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Abstract: The mineralogical studies of rare-element (REL) pegmatites are important for unraveling
the ore-forming process and evaluating REL mineralization potential. The Chinese Altai orogenic
belt hosting more than 100,000 pegmatite dykes is famous for rare-metal resources worldwide and
diverse REL mineralization types. In this paper, we present the results of EMPA and LA-ICP-MS
for muscovite from the typical REL pegmatite dykes of the Chinese Altai. The studied pegmatites
are Li-Be-Nb-Ta, Li-Nb-Ta, Nb-Ta, Be-Nb-Ta, Be and barren pegmatites. The Li* accompanied with
Fe, Mg and Mn substitute for Al>* at the octahedral site in muscovite from the REL pegmatites,
and the substitution of Rb by Cs at the interlayer space is identified in muscovite from the Be
pegmatites. The P and B contents increase with evolution degree and the lenses from the Nb-Ta
pegmatite are produced at late fluid-rich stage with high fluxes (P and B). The enrichment of HFSE in
muscovite indicates a Nb-Ta-Sn-W rich pegmatite magma for the Be-Nb-Ta pegmatite. From barren
pegmatite, beryl-bearing zone, to spodumene-bearing zone, the evolution degrees of pegmatite-
forming magmas progressively increase. In the Chinese Altai, the possible indicators of muscovite
for REL mineralization types include Rb (ca. 400-600 ppm, barren pegmatite; ca. 1200-4000 ppm,
Be pegmatite; >4500 ppm, Li pegmatite), Cs (ca. 5-50 ppm, barren pegmatite; ca. 100-500 ppm, Be
pegmatite; >300 ppm, Li pegmatite) and Ge (<3 ppm, barren pegmatite; ca. 4-6 ppm, Be pegmatite; ca.
6-12 ppm, Li pegmatite) coupled with Ta, Be (both <10 ppm, barren pegmatite) and FeO (ca. 34 wt%,
Be pegmatite; ca. 1-2.5 wt%, Li pegmatite). The plots of Nb/Ta vs. Cs and K/Rb vs. Ge are
proposed to discriminate barren, Be- and Nb-Ta-(Li-Be-Rb-Cs) pegmatites. The Li, Be, Rb, Cs and F
concentrations of forming liquid are evaluated based on the trace element compositions of muscovite.
The high Rb and Cs contents of liquid and lower Be contents than beryl saturation value indicate
that both highly evolved pegmatite magma and low temperature at emplacement contribute to
beryl formation. The liquids saturated with spodumene have large variations of Li, possibly related
to metastable state at Li unsaturation—supersaturation or heterogeneous distribution of lithium in
the system.

Keywords: muscovite; pegmatite; LA-ICP-MS; degree of evolution; rare-element mineralization; Altai

1. Introduction

Granitic pegmatites hosting lots of rare elements (RELs) are the important targets for
REL prospecting. The puzzles on genesis of granitic pegmatites and REL mineralization
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have always been explored. Most granitic pegmatites are interpreted as products of granitic
fractionation and evolution [1,2], in which process rare elements and fluxes accumulate in
residual melt [3-5]. Corresponding to various subtypes of granitic pegmatites and diverse
REL mineralization types, the evolution degrees of pegmatite magma are different [6-8].
It is important to show the characteristics of pegmatite magma enriched in REL, clarify the
evolution degrees to estimate the potential of REL enrichment and compare the differences
of different REL mineralization types to look for potential indicators.

Mica is one of the most common rock-forming minerals for pegmatite. Micas occur-
ring in pegmatites include biotite, muscovite, zinnwaldite, polylithionite, lepidolite, etc.
The highly structural and chemical flexibility for micas make them become repositories
for major, minor and trace elements that do not favorably enter into quartz and feldspars
which are the major mineral phases [9,10]. The compositions of micas and changes among
different mica types reflect the conditions of crystallization of magmas, including the evo-
lution degree of melts [11-14] and the redox state [10], and further reveal the origins of
magma [15-17]. Micas formed from higher evolved magma normally show enrichment
in Li, Rb, Cs and F, with decrease in Mg, Ti and the K/Rb values, both from the external
to internal zones in individual zoned bodies and from pegmatites with different degrees
of evolution [7,12-14,18-26]. Muscovite as the most common mica during the whole peg-
matite evolution and among diverse REL pegmatites is a good petrogenetic indicator of
pegmatite evolution and REL mineralization. The incompatible trace element contents
of the respective liquids (magma enriched in different REL) that are reconstructed from
compositions of muscovite also show a correlation with REL mineralization types [27],
supplying a way to survey REL-rich pegmatite magma.

The Chinese Altai orogenic belt, as the important part of the Central Asian Orogenic
Belt, hosts more than 100,000 pegmatite dykes and a lot of REL resources. The REL
mineralization types (Li-Be-Nb-Ta, Li-Nb-Ta, Nb-Ta, Be-Nb-Ta, Be and barren) of the REL
pegmatites have been recognized [28]. These REL pegmatites with distinct features on
internal zone patterns, mineralogy components, formation ages and country rocks are
good examples to study the mineral indicators for REL mineralization and to reveal the
REL enrichment. The previous studies mostly focus on formation ages and petrogenesis
of the REL pegmatites [29-38], and concentrate on melt-fluid evolution and origin of the
Koktokay No. 3 pegmatite, which is the largest Li-Be-Nb-Ta-Cs pegmatite deposit in
the Chinese Altai [28,39—46]. This paper is concerned with muscovite from the typical
pegmatites of diverse REL mineralization types in the Chinese Altai, since muscovite is the
most common mica here. We present results of major and trace element compositions of
muscovite. The chemical differences and compositional trends of muscovite would have
been summarized to clarify the evolution degrees of the typical REL pegmatite dykes, and
identify tracers that are proxies for various REL mineralization types. Moreover, some
REL concentrations of pegmatite magmas are reconstructed to further reveal the Be and
Li ore-forming process. This would shed light on REL mineralization mechanisms and be
beneficial for rare-metal prospecting in this region to some extent.

2. Regional Geological Setting

The Altai orogenic belt is situated between the Sayan and Gorny Altai of southern
Siberia to the north and the Junggar block to the south [47]. It comprises the Mongolian
Altai, Chinese Altai and Russian Altai from east to west. The Chinese Altai, divided into six
fault-bounded integral parts (the Altaishan terrane, the NW Altaishan terrane, the Central
Altaishan terrane, the Qiongkuer-Abagong terrane, the Erqis terrane and the Perkin-Ertai
terrane [48]), is composed of various deformed and metamorphosed Vendian to Paleozoic
sedimentary, volcanic and granitic rocks [49-56]. The Chinese Altai is described as a
middle Cambrian to early Permian magmatic arc [48,51-57]. It underwent a complex
evolution of subduction and accretion events in the Paleozoic period [47,57-60], shown by
ocean ridge subduction, massive granitic magma activities and Devonian high-temperature
metamorphism [54,55,61], and completed the basic tectonic framework no later than the
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middle the Carboniferous period [48,57,59,62,63]. Then, the Chinese Altai progressed into
the development of a relatively stable continent with alternating moderate tension and
compression events. During the convergence between the Chinese Altai and the East and
West Junggar arcs in the Permian [64,65] and the amalgamation of the Siberia and Tarim
cratons in the Triassic [66], the major REL pegmatites formed accompanied with relatively
small granitic magma activities [33,52,67-70].

3. Geology of Pegmatites

The pegmatite dykes in the Chinese Altai mostly occur within the Central Altaishan ter-
rane and the Qiongkuer-Abagong terrane (Figure 1). The pegmatite dykes in the Chinese Altai
are divided into nine pegmatite fields (Qinghe, Keketuohai, Kuwei-Jiebiete, Kelumute-Jideke,
Kalaeerqisi, Dakalasu-Kekexier, Xiaokalasu-Qiebielin, Hailiutan-Yeliuman and Jiamanhaba,
Figure 1) [28] and grouped into three mineralization types, which are muscovite, muscovite
rare element (muscovite-REL) and rare element (REL). The formation times of these three-type
pegmatites are 476426 Ma [31,34], 369 Ma [32] and 403-154 Ma [29,35-38,68,70-72], respec-
tively. The REL pegmatites formed in 403-386 Ma, 333-253 Ma and 250-154 Ma [29,35-
38,68,70-72], corresponding to the orogenic stages of the Chinese Altai, including syn-
orogenic (420-360 Ma), late-orogenic (350-250 Ma) and post-orogenic (250-180 Ma) set-
tings [38,50,53,54,73,74]. The REL pegmatites formed in syn-orogenic settings are scarce,
and those formed in late to post-orogenic settings are the major REL prospecting targets
in the Chinese Altai [37]. Some of the REL pegmatite dykes are Be, Be-Nb-Ta, Li-Nb-Ta,
Li-Be-Nb-Ta and Li-Be-Nb-Ta-Rb-Cs deposits [28].
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Figure 1. Geological sketch map of the Chinese Altai, modified from [47,49,57,72]. 1, Altaishan
terrane; II, NW Altaishan terrane; III, Central Altaishan terrane; IV, Qiongkuer-Abagong terrane;
V, Erqis terrane; VI, Perkin-Ertai terrane. 1, Qinghe pegmatite field; 2, Keketuohai pegmatite field;
3, Kuwei-Jiebiete pegmatite field; 4, Kelumute-Jideke pegmatite field; 5, Kalaeerqisi pegmatite field;
6, Dakalasu-Kekexier pegmatite field; 7, Xiaokalasu-Qiebielin pegmatite field; 8, Hailiutan-Yeliuman
pegmatite field; 9, Jiamanhaba pegmatite field.

In this study, seven typical REL pegmatite deposits and two barren pegmatite dykes
from four pegmatite fields in the Chinese Altai are investigated (Figure 1). The Talate
(Li-Be-Nb-Ta), Baicheng (Nb-Ta) and Kangmunagong (barren) pegmatite dykes are located
in the Qinghe pegmatite field. The Qunkuer (Be) and Husite (Be) pegmatites belong to
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Kelumute-Jideke pegmatite field. The Dakalasu (Be-Nb-Ta) pegmatite is typical in the
Dakalasu-Kekexier pegmatite field. The Xiaokalasu (Li-Nb-Ta), Weizigou (Be) and Taerlang
(Barren) belong to the Xiaokalasu-Qiebielin pegmatite fields. The types, internal zonation
patterns, mineralogy components, formation ages and country rocks of these pegmatites are
listed in Table 1. Compared with the barren pegmatites, the REL pegmatites show complex
internal zones. There is no obvious correlation between REL-minerlaization types and
formation times [72]. The studied pegmatites mostly formed in the Permian to early Jurassic
period [38,72]. The country rocks of the Dakalasu and Weizigou pegmatites are granites
with large age discrepancies [75,76], and the rest of the studied pegmatites are mainly
hosted in the middle Ordovician and middle Devonian mica schists (Figure 1) [53,77].
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Table 1. Main characteristics of the pegmatite dykes studied in the Chinese Altai.
Pegmatite Pegmatite Field Peg;;:te Pegmatite Subtype Mlne;;lrizatlon Internal Zonation and Mineralogy Components Ages Country Rock
WZ: fine Ab-Qz-Ms-Grt-Brl; OIZ: graphic 286 Ma * [72]
Talate Qinghe complex spodumene Li-Be-Nb-Ta intergrowth; I1Z: Spd-Qz-Ab; 386 Ma [37] ! Mica schist
CZ: blocky Mc and Qz block.
. . . Kf-Ab-Qz-Ms; lenses: Mc block and Qz-Ms-CGM-Tur . . .
Baicheng Qinghe beryl beryl-columbite Nb-Ta block; MU: saccharoidal Ab-Qz-Ms. 297 Ma * [72] Mica schist
Kangmunagong Qinghe Barren Homogeneous body: Kf-Ab-Qz-Ms-Tur-Grt. 265 Ma * [72] Mica schist
Kelumute- . saccharoidal Ab-Qz-Ms; coarse Grt-Ab intergrowth; . .
Qunkuer Jideke beryl beryl-columbite Be Me block; smoky Qz-Brl-Ms 194 Ma [72] Mica schist
Kelumute- BZ: fine Ab-Qz-Ms; WZ: coarse Ms-Qz-Brl-Grt; IZ:
Husite . beryl beryl-columbite Be blocky Mc and graphic intergrowth with Brl; MU: 199 Ma [72] Mica schist
Jideke .
saccharoidal Ab.
BZ: fine Ab-Qz-Ms-Grt-Tur; WZ: graphic . . .
Dakalsu ]i)(zllilfisei_ beryl beryl-columbite Be-Nb-Ta intergrowth-CGM; 1Z: Mc block-Qz-Ms-Brl ;Aég i/[/[z [[Z?]’ ]?;C;t(;t&gal)‘a[r;gf
columns-CGM; MU: Ab; CZ: Qz. - -
. Xiaokalasu- . WZ: Mc block and fine Ab-Qz-Ms-Grt-CGM; OIZ: - . .
Xiaokalasu Qiebielin complex spodumene Li-Nb-Ta Qz-Ms-K£-Grt; I1Z: Spd-Qz-Ms-CGM and blocky Me. 258-262 Ma [72] Mica schist
.. Xiaokalasu- B . BZ: Qz-Ms-Tur; WZ: fine Ab-Qz-Ms-Grt-Brl; 1Z: Two mica granite
Weizigou Qiebielin beryl beryl-columbite Be blocky Mc-Brl and coarse Qz-Ms-Brl-Tur block. 237 Ma [72] (398412 Ma) [76]
Taerlang Xiaokalasu-Qiebielin Barren BZ: Kf-Qz-Ms-Bi-Grt-Tur; WZ: graphic intergrowth 248 Ma [72] Mica schist

and Qz-Ms block

Note: * represents muscovite Ar-Ar plateau ages and other ages of pegmatites are CGM or zircon U-Pb ages. BZ, border zone; WZ, wall zone; IZ, intermediate zone; OIZ, outer
intermediate zone; IIZ, inner intermediate zone; CZ, core zone; MU, metasomatic unit; Ab, albite; Kf, K-feldspar; Mc, microcline; Qz, quartz; Ms, muscovite; Spd, spodumene; Brl, beryl;
CGM, columbite-group minerals; Tur, tourmaline; Grt, garnet; Bi, biotite.
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4. Samples and Analytical Methods
4.1. Samples

The following samples of muscovite from the Talate, Baicheng, Kangmunagong,
Husite, Qunkuer, Dakalasu, Xiaokanasu, Weizigou and Taerlang pegmatite dykes were
collected and studied. These samples are representative rocks from the barren pegmatites,
Nb-Ta, Be, Be-Nb-Ta, Li-Nb-Ta and Li-Be-Nb-Ta pegmatites. The muscovites are assem-
bled with columbite-group minerals in Nb-Ta pegmatite, with beryl in Be or Be-Nb-Ta
pegmatites, and with spodumene in Li-Nb-Ta or Li-Be-Nb-Ta pegmatites. Descriptions of
the samples are summarized in Table 2 and photographs are shown in Figure 2.

Table 2. Descriptions of the studied samples in the Chinese Altai.

Pegmatite Field Pegmatite Sample Zone Mineralogy Components
Talate 12TLT-4 Wz Ab (50)_QZ(§2_55)): “é[é&‘r’()z__grt (2-5)—Brl
Qinghe (Li-Be-Nb-Ta) 12TLT-7 cz Me (45)—Ab (10)—Qz (30)—Ms (10)—CGM (5)
Baicheng
(Nb-Ta) BC-2 Lens Qz (70)—Ms (10)—Kf (10)—Ab (5)—Col-Tan (2-5)
Kangmunagong KMNG-1 Kf (55-60)—Qz (25-30)—Ms (5-8)—Tur (5)—Grt (2)
(Barren)
Qunkuer
Kelumute- (Be) QKE-2-1 Qz (70)—Ms (15)—Ab (10)—Brl (5)
Jideke Husite HST-5 V4 Kf (45)—Qz (35)—Ms (10-15)—Btl (2-5)
(Be) HST-7 Iz Kf (40)—Qz (45)—Ms (10)—Grt (2-5)
Dakalasu- Dakalsu
Kekexier (Be-Nb-Ta) DKLS-3 1z Kf (50-55)—Qz (10-15)—Ms(20)—CGM(5)—Brl(2-5)
Xiaokalasu
Xiaokalast- (Li-Nb-Ta) XKLS-2(2) 1z Ab (50-55)—Qz (15-20)—Spd (25)—Ms (5-10)
Qiebielin We(lég"“ WZG-4 1z Q2 (60)—Mec (20)—Ms (10)—Brl (5)—Tur (2-5)
Taerlang .
(Barren TEL-1(1) wz Kf (40)—Qz (35-40)—Ms (15)—Bi (5)

Note: The numbers in brackets represent percent contents; BZ, border zone; WZ, wall zone; IZ, intermediate zone;
CZ, core zone; Ab, albite; Kf, K-feldspar; Mc, microcline; Qz, quartz; Ms, muscovite; Spd, spodumene; Brl, beryl;
CGM, columbite-group minerals; Tur, tourmaline; Grt, garnet; Bi, biotite. The samples KMNG-1, QKE-2-1 and
WZG-4 are from [72].

Figure 2. Photographs of samples (a) 12TLT-4, (b) 12TLT-7, (c) BC-2, (d) KMNG-1, (e) HST-5, (f) HST-7,
(g) QKE-2-1, (h) DKLS-3, (i) XKLS-2(2), (j) TEL-1(1), (k) WZG-4. Ab, albite; Kf, K-feldspar; Qz, quartz;
Ms, muscovite; Spd, spodumene; Brl, beryl;, CGM, columbite-group minerals; Tur, tourmaline;
Grt, garnet. Photos g and k are from [72].
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4.2. Analytical Methods
4.2.1. EMPA

Major-element compositions of the minerals were determined using a JEOL JXA-8100
electron microprobe at the State Key Laboratory of Lithospheric Evolution, Institute of
Geology and Geophysics, Chinese Academy of Sciences. An acceleration voltage of 15 kV
and a beam current of 20 nA with beam diameters of 5 pm were used for quantitative
analysis. The following standards were used for the quantitative analyses: Jadeite (Na-
Kua; Al-Kw), fluorite (F-Kw), garnet (Fe-Ka), pyrope (Mg-Ka), diopside (Si-Ka; Ca-Kx),
bustamite (Mn-Kx), rutile (Ti-Ka), K-feldspar (K-Ka), crocoite (Cr-Ka) and ZnO (Zn-Ka).
Peaks and backgrounds were measured with counting times of 20 s or 40 s per element.
The ZAF routine was used for data reduction [78]. The structural formula for muscovite
was calculated on the basis of 24 anions, assuming stoichiometric amounts of H,O as (OH),
i.e,, OH + F = 4 apfu (atoms per formula unit).

4.2.2. LA-ICP-MS

In situ trace element analyses of individual muscovite grains were determined using an
Agilent 7500a ICPMS coupled to a 193 nm excimer ArF laser ablation system at the State Key
Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy
of Sciences. The description of detailed analytical technique can be found in [79]. During
analysis, spot size of 60 pm was applied with a repetition rate of 6 Hz, and the energy density
employed was ~10 J/cm?. All measurements were performed in time-resolved analysis
mode utilizing peak jumping with 1 point per mass peak. Each spot analysis consisted of
approximately 30 s of background acquisition and 60 s of sample data acquisition. NIST 612
was used as external standards, and mean Si values on individual grain determined by EPMA
were used for internal calibration. Raw counts were processed offline and data-reduction and
concentration calculations were then performed by Glitter [80].

5. Results
5.1. Major Elements

The mica of the pegmatites in the Chinese Altai analyzed here belongs to muscovite
and phengite occasionally (Figure 3). The muscovite crystals analyzed are homogeneous
in BSE images. The EMPA results of mica from the Talate, Baicheng, Kangmunagong,
Qunkuer, Husite, Dakalasu, Xiaokalasu, Taerlang and Weizigou pegmatite dykes are given
in Supplementary Materials Table S1 and the representative data are shown in Table 3.
The FeO contents vary from 0.54 wt% to 4.41 wt%. The MnO and MgO concentrations are
in ranges below detection limit (bdl) -0.93 wt% and 0.01-1.12 wt%, respectively. The TiO,
and F contents are bdl-1.42 wt% and bdl-1.16 wt%, respectively. The Na,O contents are low
(0.05-0.92 wt%), coupled with lower contents of ZnO (<0.11 wt%), CaO (<0.05 wt%) and
CrpOs3 (£0.04 wt%). The Li,O contents based on the LA-ICP-MS data reach up to 0.36 wt%,
whilst the calculated H,O contents range between 3.89 wt% and 4.54 wt%, respectively.

5.2. Trace Components

The trace element compositions of muscovites in the pegmatite dykes analyzed here
are given in Supplementary Materials Table S1 and the representative results are shown in
Table 3. The large concentration variations occur in Li (82.7-1659 ppm), B (42.3-495 ppm), Sc
(bdl-143 ppm), Ga (57.8-403 ppm), Rb (420-8329 ppm), Nb (33.9-343 ppm), Sn (bdI-800 ppm),
Cs (6.40-2600 ppm), Ba (bdl-579 ppm) and Ta (1.27-243 ppm). Muscovite samples show
smaller variations for Be (0.26-36.4 ppm), V (bdl-66.7 ppm) and W (0.56-80.7 ppm). Low
concentrations are obtained for Ge (1.86-19.5 ppm), Sr (0.13-44.0 ppm), Pb (2.68-12.9 ppm),
Co (0.06-7.33 ppm) and Zr (bdl-1.95 ppm, except 1 point of 1523 ppm), respectively. Lower
contents are observed for Hf (bdl-1.15 ppm), Mo (bdl-0.34 ppm) and U (bdl-1.53 ppm),
whilst the concentrations of REE, Y and Th are extremely low (bdl). The K/Rb, K/Cs
and Nb.Ta ratios are in broad ranges of 10.4-196, 33.4-12761 and 0.73-26.68, respectively
(Supplementary Materials Table S1).
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Table 3. The representative EMPA and LA-ICP-MS results of muscovites in the pegmatite dykes of the Chinese Altai.

Pegmatite Dyke Kangmunagong Taerlang Baicheng Weizigou Qunkuer Husite Dakalasu  Xiaokalasu Talate
Mineralization Type Barren Barren Nb-Ta Be Be Be Be-Nb-Ta Li-Nb-Ta Li-Be-Nb-Ta
Rock Type Mc-Qz-Ms-Tur-Grt WZ Lens 1Z Qz-Ms-Ab-Brl 1Z 1Z 1z WZ CZ
Sample No. KMNG-1 TEL-1(1) BC-2 WZG-4 QKE-2-1 HST-5 HST-7 DKLS-3 XKLS-2(2) 12TLT-4 12TLT-7
/Wt‘yo

S5i0, 46.95 46.70 46.70 46.36 45.98 46.78 46.60 46.46 46.26 46.16 46.15
TiO, 0.12 0.51 0.03 1.29 0.07 bdl 0.09 0.23 0.03 0.34 0.41

Al O3 34.65 3241 36.90 31.22 33.45 34.64 33.95 33.38 36.81 33.90 3245
Cr,O3 bdl bdl 0.03 0.02 bdl bdl 0.03 0.02 bdl 0.03 0.02
FeO 1.86 3.48 0.83 3.94 412 2.40 3.50 3.79 1.02 2.30 2.55
MnO 0.04 0.06 0.03 0.11 0.06 0.04 0.09 0.10 0.13 0.04 0.04
MgO 0.81 1.06 0.21 1.02 0.17 0.24 0.24 0.10 0.04 0.92 1.11
ZnO bdl 0.02 0.07 0.04 0.04 bdl bdl 0.07 0.05 0.08 0.08
CaO bdl bdl 0.02 bdl bdl bdl 0.02 0.02 bdl 0.02 0.04
Li,O* 0.08 0.02 0.10 0.28 0.15 0.16 0.15 0.08 0.10 0.34 0.28
Na,O 0.43 0.60 0.57 0.50 0.91 0.36 0.43 0.65 0.75 0.39 0.45
K>;O 10.11 9.84 9.83 9.52 9.62 9.96 9.59 9.41 9.52 10.13 10.39

F bdl bdl 0.33 0.46 1.16 0.24 0.47 0.51 0.08 0.76 0.82
O=F bdl bdl 0.14 0.20 0.49 0.10 0.20 0.21 0.03 0.32 0.35
H,O* 4.50 444 4.39 4.19 3.87 4.36 424 419 4.47 4.10 4.02
Total 99.54 99.13 99.90 98.73 99.12 99.07 99.19 98.77 99.23 99.17 98.47

(O,0H, F) =24

Si 6.253 6.305 6.157 6.299 6.232 6.266 6.266 6.287 6.141 6.203 6.272
IVAL 1.747 1.695 1.843 1.701 1.768 1.734 1.734 1.713 1.859 1.797 1.728
IVSum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
VIAI 3.694 3.464 3.892 3.299 3.577 3.737 3.648 3.612 3.902 3.572 3.471
Ti 0.012 0.052 0.003 0.132 0.007 0.000 0.009 0.023 0.003 0.034 0.042
Cr 0.000 0.000 0.003 0.003 0.000 0.000 0.003 0.002 0.000 0.003 0.002
Fe 0.207 0.393 0.092 0.447 0.467 0.269 0.394 0.429 0.113 0.258 0.290
Mn 0.004 0.007 0.004 0.012 0.007 0.004 0.010 0.011 0.015 0.005 0.005
Mg 0.160 0.214 0.042 0.206 0.034 0.047 0.047 0.020 0.009 0.184 0.224

Li 0.044 0.011 0.052 0.151 0.084 0.086 0.083 0.044 0.053 0.185 0.151
Zn 0.000 0.002 0.007 0.004 0.004 0.000 0.000 0.007 0.005 0.008 0.008
VISum 4.122 4.143 4.094 4.253 4.179 4.144 4.194 4.148 4.099 4.249 4.195
Ca 0.000 0.000 0.003 0.000 0.000 0.000 0.003 0.002 0.000 0.002 0.006
Na 0.111 0.156 0.145 0.131 0.239 0.093 0.111 0.171 0.193 0.101 0.118
K 1.717 1.695 1.654 1.650 1.664 1.702 1.645 1.625 1.612 1.736 1.802
XIISum 1.828 1.852 1.802 1.781 1.903 1.794 1.759 1.799 1.805 1.839 1.927
F 0.000 0.000 0.138 0.199 0.498 0.100 0.198 0.217 0.034 0.324 0.354

OH 4.000 4.000 3.862 3.801 3.502 3.900 3.802 3.783 3.966 3.676 3.646
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Table 3. Cont.

Pegmatite Dyke Kangmunagong Taerlang Baicheng Weizigou Qunkuer Husite Dakalasu  Xiaokalasu Talate
Mineralization Type Barren Barren Nb-Ta Be Be Be Be-Nb-Ta Li-Nb-Ta Li-Be-Nb-Ta
Rock Type Mc-Qz-Ms-Tur-Grt WZ Lens 1Z Qz-Ms-Ab-Brl 1Z 1Z 1z WZ CZ
Sample No. KMNG-1 TEL-1(1) BC-2 WZG-4 QKE-2-1 HST-5 HST-7 DKLS-3 XKLS-2(2) 12TLT-4 12TLT-7
/ppm

Li 385 94.7 453 1279 717 745 716 380 461 1591 1287

Be 0.401 5.53 24.8 26.0 20.5 23.1 21.3 27.0 22.59 25.5 23.7

B 822 60.1 382 789 713 133 131 146 141 86 307

P 134 23.8 175 28.1 126 58.9 38.0 58.5 53.3 139 145

Sc 229 99.5 17 66.7 1.86 2.11 1.36 4.48 2.19 8.79 3.94

\% 0.033 36.1 28.3 43.0 0.151 0.334 3.18 4.05 1.47 47.3 21.1

Mn 172 536 264 781 320 744 812 617 908 311 246

Co 0.317 1.32 0.79 1.36 0.070 0.197 0.324 0.282 0.08 6.66 5.14

Ga 60.0 145 67.3 112 120 114 124 388 122 721 67.7

Ge 2.82 2.27 13.8 3.84 4.28 3.71 4.58 6.79 6.01 9.08 19.5

Rb 428 455 4434 1205 4015 2963 2964 3843 4733 4774 8329

Sr 3.21 16.3 6.54 9.34 1.12 3.53 0.515 0.266 3.07 3.75 4.2
Zr 1523 1.61 bdl 1.18 0.393 0.308 1.08 1.121 bdl 0.73 0.237

Nb 40.3 86.3 170 122 301 257 305 169 159 231 300
Mo 0.112 0.324 bdl 0.087 bdl 0.176 0.096 0.092 bdl 0.093 bdl
In 0.197 0.996 bdl 0.31 0.256 0.123 0.045 4.86 0.079 0.069 0.021

Sn 12.4 34.7 bdl 15.8 62.3 21.2 9.60 773 18.1 1.73 0.92

Cs 7.69 6.4 472 100 93.5 107 101 517 280 332 1514

Ba 6.57 315 5.08 252 bdl 1.39 141 1.24 2.85 82.5 28.3
Hf 0.27 bdl bdl 0.14 bdl bdl 0.195 0.826 bdl 0.51 0.133

Ta 1.86 3.77 58.1 26.7 24.5 16.1 247 225 46.8 53.9 109

W 22.5 78.2 0.94 17.0 31.6 17.6 16.8 57.3 5.81 5.99 1.62

Pb 74 6.88 5.63 6.33 4.62 5.08 4.5 12.1 4.9 2.96 4.14

Th bdl bdl bdl 0.032 bdl 0.016 bdl bdl bdl bdl bdl

U bdl bdl 1.53 0.082 bdl bdl bdl bdl bdl bdl bdl
K/Rb 195.77 179.65 18.40 65.55 19.89 27.87 26.84 20.32 16.68 17.60 10.35
K/Cs 10,904 12,761 173 786 854 769 786 151 282 253 56.95
Li/Cs 50.06 14.80 0.96 12.74 7.67 6.93 7.07 0.73 1.64 4.80 0.85
Nb/Ta 21.69 22.90 2.92 4.56 12.28 15.93 12.37 0.75 3.40 4.28 2.75

Note: bdl, below detection limit; *, calculated using LA-ICP-MS data; WZ, wall zone; IZ, intermediate zone; IIZ, inner intermediate zone; CZ, core zone; Ab, albite; Mc, microcline;
Qz, quartz; Ms, muscovite; Brl, beryl; Tur, tourmaline; Grt, garnet.
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Figure 3. Mg-Li vs. Feyot + Mn + Ti-AIV! diagram according to [81].

6. Discussion
6.1. Substitutions among Alkali Elements

Li, Rb and Cs are important alkali elements incorporated in muscovite since the con-
tents of Li, Rb and Cs of muscovite generally increase during the progressive fractionation
process of pegmatite dyke. In the Chinese Altai, from the barren to REL pegmatite dykes, Rb
and Cs basically display a positive correlation with Li and these alkali elements are more in-
corporated in muscovites. It is believed that Li* substitute for AI3* at the octahedral site [82]
and the incorporation of Li into Al-rich/dioctehedral micas appears to be controlled by
the substitutions Si,pLi 1 Al_3, Li,3Al_10_5 [13], Li;;Fe,10_1Al_q, LioSi AV ALY,
and Fe,1Mg,1Mn,, Li, AIVT_;0_ [83]. Here, a negative correlation between Li and VIAL
and a positive correlation between Li and total Fe, Mg and Mn (Figure 4) suggest that Li*
accompanied with Fe, Mg and Mn substitute for AIP* at the octahedral site. In general, Rb
and Cs come into the interlayer site on account of large atomic radius [84]. In some of the
Be pegmatites, Rb is negatively related to Cs and Li (Figure 4). The atomic radius of Li
is obviously smaller than those of Rb and Cs, but Rb and Cs have similar atomic radius.
Thus, there might be a substitution of Rb by Cs at interlayer space in muscovite from some
of the Be pegmatites. In the Li-mineralized pegmatite dykes (Li-Nb-Ta and Li-Be-Nb-Ta
pegmatites), Rb and Cs concentrations decrease and Li contents increase (Figure 4). Rb and
Cs in muscovite might not be directly substituted by Li on account of difference concerning
atomic radius. It is noted that muscovites in Li-mineralized pegmatite show trends of
relatively high AIV! and low total Fe, Mn and Mg (Figure 4). Therefore, large amount of
Li incorporation in muscovites from Li-mineralized pegmatite might be also related to
other substitution mechanisms which involve the reduction of Rb and Cs in muscovite in
some degree.

6.2. Implications of Fluxes and HFSE

Enrichment of fluxes (i.e., F, B and P) is an important feature for pegmatite magma
because they favor the pegmatitic textures (i.e., graphic pegmatite UST, or giant crystals)
and REL mineralization [85,86]. The concentrations of F and P of muscovite show a
positive correlation with the Li and Cs contents, which are indicators of evolution degree
(Figure 5). Fluxes (i.e., F and P) were mostly collected in pegmatite magmas with a high
degree of fractionation. A positive correlation between P and B could be identified in
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Figure 5. The contents of P and B are basically positively related to evolution degree,
but the quartz-muscovite-columbite-tantalite lens of the Baicheng Nb-Ta pegmatite with a
middle evolution degree are obviously enriched in P and B (Figure 5), suggesting that fluxes
(i.e., B and P) accumulated at late fluid-rich stage during pegmatite evolution compared to
other zones of pegmatite.
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Muscovite is mainly considered as a repository of Sn, Nb, Ta and W in evolved granitic
rocks [87,88]. From barren to REL pegmatites, muscovites generally show higher Nb and
Ta contents. The enrichment of both Nb and Ta of muscovites is possibly affected by highly
evolved pegmatite magma. Due to the differences of partition coefficients of Nb and Ta
and the presence of large amounts of Nb-Ta bearing phases, the correlation between Nb
and Ta in muscovite among the REL pegmatites becomes complicated. There is a positive
correlation between Sn and W, reflecting their similar behaviors in the pegmatite systems,
and a weakly negative correlation between concentrations of Sn and W and evolution
degree of magma can be seen (Figure 5), indicating that Sn and W contents might be related
to fractional crystallization, fluid activities or other factors such as magma source [26,89-91].
Here, muscovites in the Dakalasu Be-Nb-Ta pegmatite are extremely enriched in Nb, Ta,
W and Sn, mainly controlled by chemical features of magma, which is a Nb-Ta-Sn-W-rich
pegmatite-forming magma [92], supported by occurrences of cassiterite and W-columbite-
tantalite in the Dakalasu (Be-Nb-Ta) pegmatite (WO3 up to 4.31 wt% [72]).

6.3. The Evolution Degree of Different REL Pegmatites

It is believed that different REL mineralization types are controlled by evolution degree
of pegmatite magma [93-95]. The indicators of evolution degree in mica include the K/Rb
and K/Cs values [21], and the contents of Li [20], Rb, Cs [13,14] and F [22,24]. With increase
of degree of evolution of pegmatites, the K/Rb and K/Cs values decrease and the contents
of Li, Rb, Cs and F increase. The K/Rb value and Cs content of muscovites are relatively
reliable indicators of evolution degree of pegmatite magma [7,18,19,24,25,27]. Plot of K/Rb
vs. Cs is used to discriminate REL mineralization types of pegmatites [84,93,96]. The mus-
covite samples come from barren pegmatite, lens saturated in columbite group minerals
(CGM) from Nb-Ta pegmatite, zones saturated in beryl from Be pegmatite, zones assembled
with beryl and CGM from Be-Nb-Ta pegmatite, and zones saturated in spodumene from
Li-Nb-Ta pegmatite. According to the consistent ranges of K/Rb ratios and Cs contents,
there is no evidently fractional crystallization from the wall zone to core of the Talate Li-Be-
Nb-Ta pegmatite dyke. Thus, the muscovites from these zones could reflect the chemical
features of magma that formed the inner intermediate zone, which is saturated in beryl and
spodumene. Moreover, muscovites from the Koktokay No.3 Li-Be-Nb-Ta-Rb-Cs pegmatite
deposit in the Chinese Altai, which consists of nine zones and experienced three stages
accompanied with Be-Nb-Ta, Li-(Be-)Nb-Ta and (Li-Ta-)Rb-Cs deposition [46,97-100], are
added to discuss the evolution degree of REL pegmatites in this region and the data are
from [45]. The compositions of these muscovites reflect the chemical features of pegmatite-
forming magma that are at equilibrium of different REL minerals (beryl, spodumene, CGM
and lepidolite) for pegmatites with diverse REL mineralization, respectively.

Overall, from barren pegmatite, the beryl-bearing zone, to the spodumene-bearing
zone, the pegmatite-forming magma basically display an increasing evolution degree
due to decreasing K/Rb ratios and increasing Cs contents (Figure 6). This is in accor-
dance with the previous studies of other pegmatite fields (e.g., Totoral pegmatite field,
Argentina [93]). The muscovites from the beryl-bearing zones of the Li-Be-Nb-Ta-Rb-Cs
pegmatite (zones I-IV) have close K/Rb ratios and Cs concentrations compared to those
from the Be-mineralized pegmatite dykes (Be and Be-Nb-Ta pegmatites) (Figure 6). It is
noted that the muscovites from the lens of Nb-Ta pegmatite dyke and beryl-bearing zones
in Be-Nb-Ta pegmatite display a similar evolution degree of magma, but host higher Cs
contents than beryl-bearing zones in single Be pegmatite (Figure 6). This might be related
to more fluid at formation of these zones, accompanied with higher fluxes and elevated
amounts of Ta [101,102]. Similarly, spodumene-bearing zones of the Li-Be-Nb-Ta-Rb-Cs
pegmatite (zones V-VI) show close K/Rb ratios but higher Cs concentrations than those
zones from Li-Nb-Ta and Li-Be-Nb-Ta pegmatites (Figure 6). Finally, the lepidolite-bearing
zone of the Li-Be-Nb-Ta-Rb-Cs pegmatite (zone VIII) displays higher evolution degree than
spodumene-bearing zones of the Li-mineralized pegmatites (Figure 6).



Minerals 2022, 12, 377 13 of 23

1000

¢
100 |

_‘;
Q@ -% o
10 | £

K/Rb

1 1 1 1 L
1 10 100 1000 10,000 100,000
Cs/ppm
Qiongkuer-Abagong Terrane Central Altaishan Terrane
Qinghe pegmatite field Kelumute-Jideke pegmatite field
A Kangmunagong A Baicheng O Husite @ Quekuer

A wall zone of Talate A core of Talate Keketuohai pegmatite field

Xiaokalasu-Qiebielin pegmatite field ~ <Oktokay No.3

. ) =border
@ Taerlang®@Weizigou @ Xiaokalasu zone |l =zone IV

Dakalasu-Kekekxier pegmatite field zone V =zone V| =zone VIII
ODakalasu

Figure 6. Plot of K/Rb vs. Cs content for muscovites from the pegmatites studied and the Koktokay
No.3 pegmatite in the Chinese Altai. The regions of zones I-IV and zones V-VIII of the Koktokay
No.3 pegmatite are based on the data from [45,100].

6.4. Possible Indicators of Different REL Mineralization

The chemical compositions of minerals are mainly controlled by characteristics of
forming liquid, elements partition for mineral/melt and mineral/mineral and crystal
structures. The trace element incorporations into muscovite on accounts of flexibility of
crystal structure supply an opportunity to look for possible indicators of different REL
mineralization and further be good for REL prospecting to some extent.

(1) Barren, Be-mineralized and Li-mineralized pegmatites

Compared to the zones saturated in REL minerals from different pegmatite dykes
with diverse REL mineralization types, muscovites from barren pegmatites are strongly
poor in Rb (ca. 400-600 ppm), Cs (ca. 5-50 ppm), Ge (<3 ppm), Ta (<10 ppm), Be (<10 ppm)
and F (negligible in EMPA), and relatively rich in MgO (~1 wt%) (Figure 7). In comparison
with barren pegmatite and zones saturated with Li-silicate minerals from Li-mineralized
pegmatites, muscovites intergrown with beryls from Be-mineralized pegmatite dykes host
middle concentration levels of Rb (ca. 1200-4000 ppm), Cs (ca. 100-500 ppm) and Ge (ca.
4-6 ppm) and a high content level of FeO (ca. 34 wt%) (Figure 7). The muscovites from
the Li-mineralized pegmatites have contents of Rb (>4500 ppm), FeO (ca. 1-2.5 wt%) and
large variations of Cs (>300 ppm), and Ge (ca. 6-12 ppm) (Figure 7). While Li concentration
of muscovite exceeding 600 ppm [103] or 500 ppm [82] was suggested as an indicator
for the identification of spodumene-rich pegmatites, the muscovites from the Xiaokalasu
Li-Nb-Ta pegmatite are relatively poor in Li and those from the Be pegmatites are rich in
Li. Moreover, no consistent correlation can be seen between the Li content of muscovite
and the presence of spodumene in spodumene-rich Moblan pegmatite [9,82]. Thus, Li
content of muscovite might not be a reliable indicator of spodumene-bearing pegmatite in
the Chinese Altai.
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Figure 7. Whisker-box diagrams of variations of Rb, Cs, Ge, Ta, Nb, Li, Be, B, F, FeO, MnO and
MgO contents, showing compositional trends of muscovites from pegmatites with diverse REL
mineralization types. The Koktokay No.3 pegmatite represent the Li-Be-Nb-Ta-Rb-Cs mineralization
type and zones I-IV and V-VIII are related to those assembled with beryl and spodumene/lepidolite,
respectively. The data of muscovites of the Koktokay No.3 pegmatite are from [45,100]. The black and
grey arrows represent trends of changes from barren to Li-Be-Nb-Ta-Rb-Cs pegmatite and among
beryl-bearing or spodumene-bearing pegmatites, respectively.

(2) Nb-Ta-, beryl- and spodumene-(lepidolite)-bearing pegmatites

The lens of Nb-Ta pegmatite reveals the specific features of muscovite crystallizing
from late fluid during Nb-Ta-bearing pegmatite evolution, including high B (334495 ppm)
and Ge (13.1-17.7 ppm) and low FeO (<1 wt%) contents (Figure 7). Compared to those
of Be pegmatite, muscovite saturated with beryls from the Be-Nb-Ta pegmatite display
extremely high contents of Ta, Cs and low contents of Li, Nb and FeO (Figure 7), reflecting
the chemistry characteristics of Ta-rich pegmatite-forming magma and effected by large
amounts of CGM crystallization. The muscovites assembled with spodumene from the
Li-mineralized pegmatites are in consistent concentrations of Rb and Be, but those from
the Li-Be-Nb-Ta pegmatite are rich in Cs, Ge, Nb, Ta, Li, F, MgO and FeO and poor in
MnO (Figure 7). Both evolution degree of magma and features of magma for a single
pegmatite dyke have effects on muscovite chemistry. The muscovites from zones I-IV and
zones V-VIII of the Li-Be-Nb-Ta-Rb-Cs pegmatite have obviously higher contents of Li,
Be and MnO than those from beryl-bearing and spodumene-bearing zones of other Be-
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and Li-mineralized pegmatites, respectively (Figure 7) [45], indicating a highly evolved
pegmatite magma at emplacement.

On the basis of comparisons summarized above, some trace elements show eviden-
tial differences among diverse REL mineralization types, such as Rb, Cs, Ge, Ta, etc.
The Nb/Ta ratios of muscovite are also different among the pegmatites with distinct REL
mineralization types (Figure 8). The Nb/Ta values of muscovite normally decrease with
an increasing evolution trend due to preferential incorporation of Nb in muscovite and
columbite [27,104], lower solubility of columbite-(Mn) than tantalite-(Mn) in peraluminous
granitic melts [104,105] and an enrichment of Ta relative to Nb in residual liquids [106].
The tantalite crystallization caused by supersaturation at strong undercooling [107] would
make an effect on the Nb/Ta ratios. The muscovites from zone II of the Koktokay No.3
pegmatite display various Nb/Ta ratios, some of which overlap those of the Li pegmatites
(Figure 8). The Nb and Ta contents of pegmatite magma also play roles in Nb/Ta ratios.
The Dakalasu Be-Nb-Ta pegmatite has a middle evolution degree, but the muscovites
show lower Nb/Ta ratios (Figure 8). The Nb/Ta ratios of muscovite generally change
with evolution degree of magma and are scattered in some degree. Thus, combined with
the K/Rb ratio and Cs content that are accepted indicators of fractionation [27], we pro-
pose potential plots of Nb/Ta vs. Cs and K/Rb vs. Ge to discriminate barren, Be- and
Nb-Ta-(Li-Be-Rb-Cs)-bearing pegmatites (Figure 8).
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Figure 8. Variation diagrams of Nb/Ta vs. Cs content and K/Rb vs. Ge content, indicating the
differences of muscovites from the barren, Be and Nb-Ta-bearing pegmatites in the Chinese Altai.
The regions of zones I-IV and zones V-VIII of the Koktokay No.3 pegmatite are based on the data
from [45,100].
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6.5. Evaluation of the REL Concentrations of Liquids

The use of mineral composition and melt/mineral partition provides a semi-quantitative
estimate of melt trace element contents during crystallization [27]. Micas offer better
perspectives than feldspars that are easily re-equilibrated at low temperatures [108] and
quartz that are generally very pure except for only a few trace elements [109]. Consid-
ering temperatures of pegmatite formation (620-700 °C) and saturation/trace level of
rare elements (Li, Be, F, Rb and Cs), the partition coefficients Dl /melt (i = incompatible
trace element) [10,110,111] are preferred as values in Supplementary Materials Table S2.
The muscovite crystals analyzed here are from barren pegmatite or intergrown with Be- or
Li- aluminate crystals in REL pegmatite. The calculated trace element contents of liquids
(referring to forming medium for minerals) at equilibrium with these muscovites reflect
the characteristics of trace elements of barren pegmatite-forming magma or REL-enriched
magma with different REL mineralization types.

Overall, the calculated trace element concentrations for liquid (pegmatite melt) are
close or similar to the reported data of those inferred for pegmatite melts (Table S3) (Li,
0.5-1.0 wt% 3000-10000 ppm, [85,112,113]; Be, 25-70 ppm, [111]; E, ca. 1-2 wt%, [85,113];
Rb, 0.05-0.15 wt%; Cs, 0.01-0.02 wt%, [27]). Rb(hq) and Li(hq) define correlation, respectively,
positive with Csq) as expected for pegmatite differentiation [114,115] and no clear corre-
lation between Beiq), Fiiq) and Csiq) could be seen (Figure 9). The liquids of the barren
and REL pegmatite dykes in the Chinese Altai calculated by muscovite (Supplementary
Materials Table S3) display Be contents of <5 ppm and ca. 15-50 ppm. The liquids of the
barren and spodumene-absent REL pegmatites show Li contents of ca. 400-2300 ppm and
>1800-6000 ppm (Supplementary Materials Table S3). The magmas that produce beryl
and CGM host more Be and Li contents than barren pegmatites. Fractional crystallization
contributes to Be and Li accumulation in pegmatite magma.
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Figure 9. Calculated trace element contents (Li, Be, F and Rb) of liquids at equilibrium with mus-
covite from REL pegmatite dykes plotted as a function of the calculated Cs concentration of the
liquid. The Koktokay No.3 pegmatite represents the Li-Be-Nb-Ta-Rb-Cs mineralization type and the
compositions of muscovites from zones I-IV and V-VIII [45,100] are used for calculating the trace
elements content of liquids that are saturated with beryl and spodumene/lepidolite, respectively.
The green dashed and solid lines refer to Be contents of liquid saturated with beryl and beryl-bearing
pegmatite [111]. The pink dashed and solid lines indicate Li contents of liquid saturated with
Li-aluminosilicate and spodumene-bearing pegmatite [112,116].
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6.5.1. Be Content of Beryl-Forming Magma for Be-Mineralized Pegmatite

The average Be contents of crust and granitic rocks are ~2 ppm and ~5 ppm, respec-
tively [111]. Be contents of pegmatites have been estimated ranging from ~35 to ~575 ppm
Be [111,117-119]. Beryl-bearing pegmatites contain >100 ppm Be and beryl-rich pegmatites
have an average Be content of 230 ppm [111]. Be contents of pegmatites increase from
beryl- to spodumene- and lepidolite-bearing pegmatites [111], since the solubility of beryl
in melt with speciation reactions involving Li, F, B and P is greater [120]. It is inferred
that a beryl-bearing pegmatite initially contains 140 ppm Be [121]. Silicic melts become
saturated in beryl with as little as ~70 ppm Be [120]. Extended fractionation beyond ~95%
total solidification by at least a three-step process is required to achieve beryl saturation in
granite magmas [111]. Therefore, a high evolution degree of magma is required to achieve
enough Be content in magma for the presence of beryl.

It is noted that the Be contents of the liquids at equilibrium with beryl in the Chinese
Altai are commonly lower than the ~70 ppm (Figure 9) required for beryl saturation in
silicic melts [120]. The beryl-bearing pegmatites investigated in this study show a relatively
high evolution degree that is similar to those of Be-mineralized pegmatites (Figure 6) [93].
Thus, besides a higher evolution degree, there is another factor that could control beryl
saturation. The solubility of beryl falls with decreasing temperature [120] and Be content
of melt decreases with a lower temperature [111]. Temperature is an important control
on beryl deposition, because BeO content of melt projects to a narrow range of similar
values at low T and metaluminous to peraluminous granitic magmas with/without volatile
and fluxing components will have similarly low BeO requirements for beryl saturation,
if cooled to subsolidus temperatures [120]. This is the major reason why the BeO content
of pegmatite-forming liquid for the beryl-bearing pegmatite rocks in the Chinese Altai is
relatively low. Both highly evolved pegmatite magma and low temperature at emplacement
are important factors for beryl formation in the REL pegmatites in the Chinese Altai.

6.5.2. Li Content of Spodumene-Forming Magma for Li-Mineralized Pegmatite

The average Li content of crust ranges from 13 to 35 ppm [122,123]. The average con-
tent of Li for the spodumene-bearing pegmatites is ~2323 ppm [112]. The Li-rich pegmatite
magma come from extremely high fractionation of evolved granitic magma [95,124,125],
low-degree partial melting [126] or exsolution of supercritical fluid enriched in alkalis and
fluxes [127]. Granitic melts become saturated in spodumene with as little as ~6968 ppm Li,
but Li-aluminosilicate would not crystallize until the system experienced a delay to accu-
mulate thousands of ppm Li in the melts above the saturation value and supersaturation
in the melt was achieved [116]. The liquids saturated with spodumene of the Li-Nb-Ta,
Li-Be-Nb-Ta and Li-Be-Nb-Ta-Rb-Cs pegmatites in the Chinese Altai contain >1600 ppm,
>6600 ppm and >24,000 ppm Li (Supplementary Materials Table S3). Compared to the Li
saturation value, the Li contents of liquid of the Xiaokalasu Li-Nb-Ta are very low and
those of the Talate Li-Be-Nb-Ta are close but could not reach up to Li supersaturation
(Figure 9). However, the spodumene assembled with these muscovites in the same zone
of pegmatites occurred. There are some possibilities. (1) When the Li supersaturation is
achieved or nearly achieved, further cooling or Li-poor phase crystallization are required
for initial spodumene crystallization [116,128]. Muscovite as one of the ‘Li-poor” phases
(Kdp; = 0.12-0.82) formed, reflecting the state of melts at Li saturation or unsaturation. Thus,
muscovite with low Li content occurs with spodumene. (2) The low Li content of liquid
with spodumene saturation might be related to heterogeneous distribution of lithium. The
boundary layers concentrate incompatible and fluxing components (e.g., Li and F) and
further form Li-aluminosilicate [4,85,129]. Muscovites do not form by boundary layers.
This is in accordance with low F contents of liquid of Li-Nb-Ta pegmatite (Figure 9). On the
other hand, from the spodumene-glass interface to >200 um outside, the Li concentrations
of liquid could decrease from ~6000 to ~1600 ppm in the dissolution experiments [116].
The liquids outside spodumene crystals are not so rich in Li, leading to muscovite with
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lower Li contents. Thus, taking Li content of muscovite as a tracer for REL mineralization
is in need of more investigation.

7. Conclusions

The chemistry of muscovites from the pegmatites of the Chinese Altai reveals that
the pegmatite magmas for barren, Nb-Ta, Be, Be-Nb-Ta, Li-Nb-Ta and Li-Be-Nb-Ta are
complex and diverse. The chemical studies of muscovite contribute to looking for REL
mineralization type tracers and reflecting the ore-forming process in some degree.

1.  Li* accompanied with Fe, Mg and Mn substitute for AI** at the octahedral site in
muscovite from the REL pegmatite in the Chinese Altai. The muscovite from some of
the Be pegmatites shows a substitution of Rb by Cs at interlayer space.

2. The lenses of the Baicheng Nb-Ta pegmatite are produced at late fluid-rich stage with
high fluxes including P and B. The enrichment of HFSE in muscovite indicates a
Nb-Ta-Sn-W rich pegmatite magma for the Dakalasu Be-Nb-Ta pegmatite.

3. From barren pegmatite, beryl-bearing zone, to spodumene-bearing zone, the pegmatite-
forming magma basically display an increasing evolution degree.

4. The possible indicators of muscovite for barren, Be- and Li-mineralized pegmatites
mainly controlled by evolution degree are summarized. In the Chinese Altai, the mus-
covites from barren pegmatites contain ca. 400-600 ppm Rb, ca. 5-50 ppm, and Cs
<3 ppm Ge with <10 ppm Ta and <10 ppm Be; those intergrown with beryl have ca.
1200-4000 ppm Rb, ca. 100-500 ppm Cs, ca. 4-6 ppm Ge and ca. 3—4 wt% FeO; those
assembled with spodumene host >4500 ppm Rb, ca. 6-12 ppm Ge and ca. 1-2.5 wt%
FeO with large variations of Cs (>300 ppm). The plots of Nb/Ta vs. Cs and K/Rb vs.
Ge are proposed to discriminate barren, Be- and Nb-Ta-(Li-Be-Rb-Cs) pegmatites.

5. The Li, Be, Rb, Cs and F concentrations of liquid were evaluated using the trace
element compositions of muscovites from barren and REL pegmatites in the Chi-
nese Altai. The high Rb and Cs contents of liquid and lower Be contents than beryl
saturation value indicate that both highly evolved pegmatite magma and low tem-
perature at emplacement contribute to beryl formation. The liquids saturated with
spodumene have large variations of Li, possibly related to metastable state at Li
unsaturation-supersaturation or heterogeneous distribution of lithium in the system.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/min12030377/s1, Table S1: The EMPA and LA-ICP-MS results of muscovites from the pegmatite
dykes in the Chinese Altai. Table S2: Muscovite/melt partition coefficients (Kd) used in this study.
Table S3: The calculated Li, Be, F, Rb and Cs contents of liquids at equilibrium with muscovites from
the pegmatite dykes in the Chinese Altai.
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