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ABSTRACT

The petrogenesis of regionally zoned granitic pegmatite veins remains debated. Because of the economic
significance, we carried out a study on the Chakabeishan (CKBS) pegmatite-type Li-Be deposit, eastern
North Qaidam Tectonic Belt, Northern Tibetan Plateau, by means of in-situ major element and B isotope
compositions of tourmalines in the beryl-bearing and spodumene-bearing pegmatite veins. Tourmalines
(Tur-Be) from the beryl-bearing pegmatite are homogeneous schorl with low Mg/(Mg + Fe), high Na/
(Na + Ca) and YAl, suggesting that they are of magmatic origin. Two generations of tourmalines (Tur-
Li) from the spodumene-bearing pegmatite are identified: (i) the crystal cores (mostly elbaite and Li-
rich schorl with subordinate schorl) are consistent with being of magmatic origin crystallized at the mag-
matic stage; (ii) the crystal rims (schorl) are best understood as the overgrowth at the later hydrothermal
stage. Tur-Be and Tur-Li show an obvious difference in core-to-rim B isotopic variation trend with 5''B
decrease in Tur-Be and increase in Tur-Li. The core-to-rim ''B decrease in Tur-Be results from degassing
during its host pegmatitic melt evolution, whereas the core-to-rim ¢''B increase in Tur-Li is related to
fluid exsolution. The estimated 5''B values for the initial melts of the beryl-bearing and spodumene-
bearing pegmatites are —10.46%. and —10.78%, respectively, indicating that they most likely originate
from protracted fractional crystallization/differentiation of granitic intrusions rather than partial melting
of metapelite. Both Mg/(Mg + Fe) ratios and Li abundances in the cores of Tur-Be are lower than those of

Tur-Li, suggesting that Tur-Li crystallizes from chemically more evolved melts.
© 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Thomas and Davidson, 2015). Pegmatites have a granitic composi-
tion with high fluxing components (e.g., H,O, F, B, P and alkalis),

Granitic pegmatite (hereafter pegmatite) is a typical product of
magmatic-hydrothermal system evolution, and is one of the major
hosts for rare metals, gemstones and industrial materials (e.g.,
Chen et al., 2020; London, 2018; Sun et al.,, 2021; Thomas and
Davidson, 2015; Trumbull et al., 2013; Troch et al., 2022). Because
of the economic significance, pegmatites have been the focus of
much recent discussion, yet their petrogenesis and mineralization
remain debated (e.g., Jahns and Burnham, 1969; London, 2015;
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and tend to be systematically distributed within and/or around
coeval granites. They are thus generally considered to have
resulted from protracted fractional crystallization of granitic mag-
mas, in which rare metals as incompatible elements accumulate in
the residual melts (e.g., Jahns and Burnham, 1969; Cerny, 1991;
Hulsbosch et al., 2014; London, 2018). However, such connections
between pegmatites and adjacent granites cannot always be estab-
lished (e.g., Chen et al., 2020; Zhao et al., 2022). In fact, it is com-
monplace to observe isolated pegmatites that lack exposures of
parental granitic intrusions. The isolated pegmatites have been
theoretically connected to “deeply buried granite” because peg-
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matitic melts can and do migrate up to kilometers from parental
granitic magma (Baker, 1998; London, 2018). However, an alterna-
tive interpretation for the origin of isolated pegmatites has been
source-rock partial melting, i.e., pegmatite-forming melt is directly
generated by low degree melting of meta-sedimentary rocks under
amphibolite or granulite facies conditions at mid-crustal levels
(e.g., Chen et al.,, 2020; Lv et al., 2021). The partial melting model
suggests that the enrichments of rare metals in pegmatites are
mainly controlled by the partial melting mechanism and the chem-
ical composition of the source rocks (e.g., Chen et al., 2020; Lv et al.,
2021; Zhao et al., 2022).

The principal difficulty on the petrogenesis of pegmatite lies in
the fact that the composition of melt parental to the pegmatite
cannot be reasonably obtained due to its complex internal zona-
tion, huge crystal size, ubiquitous and varied post-magmatic alter-
ation (e.g., London, 2018; Wise and Brown, 2019), i.e., the bulk-
rock composition approach for the petrogenesis of other magmatic
rocks does not apply to the petrogenesis of pegmatite. Hence, an
alternative approach is needed to trace the geochemical evolution
of pegmatite-forming melt by tracking compositional changes for a
specific mineral that forms and develops throughout the evolution
history (e.g., Slack and Trumbull, 2011; Hulsbosch et al., 2014; Xing
et al,, 2020; Yan et al., 2022). Some minerals are better suited for
this purpose than others, but tourmaline is one of the best because
tourmaline is a ubiquitous accessory phase that can form in both
silicate magmas and hydrothermal fluids (e.g., da Costaet al,
2014; Drivenes et al., 2015; Cheng et al., 2021; Zhao et al., 2021),
and can be stable over a wide range of pressures, temperatures
and fluid compositions once formed (van Hinsberg et al,
2011). Meanwhile, tourmaline has a crystal structure of
XY3ZsTs013(BO3)3VsW that is capable of accommodating a variety
of major and trace elements with slow diffusion rates (Henry et al.,
2011; van Hinsberg et al,, 2011), and can thus record valuable
information on the nature of the melts/fluids from which it formed
and hence can be used to trace the magmatic-hydrothermal pro-
cesses (e.g., Jiang and Palmer, 1998; Slack and Trumbull, 2011;
van Hinsberg et al.,, 2011; Drivenes et al., 2015; Bosi, 2018;
Cheng et al., 2021; Zhao et al., 2021).

The Chakabeishan (CKBS) deposit is the first pegmatite-type
Li-Be deposit discovered in the eastern North Qaidam Tectonic Belt
(NQTB), Northern Tibetan Plateau (Pan et al., 2021; Sun et al., 2023;
Fig. 1a). Since its discovery in 2018, geochronology, bulk-rock geo-
chemistry, Hf-Nd isotope and muscovite-feldspar-garnet mineral-
ogy of the pegmatite veins in the CKBS deposit have been
documented (e.g., Wang et al., 2020a; Wang et al., 2020b; Pan
et al, 2021; Chen et al,, 2022; Liu et al.,, 2022a; Liu et al., 2022b;
Liu et al., 2023; Sun et al., 2023). Based on these data, the petroge-
nesis of pegmatites in the CKBS deposit has been discussed, yet the
issue is still controversial (e.g., Liu et al., 2022a; Liu et al., 2022b;
Liu et al.,, 2023). Here, this study focuses on in-situ major element
and boron isotope analysis on the tourmalines in the beryl- and
spodumene-bearing pegmatite veins from the CKBS deposit with
the aim of revealing the evolution history of the melts parental
to the pegmatites, tracing the origin of the pegmatite-forming
melts and deciphering the B isotope fractionation in the Li-rich
and Be-rich pegmatites.

2. Geological backgrounds
2.1. Regional geology

The NQTB is located between the Qaidam Block to the south and
the Qilian Block to the north, southeast of the Altyn Tagh fault, and

merges with the West Qinling orogenic belt to the east (Fig. 1b; Wu
et al.,, 2014; Li et al., 2018). It is divided into southern and northern
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tectonic units by the Yuka-Wulan fault (Fig. 1b). The southern unit
is an Early Paleozoic subduction-collision complex related to
Proto-Tethys seafloor subduction, consisting of Tianjianshan vol-
canic zone and ultra-high pressure (UHP) metamorphic belt (e.g.,
Song et al., 2014; Wu et al., 2014). The Tianjianshan volcanic zone
was developed due to northward seafloor subduction during 540-
500 Ma (Pan et al., 2021). The UHP metamorphic belt is a typical
Alpine-type UHP metamorphic belt and resulted from the conti-
nental collision of the Qaidam Block with the Qilian Block. The
UHP metamorphic belt is dominated by orthogneisses and parag-
neisses with minor blocks of eclogite, mafic granulite, amphibo-
lites, marble and garnet peridotite (Song et al., 2014; Yu et al,,
2019; Ren et al., 2021). The northern unit is also called Quanji Mas-
sif, which is characterized by components of a double-layered
structure (Zhang et al., 2014; Li et al., 2018; Ren et al., 2021). Its
metamorphic basement includes the Paleoproterozoic Delingha
complex, Dakendaban Group and Mesoproterozoic Wandonggou
Group (e.g., Chen et al., 2012; Zhang et al., 2014; Li et al., 2018;
Wang et al., 2020a; Wang et al., 2020b). The basement of the
Quanji Massif is uncomfortably overlain by the Nanhua-Sinian
Quanji Group and Paleozoic — Mesozoic strata (Zhang et al,
2014; Li et al., 2018).

2.2. Geology of the CKBS deposit

The CKBS pegmatite-type Li-Be deposit is located in the eastern
NQTB, in which pegmatite veins occur as veins and lenses (Liu
et al., 2023). Coltan U-Pb dating reveals that the formation age of
these pegmatite veins is ~ 240 Ma (Pan et al., 2021). The elonga-
tion of these pegmatite veins varies (Fig. 1c), but generally shows
NW-SE trending with varying dipping (23°-83°). The pegmatite
veins are mostly 10-400 m in length and 0.5-5 m in width. They
consist of coarse-grained to pegmatitic quartz + plagioclase + K-f
eldspar+tourmalinetgarnettmuscovitetspodumeneztberyl+apatit
e + coltan (Wang et al.,, 2020a; Liu et al., 2023). Unlike Koktokay
No.3 vein (Sun et al., 2021) and Wellington Lake pegmatite veins
(Raschke et al., 2021), the CKBS pegmatite veins lack evident inter-
nal structural and mineralogical zonation (Supplementary Data
Fig. S1a). On the contrary, they display regional zonation in terms
of the dominant rare-metal mineralization and wall rock lithology
(Fig. 1c), as documented in pegmatites of the Jiajika, Zhawulong
and Gatumba areas (e.g., Hulsbosch et al., 2014; Li et al., 2015;
Yan et al., 2020; Sun et al., 2021). The zone-I is characterized by
Li-rich and Li-Be-rich pegmatite veins hosted in the Ordovician
quartz diorite. The contact between the pegmatite veins and the
host quartz diorite is irregular but sharp without alteration (Sup-
plementary Data Fig. S1b). Seventeen ore bodies have been discov-
ered in the zone-I with an average Li,O grade of 0.9-2.15 wt.% and
BeO grade of 0.04-0.08 wt.% (Liu et al., 2021). The elongation of
these bodies is chaotic, but generally is 290°—320° with different
dipping (20°-50°). They are mostly 80-340 m in length and of
0.5-5 m in width (Liu et al., 2022a). The zone-II in the CKBS deposit
is marked by Be-rich pegmatite veins hosted in schist with the
pegmatite-schist contact being sharp and showing tourmaline
and apatite alteration in places (Supplementary Data Fig. Sic).
Fifty-three ore bodies have been found in the zone-II, showing
BeO abundances of 0.04-0.11 wt.%. Their striking and dipping are
similar to those of the seventeen ore bodies in the zone-I. They
are mostly 50-660 m in length and 0.3-6.5 m in width (Liu et al,,
2022b). The pegmatites in the zone-III are emplaced in the myloni-
tic Ordovician quartz diorite (Supplementary Data Fig. Sid).
Although a few pegmatite veins show Be-rich information, ca.
93 % pegmatite veins in the zone-IIl are barren pegmatites and
most of the pegmatite veins are tourmaline pegmatite, muscovite
garnet tourmaline pegmatite and graphic pegmatite.
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Fig. 1. (a) Sketch map showing the Li metallogenic belts in China and the location of the CKBS deposit (modified after Zhang et al., 2022). Li-1 to Li-16 are important Li
metallogenic belts in China (Zhang et al., 2022). (b) Geological sketch of the NQTB and its surrounding tectonic units (modified after Chen et al., 2012; Li et al., 2018; Pan et al.,
2021; Ren et al., 2021). D-Southern tectonic unit of the NQTB; @-Northern tectonic unit of the NQTB; NQTB-North Qaidam Tectonic Belt; QB-Qaidam Block; NQL-North
Qilian subduction accretionary complex; QLB-Qilian Block; WQOB-Western Qinling Orogenic Belt. (c) Geological sketch showing the regionally zoned pegmatite veins in the

CKBS Li-Be deposit.

3. Samples and analytical methods
3.1. Samples
In this study, double polished thin sections were made for

beryl-bearing and spodumene-bearing pegmatite samples (Table 1)
for petrography and for major element and boron isotope analysis

Table 1
Summary of pegmatite samples of this study.

of tourmalines. Tourmalines (Tur-Be) from the beryl-bearing peg-
matite veins occur as subhedral to euhedral crystals (Fig. 2a-c).
In plane-polarized light, Tur-Be shows uniform optical properties
with dark-to-light blue pleochroism and contains a large number
of mineral inclusions of varying size (Fig. 2b, c). Tourmalines
(Tur-Li) from the spodumene-bearing pegmatite veins occur
mainly as anhedral crystals and a few as subhedral (Fig. 2d-i). In

Sample # Rock type Pegmatite # Location Mineralogy (+accessory phases)

CK2003-4 spodumene-bearing pegmatite p15 37°01'26"N 99°03'22"E Q 25%, Ab 25%, Kfs 8%, Sp 28%, Tur 10% (Mus, Zrn, Ap)
CK2007-2 spodumene-bearing pegmatite p15 37°01'25"N 99°03'22"E Q 30%, Ab 28%, Kfs 10%, Sp 20%, Tur 8%, Mus 3% (Zrn, Grt, Ap)
CK2008-4 beryl-bearing pegmatite p19 37°01'23"N 99°03'25"E Q 23%, Ab 25%, Kfs 35%, Tur 10 %, Mus 5% (Byl, Grt Zrn, Ap)
CK2008-6 beryl-bearing pegmatite p19 37°01'23"N 99°03'25"E Q 20%, Ab 30%, Kfs 35%, Tur 8%, Mus 5% (Byl, Grt Zrn, Ap)

Q-quartz; Ab-ablite; Kfs-K-feldspar; Sp-spodumene; Tur-tourmaline; Mus-muscovite; Byl-beryl; Zrn-zircon; Ap-apatite; Grt-garnet.

3
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Fig. 2. Hand specimens and photomicrographs of Tur-Be and Tur-Li. (@) Hand specimen of beryl-bearing pegmatite. (b, ¢) Photomicrographs of Tur-Be crystals with
homogenous optical color and containing abundant inclusions. (d) Hand specimen of spodumene-bearing pegmatite. (e) Photomicrograph of Tur-Li with irregular concentric
optical zoning. (f) Photomicrograph of subhedral Tur-Li with irregular optical color zoning and sharp corner pointing toward plagioclase. (g) The photo of double polished thin
section showing anhedral Tur-Li tourmalines with metasomatic texture. (h) Photomicrograph of subhedral Tur-Li crystal with irregular optical color zoning (blue in cores and
dark-blue in rims). (i) Photomicrograph showing metasomatic textures between Tur-Li rim and plagioclase. The white circles in (f) and (h) are locations for EMPA analysis
(circle size not in scale). The abundances of MgO (wt.%) and Li,O (wt.%) are from the Supplementary Data Table S2. Q-quartz, Byl-beryl, Sp-spodumene, Pl-plagioclase, Grt-

garnet, Tur-tourmaline.

thin section, the subhedral Tur-Li crystals show irregular concen-
tric zoning (Fig. 2e, f) and the anhedral Tur-Li crystals display
core-to-rim bluish color change (Fig. 2g-i). In both cases, the
Tur-Li crystals do not contain mineral inclusions (Fig. 2e-i). The
differences in color and texture between Tur-Be and Tur-Li indicate
that they formed in different environments (Dutrow and Henry,
2011; van Hinsberg et al., 2011).

3.2. Analytical methods

In-situ analysis of Si, Ti, Al, Mn, Fe, Mg, Ca, Na, K, F and CI con-
tents for tourmaline was done at Wuhan SampleSolution Analyti-
cal Technology Co. Itd, using a JEOL JXA-8230 electron
microprobe. A 15 kV accelerating voltage, a 20nA sample current
and a 5 pm beam spot size was used for the analysis. Except for
Ti, Mg and Mn (20 s and 10 s), peaks and backgrounds of the other
elements were measured with 10 s and 5 s counting time, respec-
tively. The analyses were corrected using the ZAF method with the
following standards used: SiO, for Si, TiO, for Ti, CaMnSi,Og for Ca,
NaAlSi,Og for Na, (Mg, Fe),SiO4 for Mg, Mg3Al,Siz 04, for Al, MnSiO3
for Mn, (Mg, Fe),SiO,4 for Fe, KAISi3Og for K, Cas(PO4)sF for F and
Na4BeAlSi401,Cl for Cl. Based on the general formula of XY3Zg[Ts-
015][BOs]3VsW (Henry et al., 2011), the structural formula of the
Tur-Be was calculated by normalizing to 15 cation atoms per for-
mula unit (apfu) in the tetrahedral and octahedral sites
(T + Z + Y). In addition, we calculated the structure formula of
Tur-Li by assuming "Si = 6 apfu, as documented in other Li-rich
pegmatites worldwide (Jolliff et al., 1986).

Boron isotopic compositions of tourmalines were measured at
the School of Earth and Space Sciences, Peking University, using a
Nu Plasma II multiple coupled plasma-mass spectrometer (MC-
ICP-MS) coupled with a Coherent Geolas HD 193 nm excimer laser
ablation (LA) system. The spot size was set 60 pum. The laser fluence
and repetition rates were 10 J/cm? and 5 Hz, respectively. The mass
biases of the instrument and isotope fractionation were calibrated
by the standard-sample-bracketing method using dravite as the
external reference material and 2°Si measured from EMPA as the
internal calibration. Schorl, elbaite and in-house reference material
IMR RB1 were analyzed to assess the instrumental mass fractiona-
tion and measurement accuracy. The §''B values of schorl, elbaite
and IMR RB1 in this study were —13.68%0 * 0.32%¢, —10.86%0 +
0.44%0 and —13.92%0 = 0.44%0 (2sd, n = 8), respectively, which agree
with reported values within error (Xu et al., 2020). The above anal-
yses of reference materials suggest negligible matrix effects. The
final B-isotope analyses were reported relative to NIST SRM 951,
and presented in a delta notation: &''B [(""B/*°B)sample/
(“B/1OB)SRM951 — 1] x 1000.

4. Results
4.1. Mineral chemistry

A total of 74 EMPA analyses were done. The major element
compositions of the Tur-Be and Tur-Li tourmalines are given in
Supplementary Data Tables S1 and S2, respectively, and their aver-
age compositions are given in Table 2. The major element data
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Table 2
Average compositions of tourmalines in the pegmatite veins from the CKBS deposit.
Tur-Be Tur-Li

Element core rim core rim
Si0, (Wt.%) 34.93 34.75 36.27 35.57
TiO, 0.138 0.091 0.137 0.188
Al,03 34.25 33.90 36.89 34.18
FeO 14.04 14.74 7.636 11.18
MnO 0.382 0.337 0.674 0.345
MgO 0.061 0.130 0.786 2.168
Cao 0.068 0.069 0.306 0.153
Na,0 1.742 1.666 1.832 1.669
K>,0 0.039 0.036 0.023 0.034
Li,O* 0.018 0.006 0.706 0.065
F 0.251 0.143 0.416 0.060
Cl 0.002 0.003 0.004 0.007
B,05* 10.14 10.15 10.51 10.30
H,0* 3.380 3.432 3.427 3.524
Total 99.44 99.45 99.61 99.44
F=0 -0.106 -0.060 -0.175 -0.025
Cl=0 -0.001 -0.001 -0.001 -0.001
Total 2 99.34 99.38 99.44 99.41
Si (apfu) 5.984 5.952 6.000 6.000
Ti 0.018 0.012 0.017 0.024
Al 6.915 6.843 7.189 6.798
Fe 2.012 2.111 1.067 1.580
Mn 0.055 0.049 0.094 0.049
Mg 0.016 0.033 0.194 0.541
Mg/(Mg + Fe) 0.008 0.015 0.153 0.255
Ca 0.012 0.013 0.054 0.027
Na 0.579 0.553 0.586 0.546
K 0.008 0.008 0.005 0.007
Li 0.012 0.004 0.461 0.044
F 0.136 0.078 0.215 0.032
Cl 0.001 0.001 0.001 0.002
B 3.000 3.000 3.000 3.000
OH 3.863 3.921 3.784 3.966
[0} 27.00 27.00 27.00 27.00
T-site
Si 5.984 5.952 6.000 6.000
Al 0.028 0.051 0.000 0.000
Z-site
Al 6.000 6.000 6.000 6.000
Mg 0.000 0.000 0.000 0.000
Fe?* 0.000 0.000 0.000 0.000
Y-site
Al 0.887 0.792 1.189 0.798
Ti 0.018 0.012 0.017 0.024
Fe?* 2.012 2.111 1.067 1.580
Mg 0.016 0.033 0.194 0.541
Mn 0.055 0.049 0.094 0.049
Li 0.012 0.004 0.461 0.044
X-site
Ca 0.012 0.013 0.054 0.027
Na 0.579 0.553 0.586 0.546
Na/(Na + Ca) 0.979 0.978 0.920 0.953
K 0.008 0.008 0.005 0.007
Xvac 0.400 0.426 0.355 0.419
V + W-site
F 0.136 0.078 0.215 0.032
OH 3.863 3.921 3.784 3.966
cl 0.001 0.001 0.001 0.002

The values of H,0*, B,03* and Li,O* were calculated according to the crystal
structure of XY3ZgTs015(B0O3)3VsW. More detailed calculations can be found in
Supplementary Data Tables S1 and S2.

show that all the analyzed tourmalines belong to the alkali group
(Fig. 3a). The Tur-Be tourmalines plot in the schorl field and display
relatively homogeneous major element compositions from cores to
rims, including lithium abundances (Fig. 3b, c; Table 2). The Tur-Be
tourmalines have high Na/(Na + Ca) ratios (0.963-0.998), high Al
contents on the Y site (0.661-0.995 apfu), and low Mg/(Fe + Mg)
ratios (0.005-0.025), which are similar to the major element com-
positions of magmatic tourmalines in granite-pegmatite systems
(e.g., London and Manning, 1995; Zhao et al., 2019; Cheng et al.,
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2021). In contrast to Tur-Be, the cores and rims of Tur-Li tourmali-
nes show obvious chemical differences without continuous evolu-
tion tendencies (Fig. 3b, c¢). The abundances of lithium in the Tur-Li
tourmalines decrease from cores to rims (Fig. 2f, h and 3b; Table 2).
Meanwhile, the cores of Tur-Li are consistent with tourmalines in
Li-rich granitoids, pegmatites and aplites on the Al-Fe-Mg ternary,
whereas Tur-Be and the rims of Tur-Li plot mainly in the Li-poor
region (Fig. 3¢). Furthermore, the rims of Tur-Li show higher aver-
age Fe, Mg, Na/(Na + Ca), Mg/(Mg + Fe), Xyacancy, and lower average
Li and Al abundances than the cores (Table 2).

4.2. Boron isotope composition

A total of 16 spots were analyzed for boron isotope composi-
tions of the tourmalines. The analytical spots are at or spatially
close to those spots analyzed for major element. The B isotope data
are given in Table 3. The 5''B values of all the tourmaline crystals
vary from —13.33%0 to —12.27%0 with standard error of * 0.04%o
to + 0.08%0 (Table 3), which is similar to those of S-type granite
worldwide (—11%o * 4%, Trumbull and Slack, 2018). The §''B val-
ues of Tur-Be range from —13.33%0 to —12.36%. (average = —12.
85%o). The 8''B values in the rims of Tur-Be are lower than that
of corresponding cores by 0.09%o to 0.94%o (Table 3). Tur-Li shows
a slightly higher average o''B value (—12.47%.) than Tur-Be
(—12.85%o0). In striking contrast to Tur-Be, the §!!B values of Tur-
Li tend to show a core-to-rim increase. The difference of 5!'B value
between the cores and rims of Tur-Li is up to 0.41%. (Fig. 5a, b),
which far exceeds the analysis error (Table 3).

5. Discussion
5.1. Origin of tourmalines

The subhedral to euhedral Tur-Be crystals are texturally iso-
lated and dispersed in the beryl-bearing pegmatite (Fig. 2a). There
is no textural evidence for their replacement of pre-existing phases
or being metasomatized by exotic fluids. In contrast, the Tur-Be
crystals coexist with rock-forming mineral grains of quartz and
plagioclase with sharp and planar contacts (Fig. 2a—c), suggesting
that they formed during the crystallization of the rock-forming
minerals. Hence, these tourmalines most likely formed as the
result of syn-magmatic crystallization from a boron-rich melt,
i.e., a magmatic origin. The Tur-Be tourmalines are morphologi-
cally similar to tourmalines in leucogranite (Zhou et al., 2019;
Cheng et al., 2021), which were suggested to have a syn-
magmatic origin. The syn-magmatic origin of Tur-Be is further sup-
ported by high Na/(Na + Ca) ratios (0.963-0.998) and YAl contents
(0.661-0.995 apfu), and low Mg/(Fe + Mg) ratios (0.005-0.025)
(Supplementary Data Table S1), which are considered to be geo-
chemical characteristics of syn-magmatic tourmalines (e.g.,
London and Manning, 1995; da Costa et al., 2014; Zhao et al,,
2019; Cheng et al., 2021; Guo et al., 2022). In conclusion, both tex-
ture and major element compositions indicate that the Tur-Be
tourmalines directly crystallized from a B-rich melt.

The Tur-Li tourmalines in the spodumene-bearing pegmatites
are mainly anhedral with some being subhedral. Different from
Tur-Be, the subhedral Tur-Li crystals commonly show irregular/an-
nular zoning (Fig. 2e, f) whereas the anhedral Tur-Li grains gener-
ally display blurred irregular patchy zoning (core-to-rim bluish
color change, Fig. 2g—i). In both cases, the cores of the Tur-Li tour-
malines have higher Li,O and lower MgO abundances than the cor-
responding rims (Fig. 2f, h). The compositional and optical
contrasts indicate that the cores and rims of the Tur-Li tourmalines
formed under different environments (Dutrow and Henry, 2011;
van Hinsberg et al., 2011). Plagioclase is obviously a liquidus phase
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crystallized from pegmatite-forming melts (London, 2018). Thus, correlated with the exsolution, separation and entrapment of an
the phenomena of crosscut plagioclase along with microcracks immiscible aqueous Na-Fe-B-rich fluid (Pichavant, 1981; Zhou
with sharp corners pointing toward plagioclase and containing pla- et al,, 2019). The exsolved liquid is saturated in tourmaline when

gioclase relicts (Fig. 2f—i) indicate that the rims of Tur-Li crystals it acquires Al cation from the existing feldspars (Fig. 2f—i, e.g.,
have a hydrothermal origin, which is generally considered to be Trumbull et al., 2008; Drivenes et al., 2015; Zhou et al., 2019;
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Table 3

The Boron isotope analyses results of tourmalines.
Analysis No. Sample No. Type Domain No. 5"'B (%0) SE
1 CK2008-4 Tur-Be 1Core -13.06 0.04
2 CK2008-4 Tur-Be 1Rim -13.20 0.04
3 CK2008-4 Tur-Be 1Rim -13.15 0.04
4 CK2008-6 Tur-Be 1Rim -12.98 0.05
5 CK2008-6 Tur-Be 1Core -12.39 0.05
6 CK2008-6 Tur-Be 1Rim -13.33 0.08
7 CK2008-6 Tur-Be 2Core -12.36 0.06
8 CK2008-6 Tur-Be 2Core -12.37 0.05
9 CK2008-6 Tur-Be 2Rim -12.80 0.06
10 CK2003-4 Tur-Li 1Core -12.65 0.05
11 CK2003-4 Tur-Li 1Rim -12.40 0.04
12 CK2003-4 Tur-Li 1Rim -12.33 0.04
13 CK2007-2 Tur-Li 1Core -12.68 0.04
14 CK2007-2 Tur-Li 1Rim -12.64 0.04
15 CK2007-2 Tur-Li 1Rim -12.30 0.04
16 CK2007-2 Tur-Li 1Rim -12.27 0.04

Zhao et al., 2021). Considering the difference in optical colors
(Fig. 2e—i) and the discontinuous evolution tendency in major ele-
ment compositions (Fig. 4) and the fact of cores forming earlier
than the corresponding rims, we suggest that the cores of Tur-Li
most likely formed as the result of magmatic crystallization, i.e.,
hydrothermal rims overgrow on magmatic cores. The fact that
the rims of Tur-Li with large chemical variation developed around
relatively homogeneous cores (Figs. 3, 4) is similar to the observa-
tion of hydrothermal tourmalines overgrowths on magmatic tour-
malines in the Cornubian granite (London and Manning, 1995). The
two-stage origin model for Tur-Li is further supported by the
observation that the average abundance of FeO (7.636 wt.%) in
the cores of Tur-Li is an order of magnitude lower than that in
the rims of Tur-Li (11.18 wt.%, Table 2). Iron element (Fe) is a
fluid-mobile element (McNeil et al., 2020). Thus, the hydrothermal
rims of Tur-Li resulting from exsolved fluids show higher FeO than
the corresponding cores crystallized directly from melts. The B-
isotopic compositions in the cores and rims of the Tur-Li crystals
also support the two-stage origin model (see below).

5.2. Boron isotope fractionation and pegmatite evolution

Boron has two isotopes with "B preferring trigonal coordina-
tion and '°B favoring tetrahedral coordination (e.g., Ribacki et al.,
2022; Smith and Yardley, 1996; Trumbull et al., 2013). Several
studies of B isotopes on tourmalines in granites and pegmatites
have been reported (e.g., Drivenes et al., 2015; Trumbull and
Slack, 2018; Zhou et al., 2019; Cheng et al., 2021), but B isotopes
in tourmalines from Be-rich and Li-rich pegmatite veins in one
pegmatite field need studying and understanding. In the CKBS
deposit, we found opposite core-to-rim B isotope variation trends
between Tur-Be and Tur-Li, where 6!'B decreases from core to
rim in Tur-Be, but increases from core to rim in Tur-Li (Table 3;
Fig. 5a—d).

Before attempting to interpret the cause of the observed boron
isotope fractionation in Tur-Be and Tur-Li, it is necessary to review
the factors that may affect B-isotope fractionation in a pegmatite
context. In principle, the B isotope fractionation in a hydrous grani-
tic melt is dependent mainly on temperature and boron coordina-
tion environment (Hervig et al., 2002; Wunder et al., 2005; Meyer
et al., 2008; Trumbull and Slack, 2018; Cheng et al., 2022). Since
pegmatite has an isothermal crystallization history revealed by
the feldspar thermometer (London, 2018; London et al., 2020),
the fractionation of ''B and '°B in the pegmatite-system is con-
trolled mainly by the proportion of B"/B'Y in the melt, fluid and
mineral phases (e.g., Siegel et al., 2016; Cheng et al., 2021). Tour-
maline and muscovite are two major B-bearing minerals in peg-

matite. Boron coordination is trigonal in tourmaline whereas
tetrahedral in muscovite. Therefore, there is no doubt that a large
B isotope fractionation exists when the two minerals coexist
(e.g., Wunder et al., 2005; Meyer et al., 2008; van Hinsberg et al.,
2011; Trumbull et al., 2013). However, the B isotope fractionation
between B-bearing minerals (tourmaline, muscovite) and magma
is highly uncertain because boron in the silicate magma occupies
both trigonally and tetrahedrally coordinated sites and the relative
proportions of which depend on several factors including water
content, aluminum to alkali ratio, pressure and the concentration
of boron (Tonarini et al., 2003; Cheng et al., 2021; Zhao et al,,
2021 and references therein). Recently, experimental and case
studies have testified that the fractionation factors both for melt-
tourmaline and melt-muscovite in a pegmatite context are positive
(e.g., Siegel et al., 2016; Cheng et al., 2022), and the former can be
quantitatively expressed as A!'Bpeit_tourmaline = 4.51 x (1000/T
[K]) — 3.94 (Cheng et al., 2022). In contrast to silicate melt, it is well
established that trigonal B(OH); complex is the predominant boron
species in fluids at crustal level magmatic temperature conditions
regardless of their pH (e.g., Cheng et al., 2021; Schmidt et al., 2005),
and the fluids are always more enriched in !B relative to the
hydrous granitic melts and B-bearing minerals (e.g., Palmer et al.,
1992; Hervig et al., 2002; Wunder et al., 2005; Meyer et al.,
2008; Maner and London, 2018; Chakraborty, 2021). Furthermore,
experimental studies have proposed that the fractionation factors
of tourmaline-fluid and mica/melt-fluid could be expressed as A!l-
Btourmaline—fiuid = —4.20 x [1000/T (K)] + 3.52 (Meyer et al., 2008)
and A1]Bmuscovite/melt-ﬂuid = -10.69 x [1OOO/T (K)] + 3.88
(Wunder et al., 2005), respectively.

Based on the above considerations, two possible models could
account for the decreased core-to-rim 5!'B values of Tur-Be in this
study: a phase removing !'B from the pegmatite-forming melt or a
new melt phase inputting '°B into the pegmatite-forming melt. If
the latter is the case, the major element composition of the tour-
malines should display chemical zoning, which is contrary to the
observation of Tur-Be (Figs. 3, 4). Due to the absence of experimen-
tal determination, previous studies suggest that tourmalines could
effectively remove !'B from hydrous granitic melts, resulting in
heavy B isotope decrease in the residual melts along with gradual
crystallization fractionation (e.g., Trumbull et al.,, 2013; Drivenes
et al,, 2015; Zhao et al., 2019). However, a recent experimental
study has proved that the B fractionation factor between hydrous
granitic melt and tourmaline is positive as discussed above
(Cheng et al., 2022), i.e., the 8''B value in the residual granitic melt
gradually increases with continued tourmaline crystallization as
shown by the short red dotted line in Fig. 6. Therefore, the most
realistic mechanism responsible for producing the observed boron
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isotopic fractionation trend in Tur-Be is that an escaped aqueous
vapor/fluid phase took ''B away from the residual melt, as docu-
mented in the Sinceni pegmatite (Trumbull and Chaussidon,
1999), Varutrask pegmatite (Siegel et al, 2016), Conadong
leucogranite (Cheng et al., 2021), Erongo granite (Trumbull et al.,
2008), Penamacor-Monsanto granite (da Costa et al., 2014) and
Cligga Head granite (Smith and Yardley, 1996). The event of aque-
ous vapor/fluid phase escape is further supported by the following
two reasons. First, the B abundances of beryl-bearing pegmatite
veins in the CKBS deposit are 24-100 ppm (Wang et al., 2020a),
which is lower than that required for tourmaline crystallization
in hydrous pegmatitic melts (ca. 311 ppm at 500 °C, London
2011), indicating B transfer into the exsolved fluid/vapor phase
(da Costa et al, 2014). Second, we calculated the theoretical
amount of H,0 in the beryl-bearing pegmatite based on the rela-
tionship between ASI and H,0 in a granitic melt in equilibrium
with tourmalines (ASI = 1.104 + 0.049xH,0, Acosta-Vigil et al.,
2003), indicating 12-87 wt.% H,0 loss by comparing these values
with the actual H,O content in the sampled beryl-bearing peg-
matite (H,O = 0.59-0.78 wt.%, ASI = 1.15-1.32, Wang et al.,
2020a). Furthermore, considering the homogeneous major element
compositions (Figs. 3, 4) and the lack of clear correlation between B
isotope and major elements in Tur-Be (Fig. 5¢, d), it can be reason-
ably deduced that the escaped !'B-rich phase is dominated by
volatile (e.g., H,0, B(OH)s, F) with other components being negligi-
ble, i.e., loss of ''B by degassing (Jiang and Palmer, 1998; Beurlen
et al., 2011). To quantitatively evaluate the effect of degassing on
the B isotope change of Tur-Be, we have done simple calculations
(Fig. 6), which illustrates that removal of ~ 28% B by degassing
can explain the core-to-rim B isotope drop of Tur-Be.

The markedly different core-to-rim boron isotope fractionation
trends of Tur-Be and Tur-Li (Fig. 5a, b) suggest that the boron iso-

tope fractionation in the latter cannot be explained by magma
degassing. Crystallization of muscovite and/or early tourmaline is
a potential mechanism explaining the increased §''B value from
core to rim in Tur-Li (Trumbull et al., 2013; Siegel et al., 2016;
Cheng et al., 2022). However, muscovite/early-tourmaline crystal-
lization cannot explain the discontinuity of major element
between the cores and rims of Tur-Li (Figs. 3, 4). Hydrothermal
tourmaline overgrowth on magmatic tourmaline is another poten-
tial mechanism for producing increased core-to-rim ''B values,
since the exsolved fluid and any hydrothermal tourmaline formed
from it will be isotopically heavier than the starting magma due to
different boron coordination between fluids (B™) and melts (B')
(Trumbull and Slack, 2018; Zhao et al., 2021). Together with the
major element and textural characteristics of Tur-Li as discussed
above, we suggest that the boron isotopic variation of Tur-Li is a
passive record of crystallization environment changes, i.e., B-
isotope compositions of the cores derived from the parental
hydrous silicate melt whereas that of the rims inherited from the
fluid exsolved from the residual hydrous silicate melt after the
magmatic core crystallization. Similar observations and conclu-
sions have been made for tourmalines in hydrous granitic melts
elsewhere (e.g., Trumbull et al., 2013; Drivenes et al., 2015).

5.3. Implications for pegmatite origin

5.3.1. Fractional crystallization vs partial melting

Several studies have shown that boron isotope compositions of
early crystallized magmatic tourmalines can be used to estimate
the 6''B value of melts parental to magmatic rock (e.g., Zhao
et al., 2019; Cheng et al., 2021). According to the experimental
studies on boron isotope fractionation between hydrous granitic
melt and tourmaline (Cheng et al., 2022) and case studies of the
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feldspar thermometer in pegmatite (London, 2018), we assume
that the tourmalines in the CKBS pegmatite veins crystallized at
500 °C with A"'Bmeictourmatine Value = +1.9. Combined with the
extreme 6''B value of the magmatic cores of Tur-Be (—12.36%0)
and Tur-Li (—12.68%o), it is estimated that the §!!B values of initial
melts of the beryl-bearing and spodumene-bearing pegmatite to
be ~ —10.46%0 and ~ —10.78%o, respectively. These boron isotopic
compositions are informative on the origin of the beryl-bearing
and spodumene-bearing pegmatite veins (e.g., Trumbull and
Slack, 2018; Zhou et al., 2019).

Previous studies have interpreted pegmatite veins with regional
zonation as resulting from protracted differentiation of granitic
magmas (e.g., Cerny, 1991; Hulsbosch et al., 2014; London, 2018;
Yan et al., 2020; Raschke et al., 2021; Siani et al., 2021; Sun
etal., 2021; Troch et al., 2022) or from low degree melting of meta-
pelite (e.g., Miiller et al., 2015; Chen et al., 2020; Chukwu and
Obiora, 2021). The latter interpretation infers that the residual
phases in the source region of Li-poor pegmatite are characterized
by more biotite than muscovite whereas those of Li-rich pegmatite
are dominated by muscovite over biotite (Chen et al., 2020). Mus-
covite, as a major B-bearing mineral in metapelite, favors °B over
"B (Wunder et al., 2005; Trumbull and Slack, 2018). As a result,
the initial melt of the Li-rich pegmatite would have a higher
1B/19B than that of the Li-poor pegmatite because more '°B is
retained by muscovite in the source region. Accordingly, if the
CKBS rare metal pegmatite veins were derived from partial melting
of metapelite, the 6!'B value of initial melts of the spodumene-
bearing pegmatite veins (Li-rich, Li = 9105-12,354 ppm, Wang
et al., 2020a) would be higher than that of the beryl-bearing peg-
matite veins (Li-poor, Li = 38-46 ppm, Wang et al., 2020a). How-
ever, quantitative calculations suggest that the initial melts of
the beryl-bearing pegmatites have heavier B (i.e., higher §''B val-
ues of ~ — 10.46 %0) than that of the spodumene-bearing peg-
matite (~—10.78%o0). Thus, the CKBS rare metal pegmatite veins
most likely result from protracted fractional crystallization/differ
entiation of granitic intrusions rather than partial melting of meta-
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Fig. 6. Modeled curves illustrating the change of 5''B values for residual melt of the
beryl-bearing pegmatite and S-type granite as the result of tourmaline crystalliza-
tion and a fluid phase exsolution, assuming Rayleigh fractionation. Calculations are
conducted for 500 °C, which is the expected highest solidus temperature of
pegmatite (London, 2018). The !'B value at F = 1.0 for the initial melt of the beryl-
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Geoscience Frontiers 14 (2023) 101611

pelite. This is further supported by boron isotope compositions of
the tourmalines from the CKBS deposit that agree well with those
in other granite-related pegmatites (Fig. 7), such as tourmalines in
the Sanfeng granite-pegmatite (Zhao et al., 2019), Sinceni granite-
pegmatite (Trumbull and Chaussidon, 1999), Nattaung granite-
pegmatite (Li et al., 2020) and Varutrask pegmatite (Siegel et al.,
2016). Except for B isotope compositions in the tourmalines, the
increasing Li-Be contents of bulk-rock from barren through beryl-
bearing to spodumene-rich pegmatites, and the decreasing K/Rb
ratios coupling with increasing Cs contents in the K-feldspar and
muscovite, also support the conclusion that the rare metal peg-
matites in the CKBS deposit are derived from fractional crystalliza-
tion of granitic magmas (Liu et al., 2023). Numerous 250-235 Ma
granitoids exposed around the CKBS deposit (Huang et al., 2014;
Shao et al., 2017; Pan et al., 2021) indicate that there existed exten-
sive granitic magmatism in the region during the Early-Middle Tri-
assic, which was very favorable for the formation of the coeval
pegmatites (~240 Ma, Pan et al., 2021) in the CKBS deposit.

5.3.2. Degree of pegmatite-forming melt differentiation

The major element compositions in the cores of the two-type
tourmalines are different (Figs. 3, 4), indicating that the melts par-
ental to the two pegmatites are different or the initial melts from
which the two types of tourmalines crystallized are different. The
latter scenario may be more likely and represent melts of different
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Fig. 7. Summary of B isotope compositions for tourmalines in the pegmatite veins
from the CKBS Li-Be deposit and from other granite-related pegmatites (a), and for
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evolution histories/stages, as described in the regionally zoned
pegmatite veins elsewhere in the world (e.g., Cerny, 1991;
Hulsbosch et al., 2014; Zhou et al., 2022). The following two obser-
vations from the CKBS deposit further confirm that the degree of
pegmatite-forming melt differentiation progressively increases
from the beryl-bearing pegmatite to the spodumene-bearing peg-
matite. First, there is no statistically significant correlation
between Li and Mg/(Mg + Fe) or Na/(Ca + Na) ratios (Fig. 4e, f),
implying that Li is predominantly controlled by melt/fluid compo-
sitions rather than crystallographic structure, i.e., Li in the two-
type tourmalines can be used to trace the changes in the composi-
tion of the melt/fluid from which the tourmaline crystallized (Zhao
et al.,, 2019; Zhao et al., 2021; Guo et al., 2022). The average Li,O
concentration of the Tur-Li cores (0.706 wt.%, Table 2) is higher
than that of the Tur-Be cores (0.018 wt.%), suggesting that the
lithium content in the initial melt of the spodumene-bearing peg-
matite is higher than that of the beryl-bearing pegmatite, which is
suggestive of increasing chemical fractionation because Li becomes
increasingly enriched in the residual melt along with granitic mag-

10

mas undergoing cooling and crystallization (Sun et al., 2022; Troch
et al., 2022). Second, the NaCl content in hydrous melts/fluids is
expected to exert a strong control on the composition of tourma-
line, in addition to the bulk composition, P-T conditions and crys-
tallization sequence among others (Chakraborty, 2021).
Experimental studies have testified that Fe can readily form bonds
with chlorine to form complexes in highly saline fluids (e.g., Ding
and Seyfried, 1992; Orlando et al., 2017), resulting in the crystal-
lization of Mg-rich tourmalines in the hydrous granitic melt
(Chakraborty, 2021). The average Mg/(Mg + Fe) ratio of magmatic
Tur-Be cores (0.008) is approximately two order of magnitude
lower than that of the Tur-Li cores (0.153, Table 2), indicating that
the hydrous granitic melt from which the Tur-Be cores crystallized
has lower salinity than the melt in which the Tur-Li tourmaline
cores formed. This supports the idea that the initial melt of the
spodumene-bearing pegmatite is chemically more evolved than
that of the beryl-bearing pegmatite because the salinity of the
residual hydrous melts increases with progressive cooling and
crystallization of granitic magma systems.
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According to the above discussion, a genetic model of tourma-
line formation, pegmatite evolution and associated boron isotopic
fractionation is illustrated in Fig. 8. In brief, the origin of the
regionally zoned pegmatite veins in the CKBS deposit is best
understood as resulting from crystallization/differentiation of
granitic magmas. After the pegmatite-forming melts emplaced into
shallow crust, they experience different evolution histories. The
key steps are as follows:

(1) The 6''B value in the initial melt of the beryl-bearing peg-
matite is ~ —10.46%.. Tur-Be crystallizes directly from the silicate
melt. During Tur-Be crystallizes, an aqueous vapor phase is lost
resulting in the §''B value of Tur-Be changing from —12.36%0 in
core to —13.33%c in rim (Fig. 8a).

(2) The 6''B value in the initial melt of the spodumene-bearing
pegmatite is ~ —10.78%.. The melt experiences a complex evolu-
tion history from magmatic stage to hydrothermal stage. The cores
of Tur-Li with 6!''B of —12.68%. crystallize at magmatic stage.
Along with the crystallization of magmatic cores of Tur-Li, a fluid
phase is exsolved from the residual melt because the crystalliza-
tion of the magmatic Tur-Li cores consumes a large amount of
B,053 and sharply lowers the solubility of water in the residual melt
(Pichavant, 1981; Holtz et al., 1993). The exsolved fluid metasom-
atizes plagioclase and results in overgrowth of Tur-Li rims with
heavier B-isotope (—12.27%¢) on the cores with lighter B-isotope
(Fig. 8b).

6. Conclusions

The Tur-Be and Tur-Li tourmalines show clear differences in
texture, and major element and B-isotopic compositions. The
Tur-Be tourmalines are homogeneous schorls as syn-magmatic
crystallization products. An aqueous vapor phase is lost during
the evolution of the melt parental to the beryl-bearing pegmatite,
resulting in Tur-Be core-to-rim &'!B drop, which is further sup-
ported by the quantitative calculations of bulk-rock H,O and B
abundances. The Tur-Li tourmalines are formed via two stages:
the crystal cores (mostly elbaite and Li-rich schorl with subordi-
nate schorl) are of magmatic origin and the crystal rims (schorl)
are of hydrothermal origin. The discontinuous core-to-rim change
of major element compositions and the core-to-rim ¢''B value
increases in the Tur-Li crystals result from fluid exsolution. Accord-
ing to B isotope compositions in the cores of Tur-Be and Tur-Li
crystals, we calculate the B isotope compositions in the initial
melts of beryl-bearing and spodumene-bearing pegmatites and
suggest that the pegmatite veins in the CKBS deposit are products
of extreme differentiation of granitic magmas rather than partial
melting of metapelite. The Mg/(Mg + Fe) ratios and Li abundances
in the cores of the Tur-Li tourmalines are higher than those of the
Tur-Be tourmalines, revealing that the degree of pegmatite-
forming melt fractionation increases from the beryl-bearing peg-
matite to the spodumene-bearing pegmatite.
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