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Abstract The Jiajika granitic- and pegmatite-type lithium
deposit, which is in the Songpan-Garze Orogenic Belt in
western Sichuan Province, China, is the largest in Asia.
Previous studies have examined the geochemistry and
mineralogy of pegmatites and their parental source rocks to
determine the genesis of the deposit. However, the evolu-
tion of magmatic-hydrothermal fluids has received limited
attention. We analyzed He—Ar-H-O isotopes to decipher
the ore-fluid nature and identify the contribution of fluids to
mineralization in the late stage of crystallization differen-
tiation. In the Jiajika ore field, two-mica granites, peg-
matites (including common pegmatites and spodumene
pegmatites), metasandstones, and schists are the dominant
rock types exposed. Common pegmatites derived from
early differentiation of the two-mica granitic magmas
before they evolved into spodumene pegmatites during the
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late stage of the magmatic evolution. Common pegmatites
have *He/*He ratios that vary from 0.18 to 4.68 Ra (mean
1.62 Ra), and their *°Ar/*®Ar ratios range from 426.70 to
1408.06 (mean 761.81); spodumene pegmatites have
*He/*He ratios that vary from 0.18 to 2.66 Ra (mean 0.87
Ra) and their “’Ar/°Ar ratios range from 402.13 to
1907.34 (mean 801.65). These data indicate that the
hydrothermal fluids were shown a mixture of crust- and
mantle-derived materials, and the proportion of crust-
derived materials in spodumene pegmatites increases sig-
nificantly in the late stage of the magmatic evolution. The
5180H20_VSM0W values of common pegmatites range from
6.2%0 to 10.9%0, with a mean value of 8.6%0, and
0Dvy_smow Vvalues vary from — 110%0 to — 72%o, with a
mean of — 85%o. The 6"Op0_vsmow values of spo-
dumene pegmatites range from 5.3%o0 to 13.2%o, with a
mean of 9.1%o, and dDv_smow Vvalues vary from — 115%o
to — 77%o, with a mean of — 91%o. These data suggest
that the ore-forming fluids came from primary magmatic
water gradually mixing with more meteoric water in the
late stage of the magmatic evolution. Based on the He—Ar—
H-O and other existing data, we propose that the ore-
forming metals are mainly derived from the upper conti-
nental crust with a minor contribution from the mantle, and
the fluid exsolution and addition of meteoric water during
the formation of pegmatite contributed to the formation of
the Jiajika superlarge lithium deposit.

Keywords He-Ar—H-O isotopes - Magmatic-

hydrothermal fluids - Common pegmatites - Spodumene
pegmatites - Jiajika superlarge lithium deposit, Sichuan
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1 Introduction

Lithium (Li) is the lightest metal element with high melting
and boiling point, which is widely used in batteries,
ceramics, glass, lubricating greases, electronics, metal-
lurgy, and medical and optical industries (USGS 2021).
China, the United States, and Europe have treated Li as one
of the important critical metal resources, which are of
growing economic importance (Goodenough 2017; Zhai
et al. 2019; European Commission 2020). Pegmatites are
one of the important sources of rare metals, including
lithium, beryllium, tantalum, niobium, rubidium, cesium,
zirconium, hafnium, wolfram, and tin (London 2014; Dill
2015; Fei et al. 2017; Liu et al. 2020b). Thus, they are
important targets in rare-metal exploration (Wang et al.
2004, 2005). Although granitic-pegmatites are common,
rare-metal pegmatites make up only ~ 0.1% of the total
amount of these rocks, and Li-rich pegmatites are still rarer
(Laznicka 2006; Kesler et al. 2012; Linnen et al. 2012).
Pegmatites are commonly thought to form from residual
magmas through the differentiation of granitic magmas
(éernf/ and Ercit 2005; London 2008; Deveaud et al. 2015;
Roda-Robles et al. 2018; Wang et al. 2020; Yan et al. 2020;
Hu and Li 2021). However, other pegmatites are the result
of anatexis. (Deveaud et al. 2015; Barros and Menug 2016;
Dill 2018; Knoll et al. 2018; Hu and Li 2021). Conse-
quently, a close temporael or spatial relationship between
granites and pegmatites does not necessarily indicate a
comagmatic origin (Muller et al. 2017).

Many pegmatite-type lithium deposits have been found
in China and most of them are distributed in Songpan-
Ganze, Chinese Altay, and Jiangnan orogenic belts (Li
et al. 2014; Wang et al. 2017a, b). The Songpan—Ganze
Orogenic Belt (SGOB), located in the western part of
Sichuan province, China, is one of the most important
lithium deposits producing areas (Fig. 1). The main peg-
matite-type deposits in the SGOB include the Dangba rare-
metal and muscovite deposits, Lijiagou rare-metal deposit,
Ke’eryin rare-metal deposits and Jiajika lithium deposit
(Wang et al. 2005, 2013; Li 2006; Li et al. 2014, 2015a, b;
Fei et al. 2017, 2020a, 2021), and the Jiajika deposit is the
largest known granite- and pegmatite-type Li deposit
within Asia. The deposit was discovered by the Ganzi
Geological Prospecting Team of the Sichuan Bureau of
Geology and Mineral Resources Exploration in 1959.
Subsequent detailed exploration showed that the total Li,O
resource reached 2.81 million tons (Li and Chou 2017).
Numerous studies have investigated the timing of petro-
genesis and mineralization, magmatic origin, metallogenic
regularities, and continental geodynamics of this deposit
(Li et al. 2006a, b, ¢, d, 2007a, 2008a, b, 2014, 2020; Su
et al. 2011; Fu et al. 2014, 2015; Hao et al. 2015; Liu et al.
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2015, 2016, 2017a, b, c; Liang et al. 2016; Hou et al. 2017,
Wang et al. 2017a, b; Dai et al. 2018a, b; Huang et al.
2020). However, issues related to fluid evolution, metal
source, and metallogenic mechanisms remain poorly con-
strained. Previous studies on hydrothermal fluids of peg-
matites are limited to some specific ore bodies (Xiong et al.
2019; Zhou et al. 2021; Wang et al. 2022), and the prop-
erties and sources of hydrothermal fluids of common
pegmatites are not clear. Zhang et al. (2021) revealed that
fluid exsolution during melt-fluid separation can cause
significant Li isotopic fractionation between common and
spodumene pegmatites using lithium isotopes. Therefore,
more studies are needed on the fluid inclusion of the peg-
matite-type lithium deposits, these studies are crucial for
the origin and enrichment mechanisms of Li in the Jiajika
district.

He—Ar isotopes of inclusion-trapped fluid have been
studied for several decades, and are powerful tools for tracing
fluid sources and mixing processes between mantle volatiles
and crustal fluids during the formation of metal deposits
(Schlutteret al. 1987; Turneretal. 1992, 1993a, b; Stuart et al.
1995; Hu et al. 1997, 1998, 1999, 2004, 2009, 2012; Burnard
etal. 1999; Lietal. 2007b, 2010, 2011, 2018; Sun et al. 2009;
Wu et al. 2011; Chen et al. 2018). 4OArOAr ratios differ
between atmospheric and crust/mantle. The *He/*He ratios of
mantle-derived fluids (6—7 Ra) can be 1000 times higher than
those of crust-derived fluids (0.01-0.05 Ra) (Stuart et al.
1995). This large difference in He isotope ratios makes it even
easier to identify minor mantle-derived He in fluids (Hu et al.
1998, 2009, 2012; Sun et al. 2009). Thus, He-Ar isotopes can
be used to effectively indicate the sources of hydrothermal
fluids in ore deposits (Xu et al. 2014; Zhai et al. 2015). In
addition, H-O isotope data also can provide clues to the
nature of magmatic-hydrothermal fluids (Chen et al. 2009;
Hou et al. 2009; Wang et al. 2018a, b).

Herein, we report the geological characteristics of the
Jiajika superlarge lithium deposit and use He-Ar-H-O
isotope data to determine the source of the mineralizing
fluids. Along with our previous results, we reconstruct the
successive processes that led to the mineralization of the
Jiajika superlarge lithium deposit from the magmatism to
fluid evolution and focused on the fluid exsolution and
meteoric water in this study.

2 Geological setting, deposit geology, and samples

The Jiajika superlarge spodumene deposit is located at the
eastern margin of the Qinghai-Tibet Plateau and in the
central SGOB (Fig. 1). The SGOB formed as a result of
tectonic interactions between South China, North China,
and Qiangtang blocks during the closure of the Paleo-
Tethys Ocean (Fig. 1). Basement rocks along the eastern
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Fig. 1 a Sketch of the Songpan—Garze orogenic belt and b simplified tectonic map of the Songpan-Garze orogenic belt (Modified after Xu et al.
1992; Fu et al. 2015; Hou et al. 2017; Li et al. 2020). 1. Ophiolitic mélange belt; 2. Detachment belt; 3. Thrust fault; 4. Dome-shaped deformed
metamorphic body; 5. Strike-slip fault; 6. Outcrop area of a deep high-temperature ductile detachment shear zone; 7. Fold axis; 8. Vector of
ductile slip; 9. Mesozoic granite. A-Yiguo island-arc belt; B-Main part of the Songpan—Garze orogenic belt; C—Foreland thrust wedge

border of the SGOB comprise a Neoproterozoic crystalline
complex (1.0-0.75 Ga; Roger et al. 2010; Dong and San-
tosh 2016) and overlying Late Triassic turbidites (Weis-
logel et al. 2010). The Songpan—Garze flysch complex,
which occurs as a triangle-shaped fold belt between the
North China, South China, and Qiangtang blocks, contains
meta-turbidites of the Xikang Group (Fig. 1). The Xikang
Group is composed of gray—black meta-felsic sandstones,
meta-siltstone, sericite slate, silty slate, phyllite, schist, and
minor limestone (Weislogel et al. 2010). The late Indosi-
nian orogeny produced many NW- and NWW-trending
folds, and the Jurassic Yanshan orogeny produced NE-
striking reverse faults that formed under horizontal com-
pression (Fig. 1). The SGOB contains large gneiss domes,
including the Jiajika and Markang domes (De Sigoyer et al.

2014), which formed during the Late Triassic—Early
Jurassic (Zhao et al. 2019).

Roger et al. (2004) proposed that collision among the
Qiangtang, South China, and North China blocks during
the Indosinian orogeny led to the development of a
décollement between the basement and Triassic metasedi-
mentary strata in the SGOB, resulting in crustal shortening
and thickening. These processes might have led to
decompression melting and indirect generation of rare-
metal-bearing magma, leading ultimately to the crystal-
lization of the pegmatite deposits in the SGOB (Li et al.
2019; Fei et al. 2020b). The deformation, magmatism,
metamorphism, and mineralization in the eastern SGOB
are temporally and spatially linked to exhumation during
the Indosinian orogeny (Xu et al. 2020; Fei et al. 2020b).
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The SGOB is a rare-metal pegmatite province that is
similar to the Chinese Altay orogenic belt in terms of the
number of pegmatites and economic rare-metal resources
(Lv et al. 2012; Li et al. 2015a, b; Fei et al. 2020b). Some
well-known pegmatite-type deposits have been discovered
in the SGOB, including the Jiajika, Ke’eryin, Lijiagou rare-
metal deposits, and Danba rare-metal and muscovite
deposits (Fig. 2).

Strata that crop out in the Jiajika deposit comprise
mainly Triassic sandstones and shales of the Xikang
Group, which were later transformed into biotite quartz
schist, two-mica quartz schist, andalusite schist, and stau-
rolite schist through regional and contact metamorphism
under various temperature and pressure conditions (Li and
Chou 2017). The deposit is cut by the NW-SE-trending
dome-like Jiajika anticline, which in turn is cut by NW-
SE-trending faults and X-shaped shear cracks. The Jiajika
deposit contains north—south-trending two-mica granites
that are exposed over an area of 5.5 km? (Fig. 3). Two-
mica granites have been dated by the U-Pb zircon method,
which yields ages of 206 to 223 Ma (Hao et al. 2015; Li
et al. 2020). Pegmatite veins are found in fractures of the
two-mica granite or fissures of the surrounding country
rock (Fig. 4a), and are distributed in groups and bands
(Fig. 3). According to the ore-bearing properties, the

97°30'E

pegmatites can be divided into two types: common peg-
matites and spodumene pegmatites, the latter with metal-
logenic ages of 198 to 211 Ma as defined by LA-MC-ICP-
MS cassiterite U-Pb dating (Dai et al. 2018a, 2019; Zhou
et al. 2021). Previous studies have shown that the Jiajika
granitic pegmatites were the final products of the extreme
fractional crystallization of two-mica granitic magmas, and
common pegmatites derived from early differentiation of
the two-mica granitic magmas before they evolved into
spodumene pegmatites during the late stage of magmatic
differentiation (Zhang et al. 2021).

The Jiajika rare metal ore field, show the regional
zonation of the pegmatite veins in the Jiajika area as fol-
lows: I-microcline pegmatite zone, II-microline-albite
pegmatite zone, Ill-albite pegmatite zone, IV-albite-spo-
dumene pegmatite zone, V-albite-muscovite/lepidolite
pegmatite zone. The granitic pegmatite veins radiate ver-
tically and horizontally from the granite intrusion, and are
divided into the following types based on the types of rare
elements (with increasing distance from the intrusion)
(Fig. 3): Be —» Li —» (Nb + Ta) — Cs or Be — Be-Nb-—
Ta — Li-Be-Nb-Ta — Li, Be, Nb, Ta, Cs, Sn zoning
characteristics (Li 2006; Li and Chou 2017; Dai et al. 2019;
Zhang et al. 2021; Fu et al. 2021). The main minerals are
microcline, albite, quartz, and muscovite, along with
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Fig. 2 Distribution of rare-metal deposits in the Songpan—Garze orogenic belt (Modified after Li et al. 2014, 2015a, 2020; Dai et al. 2018a)
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Fig. 3 Simplified geological
map of the Jiajika superlarge
lithium deposit, Sichuan
(Modified after Fu et al. 2015;
Liang et al. 2016; Li and Chou
2016, 2017; Hou et al. 2017;
Dai et al. 2018b, 2019; Li et al.
2020). 1. Two-mica granite; 2.
Microcline-type pegmatite; 3.
Microcline—albite-type
pegmatite; 4. Albite-type
pegmatite; 5. Albite—
spodumene-type pegmatite; 6.
Albite—lepidolite-type \
pegmatite; 7. Serial number of 4 e |
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Sampling site and serial number
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Microcline—albite-type
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Fig. 4 Typical field photographs and photomicrographs of rocks and minerals from the Jiajika superlarge lithium deposit, Sichuan (After Li et al.
2020). a Contact relationship between pegmatite veins and schist; b two-mica granite hand-specimen; ¢ spodumene pegmatite hand-specimen;
d spodumene pegmatite under cross-polarized light; e Common pegmatite hand-specimen; f Common pegmatite under plane-polarized light.
Mu—Muscovite; Ab—Albite; Qtz—Quartz; Spo—Spodumene; Tou-Tourmaline
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minerals that contain rare-metal elements, including spo-
dumene, khlopinite, beryl, thorite, cyrtolite, and kymatolith
(Wang et al. 2005).

Samples for analysis were collected from the different
texture zones in the Jiajika rare metal ore field (Fig. 3).
Spodumene pegmatites are distributed mainly in texture
zones III-V, have a grayish-white color, pegmatitic texture,
and massive structure, and are composed mostly of quartz,
albite, spodumene, and muscovite (Fig. 4c, d). Common
pegmatites are distributed chiefly in texture zones I-II,
show grayish black color and pegmatitic texture, are
massive and consist mainly of albite, quartz, tourmaline,
and muscovite (Fig. 4e, f). Two-mica granites are also
shown in Fig. 4b.

3 Analytical methods
3.1 He-Ar isotope analyses

He and Ar isotopes were analyzed at the MNR Key Lab-
oratory of Metallogeny and Mineral Assessment, Institute
of Mineral Resources, Chinese Academy of Geological
Sciences (CAGS), Beijing, China. Isotopes were measured
using a Helix SFT mass spectrometer (Thermo Scientific)
under high-vacuum conditions, with crushing and purifi-
cation at n x 107° mbar, and mass spectrometry at
n x 107'° mbar. The sensitivity of the Helix SFT for He
and Ar was>2 x 10 amps/Torr at 800 pA
and > 1 x 10~ amps/Torr at 200 pA, respectively. The
resolution of the Faraday cup was 400, and the resolution
of the ion multiplier was better than 700, allowing the
separation of *He and 4He, and HD + H; and *He. Sam-
ples were degassed of labile volatiles and secondary fluid
inclusions were discharged by heating under vacuum to
130-140 °C for 40 h. The detailed crushing and analytical
procedures were described in Yang et al. (2016).

3.2 H-O isotope analyses

H-O isotopes were analyzed using a MAT-253 mass
spectrometer (Thermo Scientific) at the Analytical Labo-
ratory of Beijing Research Institute of Uranium Geology,
Beijing, China. Pure quartz, muscovite, and spodumene
separates were prepared for H-O isotope analyses. Oxygen
isotopic compositions were analyzed following the BrFs
method (Clayton and Mayeda 1963). Pure minerals were
crushed to 200 mesh and reacted with BrFs at 500-600 °C
for 14 h to generate O, that was reacted with graphite at
700 °C with a platinum catalyst to produce CO,. The CO,
was then measured for O isotopes by mass spectrometry.
The reproducibility for isotopically homogeneous standard
quartz samples is about + 0.2 %e.
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For the H isotope analyses, water was released by
heating the samples to ~ 500 °C in an induction furnace.
Samples were degassed of labile volatiles and secondary
fluid inclusions were by heating to 180-200 °C until the
vacuum was less than 10~ Pa. Water was converted to H,
by passing over heated zinc powder at 400 °C, and H,
isotopes were analyzed by mass spectrometry. Analyses of
standard water samples yielded a precision for 6D of + 2
%o0.

4 Results
4.1 He and Ar isotopes

Table 1 lists the He and Ar isotopic compositions of quartz
and spodumene from the Jiajika deposit. R/Ra ratios for
common pegmatites (R: *He/*He values of samples; Ra:
1.4 x 107, the standard value of air) vary from 0.18 to
25.91 Ra (mean 7.73 Ra), and their YOArPOAr ratios range
from 420.95 to 1430.51 (mean 749.79). R/Ra ratios for
spodumene pegmatites vary from 0.18 to 6.76 Ra (mean
1.85 Ra), and their 4OAr/3°Ar ratios range from 402.13 to
1907.34 (mean 767.96).

4.2 H and O isotopes

Table 2 lists the H and O isotopic compositions of quartz,
muscovite, and spodumene samples of this study, together
with data from a previous study (Fei et al. 2017). The
5]80H20,VSMOW values of common pegmatites range from
6.2%o0 to 10.9%o, with a mean of 8.6%o, and their dDy_smow
values vary from — 110%o0 to — 72%o, with a mean of —
85%o. The 5180H20_VSM0W values of spodumene peg-
matites range from 5.3%o to 13.2%o, with a mean of 9.1%o,
and their dDvy_smow Vvalues vary from — 115%o0 to —
77%o, with a mean of — 91%o.

5 Discussion

5.1 He-Ar isotopic compositions reveal
the evolution of magmatic-hydrothermal fluids

As mentioned above, the He—Ar isotopes can be used as an
ideal tracer for the crust and mantle contributions to the
ore-forming processes (Turner et al. 1993a, b; Stuart et al.
1995; Wang et al. 2015; Li et al. 2018). There are four
potential sources of He—Ar isotopes in hydrothermal fluids:
(1) He and Ar in the atmosphere. Owing to the low He
content in the atmosphere, there is no obvious influence on
the composition of He isotopes in the hydrothermal fluids
(Wen et al. 2016). However, the influence of Ar from the
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Table 2 Hydrogen and oxygen isotopic compositions of Jiajika superlarge lithium deposit and Lijiagou medium lithium deposit, Sichuan

Sample No Mineral 3'80v_smow (%o) Th (°C) 380mo_vsmow (%o) ODv_smow (%o) References

Spodumene pegmatites from the Jiajika deposit

YG93-3 Quartz 15.6 300 8.7 -115 This study
YGI119-3 Quartz 15.8 300 8.9 -87 This study
YG119-4 Quartz 16.0 300 9.1 -96 This study
YG93-3 Muscovite 13.0 300 53 -84 This study
YG94-2 Muscovite 13.1 300 54 =77 This study
YG119-3 Muscovite 13.7 300 6.0 -80 This study
YG119-4 Muscovite 14.1 300 6.4 -82 This study
YG93-3 Spodumene 13.8 320 11.9 =77 This study
YGI93-6 Spodumene 14.4 320 12.5 -110 This study
YGI119-3 Spodumene 14.3 320 12.4 -99 This study
YG119+4 Spodumene 15.1 320 13.2 -90 This study
Common pegmatites from the Jiajika deposit

YG99-2 Muscovite 14.3 300 6.6 -80 This study
YG102-1 Muscovite 14.7 300 7.0 =75 This study
YG103-1 Muscovite 14.1 300 6.4 -76 This study
YG103-2 Muscovite 15.0 300 7.3 =79 This study
YG113-3 Muscovite 14.4 300 6.7 -81 This study
YG116-3 Muscovite 14.7 300 7.0 =75 This study
YGI117-3 Muscovite 14.5 300 6.8 78 This study
YG120-2 Muscovite 14.9 300 7.2 -82 This study
YG120-4 Muscovite 13.9 300 6.2 -82 This study
YGI122-7 Muscovite 13.9 300 6.2 -83 This study
YG122-8 Muscovite 14.5 300 6.8 -82 This study
YG122-10 Muscovite 14.3 300 6.6 -81 This study
YG99-2 Quartz 16.2 300 9.3 -89 This study
YG102-1 Quartz 17.2 300 10.3 -106 This study
YG103-1 Quartz 16.1 300 9.2 -90 This study
YG113-3 Quartz 17.3 300 104 =72 This study
YG116-3 Quartz 17.1 300 10.2 -74 This study
YGI117-3 Quartz 15.5 300 8.6 -74 This study
YGI120-2 Quartz 16.9 300 10.0 -84 This study
YG120-4 Quartz 17.3 300 10.4 -98 This study
YG122-6 Quartz 16.4 300 9.5 —-88 This study
YG122-7 Quartz 16.8 300 9.9 -84 This study
YG122-8 Quartz 16.6 300 9.7 -100 This study
YG122-10 Quartz 16.5 300 9.6 -84 This study
YG102-2 Quartz core 16.4 320 10.2 -99 This study
YG103-2 Quartz core 16.3 320 10.1 -91 This study
YG112-3 Quartz core 17.1 320 10.9 -79 This study
YG126-2 Quartz core 15.7 320 9.5 -89 This study
YG102-3 Late quartz 16.2 280 8.6 —88 This study
YG107-4 Late quartz 16.4 280 8.7 -83 This study
YG113-+4 Late quartz 17.2 280 9.5 -110 This study
YG114-3 Late quartz 17.0 280 9.3 =79 This study
YGl16—4 Late quartz 16.1 280 8.4 -82 This study
YG120-5 Late quartz 16.6 280 8.9 -100 This study

Lijiagou deposit
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Table 2 continued

Sample No Mineral 3'80v_smow (%o) Th (°C) 380mo_vsmow (%o) ODv_smow (%o) References

LPD1H2 Spodumene 11.1 220 -0.2 -62 Fei et al. (2017)
LPD2H2 Spodumene 14.0 220 2.7 -69 Fei et al. (2017)
LPD3H2 Spodumene 13.0 220 1.7 -79 Fei et al. (2017)
LPD4H2 Spodumene 11.7 220 0.4 -86 Fei et al. (2017)
LPD1H2 Quartz 14.9 237 5.3 -59 Fei et al. (2017)
LPD2H2 Quartz 14.8 213 39 -66 Fei et al. (2017)
LPD3H2 Quartz 15.8 225 5.6 —-65 Fei et al. (2017)
LPD4H2 Quartz 15.1 225 4.9 -74 Fei et al. (2017)
LKH3 Quartz 13.8 257 5.2 =77 Fei et al. (2017)
LYHI1 Quartz 15.8 257 7.2 =75 Fei et al. (2017)

The 6"®0pp0_vsmow values of fluid inclusions in the quartz, muscovite and spodumene were calculated according to the equations of
1000Inagyar,—water = 3.38 X 10%T? - 3.40 (Clayton et al. 1972), 1000Ina,uscovite—water = 3.20 x 10%/T? —2.00 (O’Neil et al. 1969), and
1000Inagpoqumene-water = 4.17 X 10%T% - 7.19 x 10%T + 2.18 (Zheng 1993), respectively. Th (°C) for the Jiajika deposit was provided by Dr.
Xiongxin, from the MNR Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources, Chinese Academy of

Geological Sciences

follows: *Hemanue (Wt.%) = 100 x [CHe/*He)sampie —
H/4He)crust]/[(3He/4He)mant]e - (3He/4He)crust]a where (37
H/*He)eruse = 0.01 Ra, (CHe/*He)mange = 6.00 Ra (Ander-
son 2000; Kendrick et al. 2001). The calculations show that
the percentage of mantle-derived He in the common peg-
matites ranges from 2.86% to 77.91%, with a mean of
26.98%; whereas that in the spodumene pegmatites ranges
from 2.77% to 44.29%, with a mean of 14.35%. The mantle
component indicates that the hydrothermal fluids in the
Jiajika deposit were dominated by crust-derived materials,
with a relatively small contribution from mantle-derived
materials; as mineralization progressed from common
pegmatites to spodumene pegmatites, the proportion of
crust-derived materials gradually increased (Fig. 5). The
addition of mantle-derived materials in ore-forming fluids
is likely due to the existence of ancient crust with mantle-
derived materials, such as Proterozoic immature crust or
Precambrian basement (Liu et al. 2021; Luo et al. 2022).
The eye(t) values of the pegmatites in the Jiajika deposit
range from — 10.3 to — 5.5, and their Hf model ages
(TDMC) are in the range of 1.6-1.66 Ga (Li et al. 2020).
The negative ey(t) and older TDMC values were interpreted
to derive from the partial melting of the Triassic
metasedimentary rocks from the SGOB (Yan et al. 2020).

Common pegmatites and spodumene pegmatites yield
*OAr/°Ar ratios of 426.70-1408.06 (mean 761.81) and
402.13-1907.34 (mean 801.65), respectively. Ratios of
“OAr/*®Ar and *He/*He suggest that the hydrothermal fluids
might have resulted from the mixing of different propor-
tions of crust- and mantle-derived materials (Fig. 5c). On
R/Ra versus (40Ar/3 6Ar)/ 100 and R/Ra versus “°Ar*/*He

@ Springer

diagram (Fig. 5b, d), data for the Jiajika lithium deposit fall
between the fields of crust-derived and mantle-derived
materials, which is consistent with the He isotope data. In
general, the radiogenic *°Ar (*°Ar*) easily diffused into
groundwater and pore fluids, so the crust-derived materials
trapped in the fluid inclusions might be a mixture of ASW
argon and radiogenic 4OAr (Turner et al. 1993a, b; Xie et al.
2016). The percentage of “’Ar* can be calculated using
Ar* = OArgmpre — 295.5 X °Argmpe (Ballentine and
Burnard 2002). Results of the calculations show that the
percentage of “’Ar* for common pegmatites ranges from
7.6% to 96.55%, with a mean of 34.58%, and those of Ar is
3.45% t0 92.4%, with a mean of 65.42%. The percentage of
“OAr* for spodumene pegmatites ranges from 4.42% to
86.2%, with a mean of 22.56%, and those of Aris 13.8% to
95.58%, with a mean of 77.44%. These values indicate that
the Ar in the hydrothermal fluids was derived mainly from
meteoric water. On R/Ra versus “°Ar/*°Ar diagram
(Fig. 6), some samples are around the ASW endmember,
supporting this inference.

All of these He—Ar isotopic signatures suggest that the
hydrothermal fluids in the Jiajika deposit were dominated
by crust-derived materials and have more crustal compo-
nents than those of mantle-derived materials and significant
involvement of meteoric water in the fluid system.

5.2 H-O isotopic compositions reveal the evolution
of magmatic-hydrothermal fluids

Isotopes of H and O provide clues to the nature and evo-
lution of ore fluids (Chen et al. 2009; Hou et al. 2009;
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Wang et al. 2018a, b). In this study, the calculated o8
Ono_vsmow and J0Dy_gyvow data of spodumene peg-
matites are 5.3%o0 to 13.2%., with a mean of 9.1%o,
and — 115%o to — 77%o, with a mean of — 91%o, respec-
tively, which are plotted in the area between the meteoric
water line and the primary magmatic water field but near
the magmatic water field in the 5D—6'%0 diagram (Fig. 7).
H-O isotopic compositions show that the primary ore-
forming fluids dominantly originated from magma water,
which is consistent with the previous Li isotope results. It is
considered that the ore-forming fluid is derived from the
original magma (Zhang et al. 2021). In addition, the quartz
and mica samples mainly fall near the magmatic water
region, but the spodumene samples show higher 6'%
Omzo_vsmow Vvalues outside the magmatic water region.
This might be due to the addition of metamorphic fluid
(6D = — 20%0 to — 65%0; 6'%0 = 4% to 20%o; Taylor
1974), and indicates that the formation of lithium deposits
is closely related to metasemdimentary rocks in the region.
Notably, the dDy_gpmow Values of all pegmatites are rela-
tively lower than those of the typical magmatic water, and
could be interpreted as the participation of paleometeoric

water in the continuous degassing of the parent magma
(Fig. 7; Chelle-Michou et al. 2017; Sun et al. 2017; Wang
et al. 2018a, b; Liu et al. 2020a). Extensive studies have
shown that D preferentially partitions into the vapor phase
relative to H during fluid boiling, and the value of
0Dv_smow in the residual fluid decreases by about 28%o
while scarcely changing the 5180H20—VSM0W (Shmulovich
et al. 1999; Driesner and Seward 2000). Hence, we con-
clude that the large variations of 0Dy_gmow of fluid
inclusions in quartz and spodumene were caused by
meteoric water and fluid boiling. Moreover, the dDy_smow
deficit of spodumene pegmatites is stronger than common
pegmatites, and the variation range is wider (Fig. 7). These
values imply that the ore-forming fluids originated from
magmatic water gradually mixing with more meteoric
water in the late stage of the magmatic evolution.

Compared with the Lijiagou deposit (Fig. 7), a greater
proportion of meteoric water was added to the ore-forming
fluids during mineralization in the Jiajika deposit, which
might have contributed to the larger resources of the Jiajika
deposit.

@ Springer
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5.3 Mineralization processes of the Jiajika
superlarge lithium deposit

Despite extensive studies on pegmatites over several dec-
ades, their petrogenesis remains controversial, it is com-
monly considered that pegmatite is the product of the
crystallization differentiation of granitic magmas, which
leads to the enrichment of rare metals in residual magmas
((Vjern}’/ and Ercit 2005; London 2008; Deveaud et al. 2015;
Roda-Robles et al. 2018; Yan et al. 2020; Wang et al.
2020). The newly published major elements, trace ele-
ments, rare earth elements (REEs), and Pb—Sr—Nd-Li iso-
topes in the Jiajika deposit indicate that pegmatites are
genetically associated with the two-mica granites and are
products of the extreme fractional crystallization of two-
mica granite-forming magma (Li et al. 2020; Zhang et al.
2021), whereas two-mica granites were generated by par-
tial melting of schists and slates (Li et al. 2020). The
mineralization processes of the Jiajika lithium deposit in
western Sichuan have been described as primary enrich-
ment during the sedimentation process (sedimentation,
metamorphism, deep burying, and remelting), secondary
enrichment during the formation of granite and tertiary
enrichment during the formation of pegmatite (crystal-
lization differentiation of granite-forming magma, fluid
exsolution) (Li et al. 2020; Zhang et al. 2021).

The He—-Ar isotope compositions suggest that the
hydrothermal fluids have mixed characteristics of those
derived from both crust- and mantle-derived materials and
that the proportion of crust-derived materials in spodumene
pegmatites increases significantly in the late stage of the
magmatic evolution (Figs. 5, 6). The H-O isotope data

@ Springer

Fig. 7 8D-3'30 diagram for hydrothermal fluids from the Jiajika
superlarge lithium deposit, Sichuan (Base map from Taylor 1974)

indicate that the ore-forming fluids came from magmatic
water gradually mixing with more meteoric water in the
late stage of the magmatic evolution (Fig. 7). On the §'%0
versus 0D diagram (Fig. 7), fluid inclusions in muscovite,
quartz and spodumene show different H-O isotopic com-
positions, indicating that minerals in the ore-forming pro-
cess have different formation conditions. Notably, the 5'%0
values from the spodumene are slightly higher than those
of the primary magmatic waters (Fig. 7). In addition, the
fluids inclusions of spodumenes have characteristics of
high temperature (Fig. 8; 22.86 x 107'° cm® STP/J) and
high metal content (e.g., Li, Be, Cs, Rb; Deng et al. 2022;
Wang et al. 2022), and their 3He/Q estimates are even
much higher than those of hydrothermal fluids from mid-
oceanic ridges (0.1-0.2 x 10~'? cm® STP/J; Lupton et al.
1989; Baker and Lupton 1990), which is similar to typical
exsolved magmatic fluids (Audétat et al. 2008). It is con-
sistent with the conclusion of the Li isotope, indicating that
fluid exsolution occurred during the separation of melt and
fluid at a late stage of the magmatic evolution (Zhang et al.
2021).

Based on these and existing data, we propose the fol-
lowing processes of mineralization of the Jiajika superlarge
lithium deposit. Geochronological studies suggest that the
Jiajika granite- and pegmatite-type Li deposit was formed
during the Late Triassic between 181 and 216 Ma, which is
a relatively quiet period after the strong Indosinian activ-
ities (Zhang et al. 2021). During the late Indosinian, sub-
duction and collision between the Qiangtang, South China,
and North China blocks led to crustal shortening and
thickening, resulting in regional and contact metamorphism
under various temperature and pressure conditions (Roger
et al. 2004). These processes might have caused Triassic
sandstones and shales of the Xikang Group to be trans-
formed into biotite quartz schist, two-mica quartz schist,
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andalusite schist, and staurolite schist (Li et al. 2019, 2020;
Yan et al. 2020). Li and other rare metal elements,
including Be, Rb, Cs, Nb, and Ta, were enriched during
thermal metamorphism (Li et al. 2020; Wang et al. 2020).
For example, the lithium content of cordierite schist can be
10 times as much as ordinary schist (Wang et al. 2020). At
this time, these orogenic movements could also cause the
melting of the ancient crust with mantle-derived materials
and the formation of Li-bearing silicate magma. This Li-
bearing magma ascended, undergoing fractional crystal-
lization and fluid exsolution. The ore-forming fluid
exsolved from the magma and moved upwards or outwards
through the secondary fractures generated by the formation
of the dome (Li et al. 2007a). At the late crystallization
stage, the fluid exsolution can produce H,O-poor silicate-
rich and H,O-rich silicate-poor pegmatite systems (Zhang
et al. 2021). The H,O-poor silicate-rich pegmatite magmas
migrated only short distances, filling fractures and gaps
within the host metamorphic strata with weak metasoma-
tism and inconspicuous addition of meteoric water, form-
ing common pegmatite veins (Zhai et al. 2011; Thomas
et al. 2012). In contrast, the H,O-rich silicate-poor granitic
pegmatite magmas over longer distances within the frac-
tures in host rocks enabled the replacement of some early-
formed minerals and mineralizing elements (e.g., Li, Be,
Nb, Ta, and other rare elements) in the host rocks and the
obvious addition of meteoric water, forming spodumene
pegmatite veins (Zhai et al. 2011; Thomas et al. 2012).

The obtained He—Ar-H-O isotope data from the Jiaka
lithium deposit suggest that the ore fluids are most likely
derived from the crust and modified due to mixing and
dilution with meteoric waters. The lithium and other rare
metals, i.e., beryllium, and probably niobium and tantalum
originate from both local sedimentary sources, which are
further enriched through geological processes such as
metamorphism, remelting, fractional crystallization, and
fluid exsolution. The magmatic fluid exsolved from the late
stage of melt is likely to represent a supercritical fluid,
which is an important carrier of lithium. Therefore, the
continuing addition of meteoric water and fluid exsolution
during the formation of pegmatite are the key to the form
of Li ore bodies and led to the enrichment of Li in the
altered surrounding rocks (Triassic sedimentary rocks of
the Xikang Group).

6 Conclusions

We performed an integrated analysis of He—Ar-H-O iso-
topes to trace the evolution of magmatic-hydrothermal
fluids and determine the processes of mineralization of the
Jiajika superlarge lithium deposit in western Sichuan Pro-
vince, China. Our main conclusions are as follows.
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Fig. 8 3He/Q versus “He/*°Ar for Spodumene and Quartz from the
Jiajika superlarge lithium deposit. The calculation formula is *He/
Q= 3He/*®Ar x [3 6Ar]I\,[ASW/(Cp 0) from Turner and Stuart (1992)
and Burnard et al. (1999), where [*®Ar]yasw is the concentration of
3Ar in MASW (7.65 x 10’7cm3STP/g), Cp is the specific heat of
MASW (4.4 JK~' ¢=") and 0 is the temperature increase of the cold
fluid (°C). Solid horizontal lines = range in “He/*®Ar of EPR (East
Pacific Rise) vent fluids and plumes (Lupton et al. 1989, 1995);
Box = Lucky Strike vent fluids (Jean-Baptiste et al. 1998)

(1) He and Ar isotope compositions suggest that both
mantle- and crust-derived materials were involved in
the Li mineralization and that the proportion of
crust-derived materials in spodumene pegmatites
increases significantly in the late stage of the
magmatic evolution.

(2) The 5DV75MOW and 5180H207VSMOW values indicate
that the ore-forming fluids derived from magmatic
water gradually mixed with more meteoric water in
the late stage of the magmatic evolution.

(3) Detailed mineralization processes for the Jiajika
lithium deposit include sedimentation, metamor-
phism, deep burial, remelting, fractional crystalliza-
tion, and fluid exsolution. The ore-forming metals
are mainly derived from the upper continental crust
with a minor contribution from the mantle. The fluid
exsolution and addition of meteoric water during the
formation of pegmatite contributed to the formation
of the Jiajika lithium deposit.
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