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The sources and temporal evolution of fluids related to distal skarn mineralization strongly influence the min-
erals that form, but remain poorly understood. In this study, we use the lithium and chlorine isotopic compo-
sitions of fluid-inclusion leachates (FIL) to elucidate the nature and evolution of fluids that formed the Luziyuan
distal skarn Zn-Pb-Fe—(Cu) deposit, China. The 8’Li values of prograde skarn stage rhodonite FIL (+5.37%c—+
7.31%) are similar to those of typical magmatic fluid. The §Li values (+11.69%o—+12.54%0) of actinolite FIL are
higher than those of rhodonite FIL; this is attributed to Rayleigh fractionation within a closed magma-
tic-hydrothermal system. It is inferred that up to 70% of fluid-borne Li is sequestered by hydrous minerals during
retrograde skarn alteration, consistent with conclusions drawn from previous studies of fluid-inclusions. The 8”Li
values of galena FIL (+9.78%0—+13.19%0), black sphalerite FIL (+11.62%0), and reddish-brown sphalerite
(+10.44%0—+11.66%o0) overlap with those of actinolite FIL, indicating that phase separation occurred during
Zn-Pb mineralization at the Luziyuan deposit. The low 8’Li values of light-yellow sphalerite FIL (+6.75%0) and
calcite FIL (+3.95%c—+6.49%o) record external fluid input, probably meteoric water. The positive 5% Cl values of
rhodonite FIL (+1.82%0—+1.83%o) are consistent with those of magmatic fluids. However, the 5%7Cl values of
actinolite FIL (+0.49%o) are lower than those of rhodonite FIL, indicating that FIL within hydrous minerals might
not record fluid sources reliably.

1. Introduction However, fractionation of Li isotopes during evolution of granitic

magma, and amongst minerals and coexisting fluids at 500-900 °C has

Lithium (Li) isotopes have been used to investigate the sources of
brines, formation fluids, and geothermal fluids (e.g., Chan et al., 2002;
Millot et al., 2010a, 2010b), subduction-related dehydration (e.g., Zack
et al., 2003; Marschall et al., 2007; Romer and Meixner, 2014), and
hydration and weathering of oceanic crust (e.g., Foustoukos et al., 2004;
Millot et al., 2010b; Barnes and Cisneros, 2012), as it is a fluid mobile
light element and the isotopic fractionation is relatively large during
fluid-related processes that redistribute elements. Lithium isotopes do
not fractionate to a measurable degree at high temperatures (>1000 °C)
during differentiation of basaltic magmas (Tomascak et al., 1999).

been reported (Teng et al., 2004, 2006, 2009, Wunder et al., 2006, 2007,
2010; Bryant et al., 2004; Magna et al., 2010). These findings indicate
that the Li isotopic fractionations might be a valuable indicator of the
mineralization, including Zn-Pb mineralization, where temperatures
are typically <400 °C. Recent studies have shown that Li isotopic
composition of fluid inclusions has great potential to provide insights
into the sources, evolution, and mixing of ore-forming fluids (Masukawa
et al., 2013; Yang et al., 2015; Richard et al., 2018; Xu et al., 2018).
Lithium, as well as the Pb and Zn that are of interest in the present study,
are commonly transported by Cl-bearing species, so Li isotopes are
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expected to constrain the source and evolution of the ore-forming fluid.
Anions (e.g., F~, Cl~, SO%~, $27) govern the solubility and mobility of
ore-forming metals in magmatic systems and brine systems (Wood and
Samson, 1998). Of these, Cl is the most important in ore-forming fluids,
because most metals (e.g., Zn, Pb, Cu, Sn) are thought be transported by
Cl-complexes (Yardley, 2005). Chlorine partitions strongly into fluids
during fluid-rock interaction. The Cl isotopic composition of fluid-
inclusion leachates (FIL) is widely used to identify sources of salinity
in ore-forming fluids (e.g., evaporated seawater, halite solubility,
magma) in rare- and base-metal deposits (e.g., Eastoe et al., 1989; Banks
et al., 2000a, 2000b, 2002; Richard et al., 2011; Andersson et al., 2019).
Distal skarn Zn-Pb deposits are commonly thought to form from
complex metamorphism amongst carbonate rocks and hydrothermal
fluids, and mineralizing fluids are thought to migrate over long distances
(e.g., Meinert et al., 2005; Samson et al., 2008). The fluid sources usually
remain controversial, particularly in the deposits without igneous rocks
in the vicinity. Magmatic hydrothermal fluids have been recognized as
major fluid sources of the prograde alteration stage to produce anhy-
drous skarn (e.g., Meinert et al., 2005; Palinkas et al., 2013; Vezzoni
et al., 2016), whereas magmatic and/or meteoric fluids are identified
during the retrograde skarn hydrous stage (Palinkas et al., 2013).
However, the temporal evolution of ore-forming fluids is poorly docu-
mented (Shu et al., 2017). The Luziyuan skarn Zn-Pb-Fe—(Cu) deposit in
Yunnan Province provides an excellent opportunity to investigate the
nature and evolution of fluids that are responsible for skarn Zn-Pb
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mineralization. This deposit has been mined for over 50 years, and
contains approximately 280 Mt of Zn + Pb ore at 5.09% Zn and 2.40%
Pb and 301 Mt of Fe ore at 30.02% TFe (Deng et al., 2016, 2018; Xu
etal., 2019). The paragenesis of Zn-Pb mineralization at this deposit has
been studied extensively (Liu and Deng, 2014; Deng et al., 2018; Xu
et al., 2019). Moreover, primary fluid inclusions are common within
minerals that formed throughout the evolution of the deposit, so the Li
and Cl isotopic compositions of FIL can be analyzed by crush-leach
techniques.

In this study, we first present data on lithium and chlorine isotopes in
fluid inclusions in gangue minerals and ore minerals formed during all
stages of mineralization and alteration at the Luziyuan deposit. We
discuss the origin of ore-forming fluids, fluid-rock reaction, and mineral
precipitation, and summarize the temporal changes in the Li and Cl
isotopic compositions of fluids as the ore-forming system evolved.

2. Geological setting

The Baoshan Block is the northern extension of the Sibumasu Block,
and is bounded by the Changning-Menglian suture to the east and the
Gaoligong fault to the west (Fig. 1, Sone and Metcalfe, 2008). Closure of
the Tethys Ocean and collision between the Indian and Eurasian plates
caused orogenesis, and continental collision compressed the Baoshan
Block into a wedge shape, forming numerous strike-slip faults within the

block (Deng et al., 2014a).
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Fig. 1. (a) Simplified geological map of the Sibumasu Block and adjacent regions (modified from Sone and Metcalfe, 2008). (b) Geological map showing the regional
tectonic framework of the Baoshan Block, distribution of sedimentary and igneous units, and major skarn Zn-Pb deposits (modified from Deng et al., 2014a).
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The Gongyanghe Group forms the basement of the Baoshan Block,
and comprises the late Neoproterozoic to the Cambrian weakly meta-
morphosed siliciclastic and carbonate rocks, which are locally interca-
lated basic volcanic rocks with minor ca. 499 Ma (zircon U-Pb age)
(Yang et al., 2012). The basement is unconformably overlain by the
Paleozoic to Mesozoic sedimentary strata, and minor Permian volcanic
rocks. The sedimentary rocks are dominated by a set of neritic to shore
carbonates, sandy shale and clastic rocks. The Paleozoic carbonates host
major skarn-type Zn-Pb deposits, such as the Luziyuan, Hetaoping and
Jinchanghe deposits (Tao et al., 2010; Deng et al., 2014a, 2018; Chen
et al., 2017).

Early Paleozoic and Mesozoic-Cenozoic granitoids intruded the
Baoshan Block during a number of intermediate-silicic magmatic
events. Early Paleozoic granitoids with zircon U-Pb ages of 500-450 Ma
crop out mainly within the Pinghe, Mengmao, and Shuangmaidi areas
(Liu et al., 2009; Dong et al., 2013). The Middle Permian to Triassic
alkali granites related to collision between the Baoshan and Simao
blocks, such as the Muchang and Gengma plutons, occur close to the
eastern and southern margins of the Baoshan Block. The Cretaceous S-
type granites include the Zhibenshan, Gaoligong and Kejie plutons, and
have yielded ages of 126.7 + 1.6 Ma, 126-118 Ma and 93 + 13 Ma,
respectively (Yang et al., 2006; Tao et al., 2010). These granites are
thought to be the products as a consequence of the melting of thickened
crust during closure of the Neo-Tethys Ocean (Yang et al., 2006; Tao
et al., 2010). The distal skarn mineralization in the Baoshan Block is
considered to potentially have a genetic link with the Cretaceous
intermediate-felsic magmatism. The calcite Sm-Nd method has yielded
ages indicating that the Luziyuan formed at 130 + 15 Ma (Xu et al.,
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2020).
3. Deposit geology

The Luziyuan deposit is one of the best-documented distal skarn
Zn-Pb deposits in the Baoshan Block (Fig. 2). Only Cambrian strata,
dominated by limestone, marble and minor calcic slate, are present in
the Luziyuan district. The Medium Cambrian Shahechang Formation
(Member 2 and 3) is principal host rock of the orebodies, and consists of
marble, argillaceous limestone, silty slate, minor chlorite skarn and
diabase dykes (Deng et al., 2014b, 2018). Sparse diabase dikes that yield
an age of 362 + 1.5 Ma occur close to NE-SW-trending faults (Deng
et al., 2018). The strata are strongly deformed and form a kilometer-
scale anticline referred to as the Luziyuan inverted anticline. The anti-
clinal core is cut by sets of NE- and NW-trending faults (Fig. 2a). The
former is mainly composed of extensional shear (e.g., F1, F2, F3, F4, and
F5) (e.g., Yang and Luo, 2011; YGS, 2012), while the latter primarily
consists of compressional shear (e.g., F6, F7, F8, F9, F12, and F13) (Xia
et al., 2005; YGS, 2012). The emplacement of Zn-Pb and Fe orebodies is
structurally controlled by the NE-trending faults.

Intense skarn alteration is widespread within the Luziyuan district,
and is closely associated with Zn-Pb-Fe-(Cu) mineralization. Sphal-
erite, galena and magnetite usually coexist in the skarn alteration zone,
and form densely disseminated, vein and massive skarn ores. The main
ore minerals are sphalerite, galena, magnetite, pyrite, chalcopyrite, with
minor bornite, pyrrhotite, arsenopyrite and chalcocite. The main gangue
minerals are rhodonite, actinolite, chlorite, andradite, quartz, and
calcite. Additionally, silicic and carbonate alterations primarily consist
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Fig. 2. (a) Geological map of the Luziyuan skarn deposit, modified from Deng et al. (2018). (b) Geological cross-section along prospecting line No. 31 at the Luziyuan
skarn deposit, modified from Xu et al. (2019). (c) Geological cross-section at 1375 m on prospecting line No. 27.
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of quartz and calcite, respectively, which commonly overprint the
earlier skarn.

The Luziyuan deposit comprises four ore bodies: Zn-Pb ore bodies
Nos. I, II, and III, and the No. V Fe ore body. These orebodies mainly
occur as lenticular and stratabound veins in shape (Fig. 2a). The ore
metals display a zonation of Fe-Cu, Fe-Cu-Zn-Pb and Zn-Pb in a ver-
tical direction from the deep skarn to the shallow marble (Fig. 2b). The
largest orebody — No. II has a Zn grade of 2.95%-3.14%, Pb 0.30%—
0.55%, and TFe with 17.90%-29.49%. It strikes 285°-345° NE and
32°-78° NW with approximately 3000 m in length and 7-20 m in width.

Four main stages of alteration and mineralization are recognized at
the Luziyuan deposit, based on extensive textural and mineralogical
observations (Zeng et al., 2014; Deng et al., 2018; Xu et al., 2019): (1)
Prograde skarn alteration stage; (2) Retrograde skarn alteration stage;
(3) Sulfide ore stage; and (4) Post-ore stage. Garnet, pyroxene, and py-
roxenoids are typical of the earliest prograde alteration. Garnet is typi-
cally pinkish-red to crimson, euhedral-subhedral, and fine-grained
(<1.5 mm). In some case, garnet displays a crushed or relict texture
under the microscope, and is partly to completely replaced by actinolite,
epidote and chlorite (Zeng et al., 2014; Xu et al., 2019). The garnets are
classified as the andradite-grossular series, with a compositional range
of Adg1.84Gr3.2oPy13.17 (Zeng et al., 2014). Pyroxene is mostly fibrous
and radiating, stubby-prismatic, or striated and bladed. Minor lamellar
of pyroxene are intergrown with the pyroxenoids. Pyroxenes are mem-
bers of the diopside—johannsenite-hedenbergite series, with an average
composition of DiszJhnzaHdy; (Zeng et al., 2014). Pyroxenoids are the
most common prograde mineral at the Luziyuan deposit (Deng et al.,
2014b), and rhodonite is the most common pyroxenoid (Zeng et al.,
2014). Rhodonite is typically pink-red, anhedral, and coarse-grained. It
commonly occurs as massive aggregates within units of residual host
rock on the middle-lower levels of the deposit (<1500 m). Rhodonite is
typically surrounded by retrograde hydrous silicates, such as actinolite
and epidote.

The retrograde skarn alteration stage is characterized by large
amounts of actinolite, chlorite, and epidote, with minor quartz and
fluorite. This alteration is related to Fe mineralization. Actinolite typi-
cally coexists with chlorite and occurs as stumpy and radiating fibrous
massive aggregates within the host marble. Most of the magnetite occurs
deep within the mine as bands or veinlets within the skarn, and is
commonly interstitial to, or replaces, garnet. Quartz and calcite occur as
veins, and are interstitial to, or replace, prograde skarn minerals.

The sulfide ore stage is characterized by large amounts of sulfides,
such as sphalerite, galena, pyrite, arsenopyrite, chalcopyrite, and
bornite. Euhedral coarse-grained pyrite is the earliest sulfide mineral,
and is commonly replaced by sphalerite, galena, and chalcopyrite.
Sphalerite and galena are the main ore minerals. Sphalerite is typically
black- to light-yellow, euhedral-subhedral, coarse-grained, and closely
associated with galena. Sphalerite also occurs interstitial to actinolite
within the skarn. Minor amounts of chalcopyrite are present in many
samples. The sulfide-rich mineral assemblages form disseminated ore,
banded ore, massive ore, and veins or stockwork that cross-cut or fill
gaps within the skarn minerals. Massive ore commonly coexists with
quartz and calcite in large cracks between the skarn and marble. Post-
ore stage minerals include calcite, quartz, and fluorite, which form
late veins that cross-cut the earlier assemblages.

4. Samples and methodology
4.1. Samples

We mainly collected samples from 1375 m sub-level in this deposit,
where ore bearing veins predominantly occur in the skarn alteration
zone. Fig. 2c demonstrates the characteristic skarn alteration and
mineralization from the central to both boundaries in the sub-level: the
central part of skarn alteration zone is primarily composed of rhodonite,
actinolite and chlorite with minor irregular sulfide veins (sphalerite and
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galena) infilled in the cracks of these skarn minerals.

Weak skarn alteration appears in the marble in the contact zones. It is
characterized by the occurrence of minor hydrous silicate (chlorite and
epidote) with locally lamellar or spotted sulfides. To characterize the
signatures on Li and Cl isotopic compositions during the ore-forming
process, we selected representative minerals for subsequent crush-
leach method of analysis from all the mentioned stages (Figs. 3 and
4). These included five prograde-stage rhodonite samples, five
retrograde-stage actinolite samples, five ore-stage sphalerite samples
(black, reddish-brown and yellow), three ore-stage galena samples, and
six post-stage calcite samples.

4.2. Extraction of fluid-inclusion leachates

Block specimens were crushed using a metal ramming bowl and
screened to a grain size of 20-40 mesh, and then grains were hand-
picked for purity under a binocular microscope until amounts of
1-3.5 g were obtained. Next, the picked mineral grains were cleaned
ultrasonically and dried in a baking oven. The weighed samples were
crushed and leached by a planetary ball mill equipped with four agate
cups, filled with 35 mL ultrapure water, at high-speed rotation for about
40 mins, which was sufficient for the complete release of fluid inclusions
into the water. Finally, the leachates were transferred to a suitable
container and passed through 0.2 pm nylon filters to remove particulates
before analysis.

4.3. Composition of the leachates

The analysis of the leachates was performed at the State Key Labo-
ratory of Environment Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. The Cl concentration was measured by a Dionex
ICS-90 ion chromatograph, with a detection limit of < 0.01 mg L. The
Li and Sr concentrations were analyzed by inductively coupled plas-
ma-mass spectroscopy (ICP-MS) on a NexION 300X instrument. The
detection limit was < 0.01 pg L™, Uncertainties on all element con-
centrations are < 10% relative.

4.4. Lithium isotope measurements

Chemical procedures and determination of Li isotopes were per-
formed at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences. A two-step
column chemistry was employed to isolate Li from the sample matrix.
Details are described in Xu et al. (2020a), Xu et al. (2020b). Sample
solutions first passed through a column loaded with 7 mL of Dowex
50WX8 (200-400 mesh) resin for the removal of most matrix elements.
Residual Na in samples was further eliminated through another column
loaded with 2.5 mL of the resin. The collected solutions were dried at
120 °C, and then the residue was dissolved in 2% v/v HNOg for subse-
quent isotope ratio analysis.

Purified solutions containing 50 pg L™'Li were introduced to Ar
plasma through a PFA nebulizer. Li isotopes ratios were obtained using
the standard-sample bracketing (SSB) protocol in a Neptune
MC-ICP-MS. °Li* and "Li* were simultaneously collected in a low-mass
Faraday cup (L4) and a high-mass cup (H4), respectively. Intensity of the
ion current was approximately 1.3 A for 50 pg L' standard solution,
much higher than background Li signal (<10 V). All data were re-
ported in per mil relative to IRMM-016. To monitor the isotopic frac-
tionation during the chemical pre-treatment, seawater (CASS-5;
National Research Council of Canada), rock references (BCR-2) and Li
isotopes standard solution (IRMM-016) were treated as unknown sam-
ples. The results yielded 5”Li values of +30.91%o + 0.16%o for CASS-5,
+2.69%0 + 0.31%0 for BCR-2 and —0.01%o + 0.17%o for IRMM-016,
consistent with published values (e.g., Tomascak et al., 1999; Tian
et al., 2017; Xu et al., 2018, 2020a, 2020b; He et al., 2019).
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Fig. 3. Photographs of hand specimens. (a) Massive rhodonite and fine galena veins. (b) Radiating and fibrous actinolite. (c, d) Typical ore assemblage consisting
mainly of sphalerite and galena. (e) Post-ore stage calcite veins containing fine galena veins. (f) Disseminated sphalerite with rhodonite and chlorite. Abbreviations:

Rdn = rhodonite; Act = actinolite; Sp = sphalerite; Gn = galena; Cal = calcite.

4.5. Chlorine isotope measurements

Sample preparation for the determination of Cl isotopes was modi-
fied from the procedures described by Luo et al. (2012), Luo et al.
(2014). Before being treated through column processes, all solutions
were concentrated in 50-100 pL to 7 mL Teflon breakers. H- and Cs-form
resin column (both infilled with 0.2 mL resin) were consecutively con-
nected to achieve the conversion of CsCl. Relevant reactions in the
column process are H' 4 Cl" = HCl for the former and Cs™ + HCl — CsCI
+ H' for the latter. A pH test strip was used to check if the conversion
succeeded. A minimum of 50 pg of Cl for each sample was processed
using the above chemical procedures. The obtained CsCl solutions were
concentrated to 20-30 pL at a temperature range of 40-60 °C for sub-
sequent isotope ratio measurement.

The %7C1/%°Cl ratio was measured through positive thermal ioniza-
tion mass spectrometry (P-TIMS) based on graphite loaded Cs,Cl*, at the
Qinghai Institute of Salt Lakes, Chinese Academy of Sciences. A prepa-
ration of 2.5 pL graphite slurry in 80% ethanol and 3 pL test solutions
was successively loaded on the central of outgassed Ta filament and
dried using a current of 1 A for 1.5 min in a clean air flow unit. The
prepared sample disk was then placed in the ion source of the mass

spectrometer. Isotope ratio analysis was begun once the ion source was
under of a vacuum of <2.5 x 10”7 mbar. Intensity of the Cs,Cl* ion was
adjusted to 4 x 10712 A by controlling the filament current. The isotopic
data were simultaneously obtained on Faraday cup C and H1 by col-
lecting the ion flow with mass numbers of 301 (133CS%SCI+) and 303
(*38cs37clh), respectively. All data were reported in per mil delta no-
tation relative to ISL 354. Repeated analysis of Cl isotopes standard (ISL
354 NaCl) yielded an average %’Cl/%°Cl ratio of 0.319030 + 0.000071
(20).

5. Results

Leachate compositions are provided in Table S1, and the Li and Cl
isotopic compositions and Li concentrations of analyzed minerals and
marble are provided in Tables 1 and 2, respectively. The &’Li values of
rhodonite FIL and retrograde-stage actinolite FIL range from + 5.37%o
to + 7.91%o, with an average of + 6.69%o0 (n = 5), and + 11.69%o to +
12.54%0 (n = 5), respectively (Table 1). The 87Li value of black sphal-
erite FIL (+11.62%o, n = 1) is similar to that of reddish-brown sphalerite
FIL (4+10.44%0—+11.66%0, n = 3), but higher than that of light-yellow
sphalerite FIL (+6.75%0, n = 1). The 8’Li values of galena FIL are +
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Fig. 4. Photomicrographs showing textures.
(a) Irregular galena interstitial to skarn
rhodonite. (b) Intergrown actinolite and
chlorite. (c) Reddish-brown sphalerite
amongst spiculate actinolite aggregates. (d)
Reddish-brown sphalerite with inclusions of
light-yellow subhedral sphalerite and
quartz. (e) Light-yellow sphalerite cutting
quartz vein. (f) Interstitial inclusions of
galena in calcite. Abbreviations: Rdn =
rhodonite; Act = actinolite; Gn = galena; Sp
= sphalerite; Qz = quartz; Cal = calcite.

Sp(reddish brown)
Sp(light yellow)

9.78%0—+13.19%0 (n = 3). The 8’Li values of calcite FIL are the lowest,
and range from + 3.95%c0 to + 6.49%. (n = 6). The Li contents of
rhodonite (1.04-2.30 pg g~1), actinolite (11.10-18.75 pg g™, sphal-
erite (0.30-3.76 pg g~ 1), and calcite (2.40 pg g~ 1) are shown in Table 2
and Fig. 5a. The Li isotopic compositions of minerals are strongly
related to those of the corresponding leachates. Actinolite has the
highest 8Li value (+1.71%o), followed by sphalerite (-3.68%o), calcite
(—4.73%o), and rhodonite (-5.97%o) (Fig. 5b). The marble (mbl) sample
contains only 1.03 pg g~ 'Li and possesses a &’Li value of —3.32%o, which
provides the estimation of 5’Li value of pristine marble at the Luziyuan
deposit.

The °7Cl values of rhodonite FIL are positive (+1.83%o0—+1.85%o, n
= 2). The §%Cl value of actinolite FIL is lower (+0.49%o, n = 1), and
slightly higher than that of seawater (0%o).

6. Discussion
6.1. Lithium isotopes

Fluid inclusion leachates from the Luziyuan deposit have variable
5’Li values (+3.95%0—+13.19%c) that are higher than those of typical

magmatic fluids (—4%o—+4%0) (Masukawa et al., 2013; Richard et al.,
2018) (Fig. 6a). This might be indicative of origin of the ore-forming

fluids and later processes involving lithium isotopic fractionation,
such as fluid exsolution, contribution from country rock, and skarn
alteration.

Lithium is preferentially distributed into the fluid phase under the
equilibrium condition (770-900 °C, 0.5-2.0 kbars) between granitic
melts and aqueous fluid (Webster et al., 1989). If the extent of frac-
tionation during fluid exsolution is known, then the Li isotopic compo-
sition of the magmatic fluid source can be estimated. Calculations show
that exsolution of supercritical fluids from granitic melts by Rayleigh
distillation is associated with minor fractionation of Li isotopes (Teng
et al., 2006). Moreover, Yang et al. (2015) measured Li isotopic com-
positions of quartz FIL and andesite from the Gacun VMS Zn-Pb deposit.
They found that the minimal value (+4.5%o) of FIL representing initial
magmatic fluids and agrees well with the andesite (+1%o—+2%o), sug-
gesting a magmatic origin for the deposit. Based on this, fractionation
during fluid exsolution might induce differences in §”Li values of up to
3%, agreeing well with empirical studies (Chan et al., 1994; Teng et al.,
2006; Wunder et al., 2006). Therefore, it is reasonable to deduce that
most of the magma-derived Li might be partitioned in fluids, and those
fluids might have similar Li isotopic compositions to the crystallized
peraluminous rock. In addition, the low Li content (0.17 pg g 1) and 8”Li
value (—3.2%o) in marble at the Luziyuan deposit indicate the country
rock could not account for isotopically heavier Li of the ore-forming
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Table 1
Fluid inclusion leachate 8”Li values and 5°”Cl values.
Sample 87Li (%o) 26 5%7Cl (%o) 26 Mineral assemblage Note
LZY-NO24 Rdn FIL +6.88 0.08 Rdn + Act + Bn
LZY-NO13-2 Rdn FIL +6.17 0.07 +1.85 0.00 Rdn + Sp + Gn
LZY-NO27 Rdn FIL +7.91 0.40 Rdn + Act + Sp
LZY-NO29 Rdn FIL +7.12 0.09 Rdn + Act + Sp
LZY-NO30 Rdn FIL +5.37 0.01 +1.83 0.22 Rdn + Act + Chl
LZY-NO12 Act FIL - - Act + Chl
LZY-NO20 Act FIL +12.54 0.34 Act + Chl + Apy
LZY-NO24 Act FIL +11.48 0.14 Rdn + Act + Bn
LZY-NO30 Act FIL +11.69 0.14 +0.49 0.13 Rdn + Act + Chl
LZY-NO28 Act FIL +12.04 0.34 Act + Chl + Sp
LZY-NO9-2 Sp FIL +11.62 0.42 Sp+ Gn + Qz Black Sp
LZY-NO32 Sp FIL +10.44 0.15 Chl + Sp + Cal Reddish brown Sp
LZY-NO6 Sp FIL +11.66 0.18 Chl + Sp + Cal Reddish brown Sp
LZY-NO33 Sp FIL +11.02 0.08 Chl + Sp + Cal Reddish brown Sp
LZY-NO11 Sp FIL +6.75 0.49 Rdn + Act + Sp + Gn Light yellow Sp
LZY-NO15 Gn FIL +10.55 0.10 Gn + Cal
LZY-NO9-2 Gn FIL +9.78 0.76 Sp +Gn + Qz
LZY-NO5 Gn FIL +13.19 0.40 Sp+ Gn + Qz
LZY-NO3 Cal FIL +6.49 0.35 Bn + Cal
LZY-NO4-1 Cal FIL +3.95 0.35 Chl + Gn + Cal
LZY-NO4-2 Cal FIL +4.04 0.37 Chl + Gn + Cal
LZY-NO7-1 Cal FIL +5.43 0.67 Sp + Cal + Qz
LZY-NO7-2 Cal FIL +5.42 0.36 Sp + Cal + Qz
Sample 87Li (%o) 26 5%7Cl (%o) 20 Mineral assemblage Note
LZY-NO8 Cal FIL +5.67 0.52 Sp+Gn+Cal
BCR-2 +2.69 0.31 Basalt standard
CASS-5 +30.91 0.16 Seawater
IRMM-016 +0.01 0.17 Pure Li

Abbreviations: Rhn = Rhodonite; Act = actinolite; Chl = chlorite; Sp = sphalerite; Gn = galena; Apy = arsenopyrite; Bn = bornite.

Table 2

Mineral and host rock Li concentrations and isotopic compositions.
Sample Mineral/rock Li content 8"Li (%0) 2SD
LZY-NO27 Rdn 1.04 -5.97 0.07
LZY-NO30 Act 11.10 +1.71 0.39
LZY-NO6 Sp 3.76 -3.7 0.03
LZY-NO3 Cal 2.41 —-4.7 0.05
M1 Marble 0.17 —3.32 0.48

fluids during the skarn alteration. These considerations show conclu-
sively that the slightly high &"Li values (+5.37%0—+7.91%o) of rhodonite
FIL, relative to those reported for magmatic fluids, reflect the Li isotopic
composition of the intermediate-silicic magma that provided the fluids.

The Cretaceous granite in the Baoshan and Tengchong block, asso-
ciated with the abundant skarn Zn-Pb deposits, are known to originate
from partial melting of the Archean-Proterozoic lower crust during
subduction of the Meso- and Neo-Tethys oceanic plate (Deng et al.,
2014a). Previous studies concluded that this crust has high §’Li values
(Magna et al., 2016; Teng et al., 2008; Tian et al., 2017; Wang et al.,
2019). For instance, Magna et al. (2016) found >-+10%o 5’Li values in a
global compilation of Archean pegmatites related to continental crust
growth. Therefore, we suggest that the lithium isotopic characteristics of
ore-forming fluids during the prograde skarn alteration might be
inherited from the Cretaceous granitic magma within the Baoshan
Block.

Compared to rhodonite FIL, actinolite FIL are found to have signifi-
cant higher 8’Li values (+11.69%0—+12.54%0) (Fig. 6b). Predominant
magmatic features are also recorded in the retrograde skarn alteration
stage at the Luziyuan deposit, based on the published H-O isotopes data
(Deng et al., 2018; Xu et al., 2019). This suggests that the heavy isotopic
Li tends to reflect the factor controlling the variation of §’Li values
within a framework of temporal fluid evolution in a closed system,
rather than addition of Li from a different reservoir. The prograde
(233.6-315.6 °C) and retrograde (214.9-388.0 °C) skarn stages have
similar temperatures (Deng et al., 2018), so temperature was not the

main control on Li isotope fractionation, but Rayleigh fractionation
might have caused variation in the §”Li values.

It is suggested that partition coefficient of Li between fluid and
minerals (Kmin/fluid p(Li)) covered a large range of 0.0004 to 152
(Brenan et al., 1998; Caciagli et al., 2011; Fabbrizio et al., 2013).
Anhydrous minerals such as olivine, clinopyroxene, and garnet have the
lowest Kmin/fluid p(Li)(<0.3) values. Hydrous minerals that form by
aqueous alteration, such as amphibole, epidote, and serpentine, have
high Kmin/fluid p(Li)values; the Kmin/fluid p(Li)value for amphibole at
2 GPa and 900 °C is 0.82, and the Kmin/fluid p(Li)value for chlorite at
260 °C is 2.6 (Berger et al., 1988; Fabbrizio et al., 2013). Berger et al.
(1988) inferred an increase in Kmin/fluid p(Li)values for hydrous
minerals with decreasing temperature. In addition, lithium partition has
an affinity for minerals containing volatile components (B, Cl, F)
(Webster et al., 1989; Teng et al., 2006). Higher Kmin/fluid p(Li) be-
tween hydrous minerals and fluids would be expected during the
retrograde skarn alteration at the Luziyuan, where the temperature is
obviously lower than those reported by Fabbrizio et al. (2013). There-
fore, Li is retained by ore-forming fluids during prograde skarn alter-
ation, but is compatible during retrograde skarn alteration.

At the Luziyuan deposit, formation of actinolite, chlorite and mica
during the retrograde skarn alteration stage is prone to extract a large
amount of Li from the ore-forming fluids (Table 2, Fig. 5), which results
in the fractionation. Lithium commonly occupies octahedral coordina-
tion in most silicate minerals (e.g., garnet, olivine, pyroxene) through
substitution for Mg (e.g., Shannon, 1976; Wenger and Armbruster,
1991), whereas it enters a lower coordinated site (3.2 to 5 (generally 4),
depending on fluid density) in aqueous fluids (Jahn and Wunder, 2009).
Since the lighter isotope preferentially occupies the more highly coor-
dinated site, "Li is preferentially partitioned into aqueous fluids (Wun-
der et al., 2006, 2007, 2010).

Rayleigh fractionation calculations were performed to simulate Li
removal from fluids with an initial §’Li value of +6.69%., based on
rhodonite FIL from the Luziyuan deposit (Fig. 7). Their fractionation
factors (o, where a = (“Li/®Li) mineral /("Li/®Li) fluid) were calculated
from an expression based on the experiments of Wunder et al. (2006):
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Fig. 5. (a) Lithium concentrations of host rock and minerals. Some of the data are from Deng et al. (2016). (b) 87Li values versus Li concentrations.

Omineralfluid) = 4.61 x (1000/T) + 2.48 (R®> = 0.86), where T is tem-
perature. Calculated values of o range from 0.994 at 275 °C to 0.997 at
500 °C. The experiments were conducted between 500 °C and 900 °C,
but the calculated «a is in good agreement with the measured fraction-
ation between hot spring water and altered basalt at a lower tempera-
ture (350 °C) (Chan et al., 1993). At previously established
homogenization temperatures for fluid inclusions formed during pro-
grade and retrograde skarn alteration (Deng et al., 2018), 60%~70% Li is
expected to be removed from the fluids as a consequence of Li uptake in
the hydrous minerals (Fig. 8), which corresponds to an increase of about
+6%o 8"Li values in actinolite FIL. Such an estimation is supported by the
significantly decreasing Li content in fluid inclusions from the prograde
to retrograde skarn stages at other skarn Zn-Pb deposits, based on
LA-ICP-MS data (Shu et al., 2017).

The above model prediction is also consistent with the mentioned Li

partition and heavy &’Li value in actinolite (Fig. 5). The §’Li values of
FIL are higher than those of their host minerals (Fig. 8), consistent with
the low Li coordination numbers in aqueous fluids inferred by experi-
mental and theoretical studies (Jahn and Wunder, 2009; Wunder et al.,
2006). From a Rayleigh fractionation perspective, assuming that Li in
the later-formed minerals is mainly from earlier stage fluids in a closed
system, the later-formed minerals would be expected to have higher 8"Li
values than the earlier-formed minerals. This trend is consistent with the
difference in 8”Li values between rhodonite (LZY-NO27) and actinolite
(LZY-NO30) (Fig. 8). Consequently, most of the Li was lost from primary
magmatic fluids during the retrograde skarn alteration. The fluid system
in the Luziyuan deposit after the retrograde skarn alteration stage is Li-
poor, and its Li isotopic signature is more susceptible to extraneous fluid.

The &’Li variation of the sulfide (sphalerite and galena) FIL overlaps
the range of values from the actinolite FIL, which require additional
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the Luziyuan deposit.

explanations (Table 1; Fig. 6. b). It is well established that fluid boiling
and/or involvement of extraneous cool fluids are responsible for sulfide
mineralization in skarn deposits (e.g., Meinert, 1987; Wilkinson, 2001;
Samson et al., 2008; Palinkas et al., 2013). Previous studies showed that
decompression-induced boiling involving vapor and liquid phase sepa-
ration, is accompanied with a minor Li isotopic fractionation (<0.5%o),
and isotopically heavy Li will preferentially enter the liquid phase
(Foustoukos et al., 2004; Liebscher et al., 2007). Even though extreme
Rayleigh fractionation occurs, Li isotopic signature of the residual liquid
phase will not be altered by more than 1%. within a boiling hydrother-
mal system (Liebscher et al., 2007). In addition, lithium is usually
enriched in the brine-rich phase during boiling (Araoka et al., 2016).
Hence, the residual fluids after boiling will have a lithium isotopic
signature similar to or slightly heavier than the initial fluids. Therefore,
fluid boiling explains the small differences in &’Li values amongst
actinolite, galena, black sphalerite, and reddish-brown sphalerite FIL,
and is consistent with fluid inclusion assemblages that record boiling
(Deng et al., 2018).

However, this mechanism cannot account for sulfide FIL with low
87Li values, such as the light-yellow sphalerite FIL (+6.75%o, LZYNO11).
The light-yellow sphalerite is considered to have precipitated from

hydrothermal fluids following precipitation of the black and/or reddish-
brown sphalerite. Moreover, calcite FIL that reflect the post-ore stage
fluids contain the lowest 5’Li value (43.47%o) in all samples. Therefore,
another reasonable explanation for the data is that extraneous fluids
with isotopically light Li are involved into the hydrothermal system
during the precipitation of light-yellow sphalerite. As depicted in Fig. 9,
it is apparent that the light-yellow sphalerite FIL and calcite FIL suggest
a good mixing trend of magmatic fluids with an extraneous fluid source.
In addition, the H-O isotopes showed a slightly negative deviation trend
from rhodonite fluid inclusions (fall into magmatic fluid) as compared to
sphalerite fluid inclusions, suggesting a predominately meteoric origin
in calcite fluid inclusions (Deng et al., 2018; Xu et al., 2019). Similarly,
the lower 8’Li values in fluids of meteoric origin have been documented
recently in the Panasqueira W-Sn deposits (Richard et al., 2018).
Therefore, we infer that hydrothermal mineralization at the Luziyuan
deposit was triggered by the combined effects of the boiling of magmatic
fluids and mixing with other fluids.

6.2. Chlorine isotopes

The two rhodonite samples (FIL-LZY-NO13-2 vs. LZY-NO30) display
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5%7Cl varying from +1.82%0 to +1.83%c with an average value of
+1.83%o. These positive §%’Cl values are distinguishable from those of
meteoric water and worldwide seawater, but are roughly comparable to
the ranges seen in magmatic hydrothermal fluids (Banks et al., 2000a;
Bernal et al., 2014, 2017; Gleeson and Smith, 2009; Richard et al., 2011;
Andersson et al., 2019) (Fig. 10.). This excludes seawater or meteoric
water as the origin of metallogenic fluids for most of the chlorides during
the prograde skarn alteration stage. By contrast, magmatic chlorine
reservoirs have a variable range of isotopic composition, from promi-
nently negative values (—4.1%o) in porphyry copper deposits and iron
oxide-copper-gold deposits, to positive values (+1.9%o) in the Sn-W
mineralization associated with the Cornubian batholith in SW England
(Nahnybida et al., 2009; Banks et al., 2000a). If 3Cl-enriched biotite and
apatite are taken into account (Andersson et al., 2019), the magmatic
5%7Cl values would be more positive. Cl isotopic composition of per-
aluminous medium-acid magma is still subject to in debate. Regardless
of this debate, magma is expected to have extremely negative or positive
values considering an inhomogeneous crust (Li et al., 2015), which
agree with our data. Moreover, prograde metamorphism produces no
discernible chlorine isotope fractionation (Selverstone and Sharp, 2015;
Balan et al., 2019). Therefore, we conclude that the salinity in fluids
found at the Luziyuan deposit is sourced from granite (Fig. 10).
However, it is apparent that the relatively lighter Cl isotopic
composition occurs in FIL extracted from the later-formed actinolite.
Kusebauch et al. (2015) reported fractionation of Cl isotopes during
fluid-rock interaction within the Bamble Sector, SE Norway. They
inferred that Rayleigh fractionation related to formation of Cl-rich sili-
cate minerals caused a decrease in the §*’Cl value of the fluid. Most of
the Cl in the fluids was sequestered by amphibole during fluid-rock
interaction, based on calculations assuming a mineral-fluid fraction-
ation factor of 1.001. The Li and H-O isotopic compositions show that
retrograde alteration at the Luziyuan deposit occurred within a closed
system, satisfying the requirement for fluid evolution. According to the
mentioned model, at least 70% Cl must be distilled from ore-forming
fluids to offset the decreasing §%’Cl values (Fig. 11). Consumption of
Cl is attributable mostly to formation of hydrous minerals such as
actinolite, chlorite, and biotite, and the formation of magnetite by re-
actions such as FeCl, + 2 H,O = Fe(OH), + 2HCI and 2 Fe(OH),, + FeCl,
= Fe304 + 2 HCI + Hy during retrograde skarn alteration at the Luziyuan
deposit. However, fluid:rock ratios (f/r) are high in hydrothermal ore-
forming systems, much higher than the estimated f/r value of 1:1
calculated for the amphibolitization zone of Kusebauch et al. (2015).
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Hence, the Cl consumption in the fluids could be negligible for the entire
magmatic fluids that carry huge amounts of metals through Cl com-
plexing ligand. Accordingly, we infer that the low 5%’Cl values of
actinolite FIL are unlikely to reflect evolution of the ore-forming fluid
during retrograde skarn alteration, and speculate that the Cl isotopic
compositions of FIL from hydrous minerals do not reflect the origin of
ore-forming fluids.

7. Conclusion

The elemental ratios and Li and Cl isotopic compositions are useful
indicators of fluid sources and evolution. The fluid’s geochemical
characteristics provide new insights into the ore-forming process in the
Luziyuan skarn Zn-Pb-Fe—(Cu) deposit, southwest of China. The Li and
Cl isotopic compositions of rhodonite FIL suggest a magmatic source of
the ore-forming fluids. However, such magmatic &’Li values of the hy-
drothermal fluids are not retained in actinolite FIL, and a significant
fractionation occurs during the retrograde skarn stage. The formation of

11

hydrous minerals extracts most Li from the ore-forming fluids with
preferential loss of isotopically light Li. During the sulfide ore stage,
fluid boiling and mixing with external and isotopically lighter Li fluids
are the most crucial factors for the hydrothermal mineralization at the
Luziyuan deposit. In addition, Cl isotopic compositions of hydrous
mineral FIL could not efficiently identify the signature of fluid source.
Nevertheless, our results show that non-traditional stable isotopes such
as Li and Cl provide valuable insights into hydrothermal ore-forming
systems.
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