Plagioclase  42% 0.05¢ 3.06° 037" 0.13% 25% 0.05¢ 3.06° 037" 0.13% 30% 0.044 3.06° 037" 0.13% 42% 0.04° 3.06° 037" 0.13¢
Quartz* 20% 001 001 001 001 30% 001 001 001 001 35% 001 001 001 001 40% 001 001 001 0.01

Muscovite 2% 1.60°  0.05° 087" 030° 8% 1.60°  0.05° 087" 030° 10% 1.60°  0.05° 087" 0.30° 3% 1.60°  0.05° 087" 0.30°
Biotite 10% 2.00° 0.04° 0.08" 0.40° 8% 2.00°  0.04° 0.08" 0.40°

Total 048 254 022 0.14 055 218 021 0.3 037 193 023 0.10 016 179 020 0.08

Data sources: a = Assumed for quartz; b = Long, 1978; ¢ = Icenhower and London, 1995; d = Icenhower and London, 1996; e = Drake and Weill, 1975; f = Evensen
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Table 6. Beryllium partition coefficients of beryl.

Experiment® HGS5+Brl+Qtz, R>=0.9431, 200 MPa
Temperature (°C) 640 720 750
Beryl solubility in melt (ppm)® 121 305 406

Be content in beryl (Be;Aly(Si03)s, ppm) 50300 50300 50300

Be partition coefficients of beryl
Be (in beryl, ppm) / Be (in melt, ppm) 416 165 124

Data sources: a = Evensen et al., 1999.
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Table 7. Beryllium partition coefficients of whole rock (including beryl).

Rock Biotite granite  Two-mica granite Muscovite granite  Albite granite
Temperature (°C) 774 756 721 641

Be content of rock (ppm) 7 (6-8) 22 (8-39) 23 (13-35) 102 (10-241)
Mineral and Modal (%)

Beryl” 0.04% 0.04% 0.19%

Be partition coefficient

Rock-forming minerals® 0.22 0.21 0.23 0.20

Beryl® 416 165 124

Whole rock (including Beryl) 0.22 0.26 0.29 0.99

Data sources: a = Table 1; b= Table 5; ¢ = Table 6.
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