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The Jiajika lithium (Li) deposit in Sichuan Province is the largest pegmatite-type Li deposit in China. The
petrogenesis and metallogenesis of the Jiajika granitic pegmatites remain debatable. This study presents the Li
isotopic compositions of two-mica granites, Li-rich and Li-poor pegmatites, and muscovites in Li-poor and Li-rich
pegmatites to unravel the Li enrichment mechanism in the Jiajika deposit. The two-mica granites have a lower
average 8”Li values than those of the Li-rich and Li-poor pegmatites. The Li contents of the two-mica granites are
almost the same as those of the Li-poor pegmatites but are much lower than those of the Li-rich pegmatites.
Muscovites in the Li-rich pegmatites have higher average Li contents and 8’Li values than those of the Li-poor
pegmatites. All these results indicate the Jiajika granitic pegmatites were the final products of the extreme
fractional crystallization of two-mica granitic magmas rather than direct anatectic melts, and that the Li-poor
pegmatites derived from early differentiation of the two-mica granitic magmas before they evolved into Li-
rich pegmatites during the late stage of magmatic differentiation. The lower average &’Li values of the more
evolved Li-rich pegmatites compared with the Li-poor pegmatites may have been caused by fluid exsolution and
kinetic diffusive fractionation during melt-fluid separation. We discovered that fluid exsolution during melt-fluid
separation can cause significant Li isotopic fractionation, with 7Li enriched in a HyO-poor silicate-rich melt
system. Considering the crystallization ages of the two-mica granites and granitic pegmatites and other
geochemical evidence (e.g., major- and trace-element compositions), the magmatic differentiation and fluid
exsolution in the late stage of the granitic magma evolution together with the Li-rich surrounding strata led to the
multistage enrichments in lithium, thus contributing to the formation of the Jiajika large Li deposit.

1. Introduction Williams-Jones, 2018; Roda-Robles et al., 2018). This fractionation

promotes increases in rare metals, fluxes, and volatiles in the residual

Granitic pegmatites, characterized by large crystal sizes, textural
zoning, and their bulk-chemistry, are the principal host rocks for de-
posits of rare metals such as Ta, Nb, Li, and Cs (London, 2018; Lv et al.,
2018a; Ballouard et al., 2020), which are essential for new technologic
and military industries. However, the petrogenesis and metallogenesis
of the hosting granitic pegmatites remain equivocal. Pegmatites are
commonly interpreted as the final products of the extreme fractional
crystallization of peraluminous granitic magmas (Cerny and Ercit, 2005;
Teng et al., 2006a; London, 2008, 2014; Thomas et al., 2012; Mulja and

melt, leading to the development and mineralization of granitic peg-
matites. However, peraluminous granites are absent from the sur-
roundings of several well-studied pegmatites, such as the Greenbush
pegmatites from Australia, the Koktokay No. 3 pegmatites from China,
and the Li-Cs-Ta (LCT) pegmatites, resulting their parent granites
remain equivocal (Simmons et al., 1995; Simmons and Webber, 2008; Lv
et al., 2018a). Moreover, insufficient information on the spatial, tem-
poral, and compositional relationships in some granite-pegmatite sys-
tems further hinders the understanding of the petrogenesis of
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pegmatites. An alternative model proposes that pegmatites originate
from partial melting of metasedimentary rocks at relatively low tem-
perature or igneous rocks along shear zones (Simmons et al., 1995;
Simmons and Webber, 2008; Martins et al., 2012; Deveaud et al., 2015;
Miiller et al., 2017; Gourcerol et al., 2019; Chen et al., 2020). However,
the nature of this model was based on direct crustal anatexis, which
needs further investigation. Besides, some studies suggest that the
exsolution of a supercritical aqueous fluid from a silicate melt plays an
important role in the petrogenesis and metallogenesis of granitic peg-
matites (Jahns and Burnham, 1969; Thomas et al., 2009; Fan et al.,
2020; Chakraborty and Upadhyay, 2020). Melt-fluid interactions during
the late stage of granitic magma evolution cause the magmas to separate
into volatile-poor, silicate-rich and volatile-rich, silicate-poor melt (su-
percritical fluid) systems. The exsolved supercritical fluid is enriched in
alkali- and fluxing components because of constant interplay with the
residual silicate melt. This causes rare metals to be mobile in and around
granitic intrusions, beneficial for the potential formation of granite-type
or pegmatite-type rare metal deposits (Thomas et al., 2009; Kaeter et al.,
2018).

The Jiajika Li deposit in Sichuan Province has high grades of rare
metal minerals and is the largest pegmatite-type Li deposit in China. It
provides a good area for investigating the mineralization of granitic
pegmatites. Although much work has been done in recent years (e.g., Li
and Chou, 2016, 2017), the metallogenesis of the Jiajika granitic peg-
matites is not yet fully understood. One view is that the pegmatites
represent the final products of the extreme fractional crystallization of
two-mica granitic magmas (e.g., Xu et al., 2020), where crystal frac-
tionation promoted increases in incompatible components, fluxes, and
volatiles in the residual melts, therefore triggering the accumulation of
rare metal elements in the granitic pegmatites. Another view is that the
mineralized granitic pegmatites resulted from fluid/melt immiscibility
during the late stage of the two-mica granitic magma evolution (e.g.,
London, 2008, 2014). To further investigate this issue, a suitable tracer
is necessary to explore the petrogenesis and metallogenesis of the Jiajika
granitic pegmatites. Lithium isotopes have some unique geochemical
properties, such as the significant mass difference (~17%) between light
®Li and heavy 7Li in terrestrial samples (Tomascak, 2004; Teng et al.,
2017), and their strong fluid mobility (You et al., 1996). These charac-
teristics have made Li isotopes suitable for tracking various geological
processes in both low- and high-temperature environments, including
magmatic differentiation, hydrothermal alteration, melt-fluid in-
teractions, and diffusion in rare metal granite-pegmatite systems (e.g.,
Richter et al., 2003; Teng et al., 2006a, 2006b, 2017; Barnes et al., 2012;
Deveaud et al., 2015; Tomascak et al., 2016; Li et al., 2018; Fan et al.,
2020; Ballouard et al., 2020; Chen et al., 2020).

An understanding of the origin of pegmatite-forming melts and the
internal physicochemical processes that lead to the concentration of rare
metal elements such as Li, Be, Cs, and Ta is essential for exploring the
formation of mineralized granitic pegmatites (Deveaud et al., 2015). In
this study, we performed systematic analyses of the Li isotopic compo-
sitions on rocks (two-mica granites, Li-rich pegmatites, and Li-poor
pegmatites) and minerals (muscovites in the Li-rich and Li-poor peg-
matites) of the Jiajika deposit. Based on these data, we discussed the
genesis of the Jiajika granitic pegmatites and the internal physico-
chemical processes that caused the concentrations of rare metal
elements.

2. Geological setting and samples

The Jiajika Li deposit is in the western part of Sichuan Province
within the middle of the Songpan-Garze Orogenic Belt (SGOB; Fig. 1a; Li
and Chou, 2016; Huang et al., 2020). The SGOB is bounded by the
Kunlun-Qaidam Terrane to the north, the Qiangtang Terrane to the
south, the Yangtze Block to the east, and the Yidun Arc to the west
(Fig. 1a; Yin and Harrison, 2000; Fei et al., 2020; Huang et al., 2020; Xu
et al., 2020). The SGOB has a triangular shape in plan (Fig. 1a), which is
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uncommon among global orogenic systems. This shape resulted from the
interactions of the North China, Yangtze, and Qiangtang-Changdu
blocks, biaxial extrusion in the N-S and E-W directions, and contin-
uous orogenic events during the Middle to Late Triassic closure of the
Paleo-Tethys Ocean (Roger et al., 2010; Xu et al., 2020). The strata
exposed in the central SGOB belong mainly to the Triassic Xikang Group
and include metasandstones, metasiltstones, carbonaceous slates, slates,
silty slates, phyllites, schists, and minor fine-grained sandstone of the
Upper Triassic Zhuwo Formation (T3zw) and Xinduqgiao Formation (T3x)
(Fei et al., 2018, 2020). Due to regional and local contact meta-
morphism, the Zhuwo and Xindugiao Formations crop out mainly as
gray or black two-mica quartz schist, biotite-quartz schist, and stauro-
lite/andalusite/cordierite quartz schist. The SGOB underwent large-
scale, early Indosinian deformation that produced several strike-slip
faults, thrust-nappe faults, and fold-thrust structures in these meta-
sedimentary rocks (Fig. 1b), which were then intruded by extensive
granitic plutons with a variety of petrological and geochemical features
from the Late Triassic to Early Jurassic (Li and Chou, 2016, 2017). The
Indosinian granites are distributed mainly in the western part of the
SGOB, whereas the Yanshanian granites are mainly in the middle of the
SGOB, thus showing significant spatiotemporal zonation. Numerous
pegmatite deposits are scattered across the SGOB, including the Jiajika
large Li deposit, the Markam large muscovite deposit, and the Ke’eryin
medium rare metal deposit (Fig. 1b).

The Jiajika Li deposit is in the Jiajika gneiss dome, one of several
large gneiss domes in the eastern part of the SGOB (Xu et al., 2020). In
the Jiajika ore field, granites, pegmatites, metasandstones, and schists
are the dominant rock types exposed. The typical granites in this area are
two-mica granites that extend about 3 km to the NE (70°-80°) with a
width of about 1.2 km and an exposed area of about 5.5 km? (Huang
etal., 2020). More than 500 granitic pegmatite veins have been found in
and around the two-mica granites over an area of about 60 km? (Fig. 1c).
The No. 134 pegmatite vein, the largest pegmatite dike with an esti-
mated Li;O reserve of about 500,000 tons (Li and Chou, 2017), extends
NNE-SSW over an area of 1055 m long and 20-100 m wide and is located
1.8 km away from the Jiajika granite intrusion (Fig. 1c). Regionally,
these granitic pegmatites exhibit spatial zoning (Fig. 1c; Li and Chou,
2016, 2017), with (I) a microcline pegmatite zone, (II) a microcline-
albite pegmatite zone, (III) an albite pegmatite zone, (IV) an albite-
spodumene pegmatite zone, and (V) an albite-lepidolite (muscovite)
pegmatite zone. The wall rocks of the two-mica granites and pegmatites
are schists and metasandstones. The contacts between the two-mica
granites and pegmatite veins tend to be slightly wavy and curved
(Fig. 2a). Sharp contacts and an apparent lack of alteration between the
pegmatites and their wall rocks were observed (Fig. 2b).

For this study, we collected different types of rocks and minerals
(Fig. 1¢), including 15 two-mica granites, 10 Li-rich pegmatites, 16 Li-
poor pegmatites, 6 muscovites from Li-poor pegmatites, and 3 musco-
vites from Li-rich pegmatites. Li-rich and Li-poor pegmatites were
collected from almost each zone to ensure the representativeness of the
samples, as shown in the green and blue sampling marks in Fig. 1c. The
two-mica granites are grayish-white with a massive structure, and the
main minerals are quartz (40%-45%), albite (20%-30%), microcline
(15%-20%), and minor muscovite (1%-10%) and biotite (1%—2%;
Fig. 2c-f). The Li-rich pegmatites are white to grayish-white with
pegmatitic and massive structures, and consist of quartz (35%-45%),
plagioclase (30%-40%), spodumene (10%-20%) and minor muscovite
(1%-3%; Fig. 2g—j). The Li-poor pegmatites are grayish-black with
medium- to fine-grained granitic textures and taxitic structures, and
consist of plagioclase (35%-45%), quartz (30%-40%), tourmaline (5%-—
8%) and rare muscovite (Fig. 2k-1).

3. Analytical methods

Major and trace elemental compositions, including rare earth ele-
ments (REEs), of the whole-rock samples, were determined at the
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Fig. 1. Simplified tectonic map of the Songpan-Garze orogenic belt (a), distribution of rare-metal deposits in the Songpan-Garze orogenic belt (b), and geological
map of the Jiajika Li deposit in Sichuan, China (c) (Modified after (Li and Chou, 2016, 2017). I. Microcline pegmatite zone; II. Microcline-albite pegmatite zone; III.
Albite pegmatite zone; IV. Albite-spodumene pegmatite zone; V. Albite-lepidolite (muscovite) pegmatite zone.
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Fig. 2. Typical field photographs (a, b) and microphotographs of two-mica granites (c—f), Li-rich pegmatites (g—j), and Li-poor pegmatites (k, 1) from the Jiajika Li
deposit in Sichuan, China. a. Field photograph showing slightly wavy and curved contacts between the two-mica granites and pegmatite veins; b. Field photograph
showing an apparent lack of alteration between the pegmatites veins and schists; c—f. Microphotographs showing massive quartz, albite, microcline, and minor
muscovite and biotite in the two-mica granites; g—j. Microphotographs showing massive quartz, plagioclase, spodumene, and minor muscovite in the Li-rich peg-
matites; k-1. Microphotographs showing massive plagioclase, quartz, tourmaline, and rare muscovite in the Li-poor pegmatites. Bit—Biotite; Ms—Muscovite;
Mc—Microcline; Ab—Albite; Qtz—Quartz; Spd—Spodumene; Tur—Tourmaline; Pl—Plagioclase.

National Research Center for Geoanalysis, Chinese Academy of
Geological Sciences (CAGS), Beijing, China. Major element contents
were measured with a pw4400 X-ray fluorescence (XRF) machine with
analytical uncertainties of 1%-5%. Trace element concentrations were
determined using an inductively coupled plasma-mass spectrometer
(ICP-MS) with analytical uncertainties of less than 5%. The weight of
each powdered sample was ~ 50 mg, and each sample was dissolved
completely in a mixed solution of HNO3 and HF (v/v, 1:5) over
approximately 24 h in PFA Teflon screw-top beakers. Details of the
experimental procedures are given in Tian et al. (2015, 2020).

Analyses of the Li isotopes in the whole rocks and muscovites were
performed at the MNR (Ministry of Natural Resources) Key Laboratory
of Metallogeny and Mineral Assessment, Institute of Mineral Resources,
CAGS. About 50 mg of each powdered sample was dissolved in a
sequence of concentrated HF-HNOs, HNOs, and HF, and we chose
cation exchange columns with Bio-Rad AG50W-X8 resin for the sepa-
ration of Li. Details of the procedures for sample dissolution, column
chemistry, and instrumental analyses are given in Tian et al. (2012,
2015). The measured data are reported using the delta notation of &’Li
(%0) = [("Li/’L)sample/("Li/*Li)irmm-016-1] x 1000. Two international
rock standards were analyzed to evaluate the accuracy of our mea-
surements, and the basaltic BHVO-2 standard yielded a 8”Li value of +
4.3 &+ 0.8%o (2SD, n = 18) and the andesitic AGV-2 standard yielded a
§’Li value of + 6.1 + 0.4%o (2SD, n = 18). These values agree with those
previously published (Moriguti and Nakamura, 1998; Penniston-
Dorland et al., 2012; Tian et al., 2012, 2015). The external uncer-
tainty of Li isotopic analyses is less than + 1.0%o, based on the 2¢ values
of repeat runs of pure Li standard solutions and rock solutions over a
four-year period (Tian et al., 2012).

4. Results

The Li contents and §’Li values, as well as previously reported con-
tents of SiO,, Al,03, Fes0O3, FeO, MgO, Ca0O, Na0, K50, Be, Rb, Nb, Ba,
Ta, and the REEs, of the two-mica granites and pegmatites are presented
in Tablel and 2. Available Hf-O and Pb-Nd isotopic compositions of
these rocks are presented in the Appendix (Li et al., 2020). The Li con-
tents of the two-mica granites range from 60 ppm to 400 ppm and the
87Li values range from —-3.1%o to + 1.9%o (Table1). Combined with the
data from Hou et al. (2018), the Jiajika two-mica granites display
comparatively low §’Li values relative to other unclassified granites
(Fig. 3a and Table 1; Tomascak, 2004; Teng et al., 2006a, 2009; Li et al.,
2018). Generally, the 8”Li values of granites range from —10%o to + 20%o
(Tomascak, 2004). The A-type granites have 8"Li values from —1.8%o to
+ 6.9%o0 (Teng et al., 2009; Magna et al., 2010), similar to those of the I-
type granites from —2.5%o to + 8%o (Bryant et al., 2004; Teng et al.,
2004), whereas the S-type granites have slightly higher 5’Li values from
—1.4%o to + 9%o (Bryant et al., 2004; Teng et al., 2004; Sun et al., 2016).
The Jiajika two-mica granites are highly evolved S-type granites (Li
et al., 2020), but they show much lower average 8’Li values than other
granites worldwide, especially the S-type granites (Fig. 3a).

The Jiajika Li-rich granitic pegmatites have highly variable Li con-
centrations (from 20 ppm to 9600 ppm) and &’Li values (from —2.6%o to
+ 11.6%0) (Table 2). Comparatively, the Li-poor granitic pegmatites
exhibit much lower Li concentrations with variations from 30 ppm to
500 ppm, whereas the average 5’Li values are higher than those of the
Li-rich pegmatites (Table 2). Together with previously available data
(Liu et al., 2017), the 8"Li values of the Jiajika granitic pegmatites show
a wide range from —3.5%o to + 11.6%o, similar to those in other granitic
pegmatites, such as the Little Nahanni granitic pegmatites from Canada
and the Harney Peak granitic pegmatites from South Dakota (—2.6%o to
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Table 1
Li concentrations, Li isotopic compositions, and selected geochemical parameters of the Jiajika two-mica granites.
Simple ID Li 8’Li SiO4y Al,03 Fe,03 FeO MgO CaO Na,O K,0 A/ A/ Rb Ba
(ppm) (%0) (%) (%) (%) (%) (%) (%) (%) (%) CNK NK (ppm) (ppm)
YG96 222 -0.7 74.21 14.65 0.39 0.41 0.25 0.65 3.1 5.13 1.24 1.37 298 53.4
YG97 229 —-0.6 73.89 14.71 0.27 0.56 0.22 0.56 3.61 4.57 1.23 1.35 319 31.8
YG98 335 -1.2 74 14.73 0.18 0.63 0.22 0.7 3.4 4.83 1.22 1.36 315 58.9
YG100-1 99.5 0.3 74.37 14.62 0.17 0.77 0.2 0.5 3.45 4.43 1.28 1.39 317 49.8
YG100-3 110 -3.1 77.85 13.9 0.39 0.2 0.19 0.49 3.16 2.01 1.68 1.88 178 43.3
YG104 305 -1.4 73.2 14.96 0.36 0.56 0.25 0.65 3.36 4.87 1.25 1.38 305 53.8
YG106 277 -1.8 74.15 14.8 0.3 0.59 0.24 0.64 3.25 4.97 1.24 1.38 288 51.3
YG107-2 309 0.9 73.64 14.78 0.25 0.63 0.2 0.71 3.57 4.6 1.22 1.36 429 42.3
YG121-2 199 1.0 73.58 14.82 0.25 0.59 0.26 0.67 3.12 4.8 1.28 1.43 388 63.1
YG122-11 388 0.3 74.29 14.87 0.14 0.56 0.22 0.55 3.35 4.82 1.27 1.38 305 49.9
YG124-2 278 1.9 74.02 15.22 0.42 0.2 0.12 0.32 4.89 3.88 1.19 1.24 879 8.47
JJIK2017- 348 -0.3 73.75 14.78 0.1 0.7 0.21 0.6 3.36 4.86 1.24 1.37 335 67.8
1-1
JJK2017-7 60.2 -1.1 74.44 14.6 0.35 0.45 0.24 0.65 3.55 4.26 1.25 1.4 316 58.1
JJK2017- 319 -0.3 73.56 14.74 0.36 0.48 0.21 0.75 3.35 4.79 1.22 1.38 351 57.8
8-1
JJK2017-9 387 0.7 73.5 14.75 0.24 0.63 0.23 0.69 3.08 4.9 1.27 1.42 343 68.9
J6 264 2 -1.21%
J7 3272 0.29
J8 470° 0.52?
J9 298 2 -1.56%
J10 340 0.9°
J11 1922 0?
J12 3012 -0.07 ®
J13 266 -1.31°%
J14 3207 0.07%

Notes: The concentrations of SiO,, Al,03, Fe,03, FeO, MgO, Ca0, Na0, K,0, Rb, and Ba are from Li et al. (2020). ® Hou et al. (2018). A/CNK = molar Al,03/(CaO +

NayO + K»0), A/NK = molar Al,03/(NasO + K50).

+ 11.4%0; Teng et al., 2006a; Barnes et al., 2012; Fig. 3b). Furthermore,
the average 8’Li values of the Jiajika Li-rich granitic pegmatites are
lower than those of the Li-poor granitic pegmatites (including data from
Liu et al., 2017; Table 2), which is also manifested by the Bailongshan Li-
rich and Li-poor granitic pegmatites (Fig. 3b; Fan et al., 2020).

Muscovites in the Li-poor pegmatites have Li contents from 600 ppm
to 1300 ppm and §”Li values from —3.2%o to 0%o, and these ranges are
lower than those of muscovites in the Li-rich pegmatites (1200 ppm to
1500 ppm and + 0.1%o to + 2%, respectively; Table 3).

5. Discussion
5.1. Behavior of lithium during magmatic differentiation

The Li contents in granites are governed by the bulk partition co-
efficients between melts and crystals, which change with the composi-
tions of minerals and melts (Teng et al., 2006a, 2009). Experimental
studies have suggested that in peraluminous melts Li is marginally
compatible with biotite (Dﬂ(’me/ mell _ 0.8 — 1.67; Icenhower and London,
1995) and slightly incompatible with muscovite and feldspar

(DE”“COV“e/ melt _ 0.82; Dﬁlds"ars/ melt — 0.10 — 0.68; Icenhower and London,
1995; Dohmen and Blundy, 2014). Li is likely extremely incompatible
with quartz (Dﬁ"’"z/ melt - 0.01) as shown by the much lower contents of
Li in quartz than in the associated mica of granite, although data for the
partition coefficients between silicate melts and quartz are still inade-
quate (Barnes et al., 2012; Li et al., 2018). In summary, lithium acts as a
moderately incompatible element during the differentiation of granitic
magma, and its content would increase with progressive crystal
fractionation.

Many studies have shown the equilibrium isotopic fractionation of Li
between a crystal and melt depends mainly on the relative bond energy
at the same temperature (Wunder et al., 2007, 2011; Magna et al.,
2016). Generally, Li is preferentially incorporated into a lower coor-
dination site (high bond energy), whereas °Li favors a much higher
coordination site (low bond energy). For instance, 71 favors tetrahedral
coordination in granitic melts (Soltay and Henderson, 2005a, 2005b),

whereas °Li favors octahedral coordination in spodumene, cordierite,
and mica (Robert et al., 1983; Bertoldi et al., 2004; Kowalski and Jahn,
2011). Empirical studies have demonstrated substances with tetrahedral
Li have heavier Li isotopes than those with octahedral Li (Wenger and
Armbruster, 1991; Wunder et al., 2007, 2011). The main Li-bearing
minerals (e.g., mica, spodumene) are considered to have lower &Li
values than the coexisting melts, and the residual granitic melts should
evolve to higher §’Li values as magmatic differentiation proceeds to
lower temperatures (Teng et al., 2006a).

The increase of SiO, and decreases of Ba/Rb, K/Rb, and TFe;03 +
MgO with the magma evolution have long been used to model magmatic
differentiation in granite-pegmatite systems (Cerny, 1991; Chen et al.,
2018; Fan et al., 2020). As illustrated in Fig. 4, the Li contents and §’Li
values of the pegmatites (including the Li-rich and Li-poor pegmatites)
are systematically higher than those of the two-mica granites, with de-
creases in Ba/Rb, K/Rb, and TFe;O3 + MgO and increase in SiOj.
Moreover, the respective differences in Li contents and 8’Li values be-
tween the pegmatites and two-mica granites are much larger with lower
Ba/Rb, K/Rb, and TFe;03 + MgO and higher SiO, contents. These re-
sults support that the elevated Li contents and 8’Li values in the Jiajika
granitic pegmatites resulted from magmatic differentiation, especially
during its terminal stage. Such an increase in §’Li with fractionation is
also known in other granitic pegmatites. For instance, in the Tin
Mountain pegmatites, when the Rb contents of the pegmatites are
greater than 200 ppm during the late stage of magmatic evolution,
spodumene, muscovite, plagioclase, and quartz have higher Li contents
and 87Li values than the parental granites and metasedimentary rocks
(Teng et al., 2006a). Moreover, Magna et al. (2010) found that the §'Li
values in pegmatites rose significantly with increasing Rb during the late
stage of granitic pegmatite differentiation, and Barnes et al. (2012)
documented an increase in 8”Li in pegmatite melts with decreasing K/Rb
and Li/Cs. Therefore, the Jiajika granitic pegmatites are probably the
final fractionation products of the two-mica granites, consistent with the
conclusions of previous work (Teng et al., 2006a; London, 2008, 2014).

The Li contents of the two-mica granites are almost the same as those
of the Li-poor pegmatites, but much lower than those of the Li-rich



Table 2

Li concentrations, Li isotopic compositions, and selected geochemical parameters of the Jiajika Li-rich and Li-poor pegmatites.
Simple ID Li (ppm) 87Li (%o) Si0, (%) K>0 (%) Al,03 (%) Fe,03 (%) FeO (%) MgO (%) CaO (%) Nay0 (%) A/CNK A/NK Be (ppm) Rb (ppm) Nb (ppm) Ba (ppm) Ta (ppm)
Li-rich pegmatite
YG93-3 584 -0.6 65.35 12.97 18.95 0.05 0.05 0.07 0.04 1.76 1.11 1.12 2.87 2705 6.43 34.6 0.78
YG94-2 173 -26 64.63 2.39 22.42 0.03 0.41 0.14 0.21 8.32 1.35 1.38 38 700 383 12.3 284
YG119-3 7242 -1.0 74.73 1.43 15.84 0.18 0.2 0.09 0.26 3.87 1.89 2 205 492 69.4 1.26 36.6
YG119-4 3010 -0.3 71.8 5.64 16.41 0.21 0.2 0.07 0.33 3.36 1.34 1.41 202 1749 83.3 3.42 18
YG122-9 6556 -0.5 74.97 1.48 16.57 0.07 0.2 0.09 0.22 4.88 1.65 1.72 198 669 72.6 2.54 35.2
JJK2017-6-1 167 2.6 75.42 1.48 14.65 0.19 0.31 0.06 0.26 6.35 1.17 1.22 198 404 215 1.63 42.3
JJK2017-6-2 138 3.5 76.79 0.65 13.9 0.2 0.38 0.08 0.29 6.78 1.12 1.17 243 177 241 4.74 40.7
JJK2017-12-2  21.4 11.6 77.3 0.74 14.23 0.05 0.02 0.05 0.15 6.95 1.14 1.16 31.9 490 60.2 1.97 157
JJK2017-13-2 9584 0 74.6 1.21 16.37 0.06 0.16 0.06 0.12 3.5 2.25 2.32 181 753 90 11.1 435
JJK2017-13-3 5876 -1.1 75.94 1.35 14.88 0.18 0.13 0.08 0.24 4.02 1.75 1.84 264 691 88 6.85 27.1
7K1101-2.3 16,900" -1.0°
ZK1101-5.6 18,000°  —1.0°
ZK1101-17.2 9400° -1.2°
7K1101-21.3 13,600° -1.2%
7K1101-22.9 10,500°  —1.4°
ZK1101-35.6 17,300° -1.3°
7K1101-41.74  9500° ~-1.4°
7K1101-70.95  9500° -1.5°
ZK1101-75.75  14,000" ~1.4°
7K1101-77.3 13,300" -1.5°
Li-poor pegmatite
YG99-2 316 0.5 72.66 3.66 16.22 0.27 0.27 0.09 0.32 5.89 1.14 1.19 146 590 59.9 7.55 11.6
YG102-1 273 2.5 77.57 1.21 13.76 0.23 0.2 0.08 0.3 5.72 1.22 1.28 258 336 82.5 2.14 16.7
YG103-1 470 2.6 78.12 2.01 13.28 1.95 0.56 0.2 0.36 1.59 2.44 2.77 472 604 219 2.26 20.6
YG117-3 254 2.0 85.46 2.85 9.3 0.31 0.27 0.08 0.05 0.2 2.65 2.72 9.89 702 64.5 6.66 6.5
YG120-2 145 1.2 73.96 0.41 15.58 0.29 0.41 0.09 0.34 7.95 1.1 1.15 198 87.2 30.4 2.43 5.72
YG120-4 410 -35 71.08 3.91 17.16 0.35 0.23 0.11 0.25 5.29 1.28 1.33 195 1124 139 7.14 42.4
YG122-5 32.3 0.8 65.1 12.32 19.05 0.06 0.05 0.07 0.06 2.53 1.08 1.09 3.07 2111 12 14 2.51
YG122-6 139 3.7 69.92 0.16 18.38 1.69 0.88 0.18 0.42 7.45 1.39 1.48 291 22.3 161 1.6 16.9
YG122-7 139 3.3 75.13 0.54 14.99 0.83 0.56 0.11 0.32 6.49 1.27 1.33 446 119 78.1 2.22 14.8
YG122-8 265 3.2 87.64 2.08 7.41 0.11 0.2 0.06 0.19 1.36 1.53 1.65 197 549 189 2.83 34.2
JJK2017-1-2 264 0.1 73.85 4.98 14.92 0.2 0.2 0.08 0.29 4.39 1.13 1.18 128 984 102 3.01 17.3
JJK2017-1-3 236 0.5 73.75 2.59 15.13 0.26 0.74 0.08 0.33 5.44 1.22 1.29 113 667 114 2.02 22.5
JJK2017-2-2 152 5.5 87.63 1.94 7.59 0.12 0.13 0.04 0.08 1.45 1.64 1.69 41.5 563 37 8.76 16.8
JIK2017-4-2 40.9 4.1 74.58 0.37 15.68 0.04 0.05 0.05 0.37 8.73 1.02 1.06 8.71 35 21 2.79 6.09
JJK2017-8-3 303 3.0 77.48 1.26 13.34 0.07 0.48 0.07 0.41 5.73 1.16 1.24 249 261 104 2.48 21.3
JJK2017-10-1  57.3 6.2 86.02 0.86 8.65 0.05 0.09 0.06 0.23 3.2 1.31 1.4 249 198 13.3 36.6 11.9
ZK1101-7.7 500° 0.6°
7K1101-77.3 200° 3.4°

Notes: The concentrations of SiO2, K20, Al;03, Fe;03, FeO, MgO, Ca0, Na0, Be, Rb, Nb, Ba, and Ta are from Li et al. (2020). bLiuetal. (2017). A/CNK = molar Al,03/ (CaO + Nay0 + K50), A/NK = molar Al;03/ (Na;O +

K;0).
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Fig. 3. 8’Li versus Li diagram for Jiajika two-mica granites and A-, I- and S-type granites in the literature (a) and 8’Li versus Li diagram for Jiajika pegmatites and
those pegmatites in the literature (b). 8”Li values for A-, I- and S-type granites are from Teng et al. (2009) and Magna et al. (2010), Bryant et al. (2004) and Teng et al.
(2004), and Bryant et al. (2004), Teng et al. (2004) and Sun et al. (2016), respectively. 8’Li values for Harney Peak and Little Nahanni pegmatites are from Teng et al.
(2006a) and Barnes et al. (2012), respectively. 8’Li values for Jiajika two-mica granites and pegmatites in the literature are from Hou et al. (2018) and Liu et al.
(2017), respectively. The green line indicates an inverse correlation between the Li isotopic compositions and lithium concentrations of the Bailongshan pegmatites,
and the red line indicates an inverse correlation between the Li isotopic compositions and lithium concentrations of the Jiajika pegmatites.

Table 3
Li concentrations and Li isotopic compositions of muscovites in the Jiajika Li-
rich and Li-poor pegmatites.

Simple ID Li (ppm) 87Li (%o)
Muscovite in Li-rich pegmatite

YG93-3 1450 0.1
YG119-3 1453 1.2
YG119-4 1221 2
Muscovite in Li-poor pegmatite

YG113-3 767 -1.6
YG116-3 631 -3.2
YG120-4 1248 -0.8
YG122-6 1265 -1.3
YG122-7 927 0
YG122-10 1149 -1.4

pegmatites (Fig. 4a-b). This suggests the Jiajika two-mica granites
differentiated into Li-poor pegmatites early, and then evolved into Li-
rich pegmatites as crystal fractionation intensified. We analyzed the
crystal fractionation degrees of the Li-rich and Li-poor pegmatites using
elements that can represent the evolution of the granite-pegmatite
magmatic system. Gelman et al. (2014) and Lee and Morton (2015)
have discovered a significant increase of Li and Rb during the fractional
crystallization process of granitic magma. As shown in Fig. 5a-b, the Li-
rich pegmatites display lower values of Ba/Rb and K/Rb, demonstrating
Li-rich pegmatites are generally more evolved than the Li-poor pegma-
tites. Muscovite is a useful tool for revealing crystal fractionation process
in pegmatites because it has higher 8”Li values in more evolved peg-
matites (Deveaud et al., 2015; Li et al., 2018; Fan et al., 2020). The Li
contents and 8’Li values of muscovites in the Li-rich pegmatites are
higher than those of muscovites in the Li-poor pegmatites, thus
reflecting the more evolved nature of the Jiajika Li-rich pegmatites
(Fig. 6). In terms of whole-rock geochemistry, the Jiajika two-mica
granites are peraluminous, with A/CNK values of 1.19-1.68 (Table 1).
The Jiajika two-mica granites show an obvious tetrad effect (Table S1,
Fig. S1), which normally develops during the last stage in the evolution
of granitic magma. Overall, the Jiajika two-mica granites record a sub-
stantial magmatic crystal fractionation. Similarly, the Jiajika Li-rich and
Li-poor pegmatites also plot in the peraluminous granite area on an A/
CNK-A/NK diagram (A/CNK = 1.02-2.65), and most of the samples
show obvious tetrad effects (Table 2 and Table S1, Fig. S1), probably
indicating higher degrees of evolution. Moreover, the pronounced en-
richments in Rb and Li in the Li-rich and Li-poor pegmatites relative to

the two-mica granites (Tables 1 and 2) and the consistent Hf-O and Pb-
Nd isotopic compositions among them (Tables S2 and S3) suggest that
the Jiajika Li-poor and Li-rich pegmatites were successively derived
from the extreme differentiation of the two-mica granitic magmas. The
more evolved Li-rich pegmatites have lower average 8”Li values than the
Li-poor pegmatites (Fig. 5c—f), although their Li contents are generally
consistent with process of magmatic differentiation whereby Li contents
increase as the values of K/Rb and Ba/Rb decrease (Fig. 5a-b). This
interesting phenomenon demonstrates the complexity of the Li isotopic
fractionation process during the evolution of the granitic magma and
this process plays a significant role in producing the differing 5”Li values
in the Jiajika Li-rich and Li-poor pegmatites.

5.2. Lithium isotopic fractionation in the Li-rich and Li-poor granitic
pegmatites

Deveaud et al. (2015) and Chen et al. (2020) have shown few in-
creases in Li contents of pegmatites derived from the partial melting of
metapelitic rocks, and their Li contents may be even lower than those of
their accompanying granites. Moreover, Li isotopes rarely fractionate
during the partial melting of lower crustal metasediments (Chen et al.,
2018; Wolf et al., 2019). These observations indicate that crustal ana-
texis is probably not feasible for the distinctive &’Li values in the Jiajika
Li-rich and Li-poor pegmatites (which have higher average Li contents
than their host two-mica granites). Teng et al. (2006a) have shown how
Li isotopic fractionation resulted from crystal-melt equilibrium and the
differentiation of granitic magmas can cause evolved melts with higher
87Li values. If this were the case for the Jiajika granitic pegmatites, the
more evolved Li-rich pegmatites (Fig. 5a-b and 6) should have isoto-
pically heavier §’Li values and higher contents of some incompatible
trace elements such as Be and Ba compared with those of the Li-poor
pegmatites. This assumption is inconsistent with the systematically
lower 87Li values and Be and Ba contents of the most Li-rich pegmatites
than those of the Li-poor pegmatites (Fig. 5c—f). Thus, the cause of the
distinctive 8”Li values in the Jiajika Li-rich and Li-poor pegmatites re-
quires further investigations on the Li isotopic fractionation during
assimilation and contamination, kinetic diffusion, and crystal/melt-fluid
interactions (Teng et al., 2006a, 2006b; Wunder et al., 2007; Barnes
et al., 2012; Li et al., 2018; Fan et al., 2020).

5.2.1. Assimilation and contamination
Assimilation only results in a small increase in the Li content of
pegmatites due to the lower crystallization temperatures of rare metals
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Fig. 6. 8’Li versus Li diagram for the muscovites from Jiajika Li-poor and Li-
rich pegmatites.

in pegmatites (Thomas and Davidson, 2016; London and Morgan, 2017).
However, the much higher average Li contents of the Jiajika Li-rich
pegmatites (Table 2) than those of the wall rocks (Table S4) suggest
the assimilation of the wall rocks was not a significant factor in causing
Li isotopic variations in pegmatites. Experiments have suggested the Li
contents and §’Li values of fluid phases are generally higher than those
in the coexisting solid phases, so the addition of external fluids (e.g., the
water from wall rocks) would result in higher Li contents and §’Li values
(Wunder et al., 2007, 2011; Romer et al., 2014; Magna et al., 2016; Chen
et al., 2018; 2020). This is not consistent with the fact that the Jiajika Li-
rich pegmatites have much lower 8”Li values. Therefore, contamination
from external fluids is unlikely to have caused the §”Li variations in the
Jiajika granitic pegmatites.

5.2.2. Crystal-fluid interaction

Lithium leaching and diffusion initiated by the different Li contents
of minerals and fluids can result in Li isotopic fractionation during
magmatic-hydrothermal processes or rock-fluid interactions (Teng et al.,
2006a; Wunder et al., 2007; Tomascak et al., 2016; Li et al., 2018). In
such situations, the effect of Li leaching would lead to the accumulation
of ®Li in crystals because "Li is preferentially partitioned into the coex-
isting fluids (Wunder et al., 2007). Conversely, during rock-fluid in-
teractions, crystals tend to concentrate “Li due to faster diffusion of °Li
(3% faster than ’Li) (Richter et al., 2003; Beck et al., 2006). Therefore, Li
leaching will produce crystals with lower §’Li, whereas Li diffusion will
produce crystals with higher 87Li. Li et al. (2018) noted that Li isotopic
fractionation during hydrothermal processes is closely related to the ore-
forming environment. According to their study, the effects of fluid-rock
interactions on the Xihuashan tungsten granites in association with an
open hydrothermal process produced significant Li isotopic fraction-
ation. Comparatively, the Li isotopic fractionation was minimal during
the fluid-rock interactions of the Yashan Ta-Nb granites that were
formed in a closed crystal-hydrothermal system (Li et al. 2018). More-
over, studies on the Bailongshan pegmatites have suggested Li leaching
and Li diffusion during crystal-fluid interactions could not have pro-
duced sufficient Li isotopic fractionation considering the mass balance of
Li isotopes in a closed magmatic-hydrothermal system (Fan et al., 2020).
Thus, we can conclude that Li isotopic fractionation is not significant
during fluid-rock interactions in a closed magmatic-hydrothermal sys-
tem (Ellis et al., 2018; Li et al., 2018; Fan et al., 2020). In addition,
according to field observations, the Jiajika granitic pegmatites show few
variations in the compositions of minerals and no obvious metasomatic
alteration in the contacts between pegmatites and the wall rocks
(Fig. 2b). These suggest the Jiajika granitic pegmatites could have been
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formed in a relatively closed crystal-hydrothermal fluid environment.
We note that the Jiajika Li-rich and Li-poor pegmatites share similar Li
isotopic variations and geologic settings to those of the Bailongshan
pegmatites (Fig. 3b; Fan et al., 2020). Taken together, the Li isotopic
fractionation during crystal-fluid interactions had little impact on the
5’Li values of the Jiajika Li-rich and Li-poor pegmatites.

5.2.3. Fluid-melt interaction

The fluids exsolved from a residual granitic melt in the late stage of
magma evolution have significant effects on Li isotopic fractionation
due to melt-fluid interactions. The tetrad effect of F-rich granites may be
caused by the interaction of a granitic melt with a coexisting fluid or by
the fluoride-silicate liquid immiscibility during a late stage of granitic
crystallization (Irber, 1999; Veksler et al., 2005; Chen et al., 2018).
Similarly, the melt-liquid interactions at a late stage of magma evolution
could have caused the tetrad patterns of granitic pegmatites (Lv et al.,
2018b; Fan et al., 2020). The Jiajika granitic pegmatites were likely
formed when melts and fluids coexisted, evidenced by the REE tetrad
effects (Fig. S1) and the coexistence of melt and fluid inclusions in the
pegmatites (Li and Chou, 2016, 2017). Thus, the fluid exsolved during
melt-fluid separation would modify the Li isotopic compositions of the
granitic pegmatites, leading to a relatively HyO-poor silicate-rich Li-
poor pegmatite system (melt-rich) and a HyO-rich silicate-poor Li-rich
pegmatite system (fluid-rich) (Teng et al., 2006a). However, it remains
unclear whether "Li preferentially enters the fluid (e.g., Teng et al.,
2006a; Vlastélic et al., 2011) or the coexisting melt (e.g., Maloney et al.,
2008; Fan et al., 2020). We can argue that ’Li accumulates preferentially
in the melt, whereas °Li accumulates preferentially in the fluid consid-
ering the following facts: (a) Li tends to balance the charge with AI** at
the tetrahedral coordination sites in the melt and form a stronger bond
than hydrated ions in the fluid (Maloney et al., 2008); (b) the average
coordination numbers of Li in the fluid are greater than 4, and °Li tends
to remain in the fluid rather than in the melt when the fluid density
increases to more than 1.2 g/cm®, or when the pressure decreases from
3.2 to 5 GPa at a temperature of 1000 K (Jahn and Wunder, 2009); (c)
the kinetic diffusive fractionation dominated by a Li concentration
gradient results in a substantially faster diffusion of °Li compared to ’Li
in the silicate melt (Richter et al., 1999, 2003; Teng et al., 2006b); and
(d) 8’Li values are higher in the residual Jiajika granitic melt as a result
of magmatic differentiation (Fig. 4c—f). Therefore, the Jiajika melt-rich
Li-poor pegmatites would have more “Li (higher 8"Li values) than that
of the fluid-rich Li-rich pegmatites. Moreover, the large differences in Li
contents between the Jiajika Li-rich and Li-poor pegmatites produced
during melt-fluid separation can also cause kinetic diffusive fraction-
ation that leads to the accumulation of ’Li in the Li-poor pegmatites (e.
g., Teng et al., 2006b). Fan et al. (2020) have suggested the exsolution of
supercritical fluid during the process of melt-supercritical fluid separa-
tion caused the distinction in Li isotopic compositions between the
Bailongshan Li-poor and Li-rich pegmatites, with the former enriched in
7Li and the latter enriched in °Li. Considering the Li isotopic composi-
tions of the Jiajika Li-rich and Li-poor pegmatites are similar to those of
the Bailongshan Li-rich and Li-poor pegmatites, including an identical
variation pattern (Fig. 3b), we suggest that Li isotopic fractionation
during the separation of incompatible silicate-melts/fluids could ac-
count for the &’Li variations of the Jiajika granitic pegmatites.

To further elucidate the Li isotopic fractionation in the Jiajika Li-rich
and Li-poor pegmatites during the melt-fluid separation, we calculated
the process of fluid exsolution using a Rayleigh fractionation model
(Fig. 7). The compositional parameters for calculation included the
fraction of exsolved fluids from 0% to 50%, the Li partition coefficient
(D) between fluid and melt of 2-4, and the Li isotopic fractionation
factor (a) of 0.993-0.995 (Teng et al., 2006a; Fan et al., 2020; Chak-
raborty and Upadhyay, 2020). When the fraction of exsolved fluid is <
25%, as illustrated in Fig. 7, a value of a = 0.993 (with D = 4 or 3) or D
= 4 (with a = 0.994 or 0.995) could account for the 6%0—6.5%o difference
in 87Li values between the Li-rich and Li-poor pegmatites. The fraction
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Fig. 7. Liisotopic fractionation modeled by Rayleigh fractionation during fluid
exsolution when °Li prefers to incorporate into fluids (a < 1). Equations and
variables used: §"Li, = (8'Li; + 1000)f°? —1000; C, = G(1-PPY; a =
7Li/®Lifiia/Li/Limeis; D = Lifiyia/Limeis; f = the fraction of Li remaining in the
melts; F = fraction of fluid removed; m = remaining melt; i = initial melt. Here
the assumed &’Li; value is 0. The horizontal yellow bar represents the range of
6%0—6.5%0 for Li isotopic fractionation, and the red square represents the
fractionation curves in the range of 6%0—6.5%c when the fraction of exsolved
fluid < 25%.

of exsolved fluid can be 25% or larger in a pegmatite system depending
on temperature, the mole fraction of Cl, and the fluid pressure of a
peraluminous granite (Teng et al., 2006a; Thomas and Davidson, 2012;
Fan et al., 2020; Chakraborty and Upadhyay, 2020). Therefore, Li iso-
topic fractionation of incompatible silicate-melts/fluids could cause the
distinctive 8’Li variations of the Jiajika granitic pegmatites. Note that
one measured 8”Li value (11.6%o) in the Li-rich pegmatites is abnormally
high. Such an unusual strong fractionation of Li isotope could be caused
by more extensive crystal-melt fractionation during the evolution of the
granitic system because this abnormal sample has higher Rb and Ta
contents (Table 2; Teng et al., 2006a)

5.3. Implications for the enrichment of lithium and other rare metal
elements

The Jiajika two-mica granites (223-190 Ma), older than the Jiajika
granitic pegmatites (216-181 Ma), were produced during a relatively
quiet period after the strong Indosinian activities (Li et al., 2020).
During the Indosinian period, the Songpan-Garze Orogenic Belt under-
went large-scale multi-level detachment, with the development of thrust
nappes, transpressional shearing, thermal uplift and extension, faulting,
and fracturing. This geological setting was conducive to the emplace-
ment of granitic magmas. In the study area, the granites or pegmatites
intruded the Triassic Xikang and Xindugiao formations that contain
abundant clay minerals, which tend to absorb Li and other rare metal
elements. The emplacement of granites during the Indosinian period and
the ensuing thermal metamorphism could have led to the accumulation
of Li and other rare metal elements in the granitic magma. The extreme
fractional crystallization of the two-mica granitic magmas might have
caused Li and other rare metals to concentrate in the residual melts
(Fig. 4). The more evolved Jiajika Li-rich pegmatites, which have lower
average 8’Li values than those in the Li-poor pegmatites, may result
from fluid exsolution during the fluid-melt separation at a late stage of
the two-mica granitic evolution (Fig. 7). This indicates supercritical or
near-critical fluids can extract Li efficiently and facilitate Li minerali-
zation (Thomas et al., 2009, 2012; Thomas and Davidson, 2016).
Therefore, the Li enrichment in the Jiajika deposit is mainly due to the
extreme fractional crystallization and fluid exsolution during a late
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evolution stage of the Jiajika two-mica granitic magmas. These pro-
cesses occurred within polycyclic tectonic settings rather than a single
tectonic setting in the eastern part of the Songpan-Garze Orogenic Belt
(Xu et al., 2020 and references therein). Studies have shown that Li
concentrations are expected to increase with progressive crystal frac-
tionation, especially in the terminal stage of a granitic magma evolution
(Teng et al., 2006a). Therefore, the degree of granite differentiation
derived from prolonged crystal-melt fractionation of a granitic magma is
more conducive to the mineralization of rare metals. Hence the rela-
tively long age gap (7-40 Myr) between the crystallization of the Jiajika
two-mica granites (223-190 Ma) and the granitic pegmatites (216-181
Ma) would have facilitated extensive fractional crystallization and
promoted Li mineralization. In brief, the extreme degree of crystal
fractionation and fluid exsolution that occurred during a late evolution
stage of the Jiajika two-mica granitic magmas, as well as the unique Li-
rich surrounding strata, have promoted the formation of the Jiajika large
Li deposit.

6. Conclusions

(1) The Jiajika granitic pegmatites were the final products of extreme
fractional crystallization of the two-mica granitic magmas. The
Li-poor pegmatites were early differentiation of the two-mica
granitic magmas, which then evolved into the Li-rich pegmatites.

(2) During melt-fluid separation at the late stage of magmatic evo-
lution, the exsolution of fluids and kinetic diffusive fractionation
led to the accumulation of °Li in the Li-rich pegmatites and "Li in
the Li-poor pegmatites.

(3) A combination of tectonic activities, the unique Li-rich sur-
rounding strata, and the extreme crystal fractionation and fluid
exsolution at the late stage of magmatic evolution resulted in the
multistage accumulation of Li and other rare metal elements in
the Jiajika granitic pegmatites.
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