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The giant Gejiu Sn—Cu polymetallic ore deposit is one of the largest Sn producers in the
world, and is related in time and space to highly evolved S type granitic intrusion. The
mineralization processes can be divided into four stages: (1) skarnization; (Il) greisenization;
(I cassiterite—sulfid; and (IV) cassiterite—tourmaline—quartz. Five types of fluid inclusions
were recognized using optical petrography, microthermometry, and Raman
spectroscopy. The results of microthermometry revealed the evolution of the ore-
forming fluid, from a high temperature with low—to-high salinity to a low temperature
with low-to—intermediate salinity. Stage |, skarn Sn-Cu ores were formed by
bimetasomatism between the granitic intrusion and the surrounding rock under
near—critical conditions with the help of ore-forming fluid. Stage I, the fluid was
separated into the coexisting liquid and vapor phases in equilibrium condition, and a
large amount of cassiterite—scheelite—beryl-lithium muscovite minerals were formed during
greisenization. Stage lll, mixing, boiling and immiscibility of different types of fluid solutions
took place with a decline in temperature and pressure as well as a change in the Eh—pH,
which caused amounts of cassiterites and sulfides to precipitate. Stage IV, stockwork ores
characterized by cassiterite-tourmaline—quartz minerals were formed associated with the
low temperature and low salinity hydrothermal ligiud activity. The laser Raman spectra
identified CHj, in all ore-forming stages, indicating that the ore deposits might have been
formed in a relatively reduced environment. CO, appeared in all stages in addition to Stage
I, and might have been formed due to both immiscibility of fluid solutions with dropping
pressure as well as temperature and mixing of different types of fluid solutions. In
conclusion, the bimetasomatism, mixing, and immiscibility of fluid solutions should
have been responsible for the formation of giant Sn—Cu polymetallic deposits.

Keywords: fluid inclusions, ore-forming stages, ore-forming model, Sn-Cu polymetallic deposit, Gejiu ore field, SW
China
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INTRODUCTION

The giant Gejiu Sn—Cu polymetallic deposit is located in southeast
Yunnan Province, southwest China, which consists of five large
deposits—Malage, Songshujiao, Gaosong, Laochang, and Kafang
(Figures 1, 2), with approximately 300 Mt of ores with an average
grade of 1% Sn and 2% Cu. It also contains 400 Mt of Pb and Zn
ores with an average grade of 7% (Pb + Zn). The Sn—Cu polymetallic
ore deposits exhibit strong and widespread diversity of alteration
and ore types as well as distinct metal zonation centered as granitic
intrusion outward: Sn-Cu—Sn-W-Be-Nb-Ta
—Sn-Cu—Sn-Pb-Zn-Ag (MInlu and Kwak, 1994; Chen et al,
2009; Cheng et al,, 2013; Liao et al., 2014). Although it has been
suggested that these deposits are genetically associated with Late
Cretaceous orogenic granites (308 Geological Party, 1984; Mlnlu
and Kwak, 1994; Luo, 1995; Zhuang et al., 1996; Mao et al., 2008;
Cheng et al, 2012, 2013; Chen et al, 2020), the ore-forming
processes spanning multiple stages remain unclear. Thus, verifying
how the components of the ore-forming hydrothermal fluid evolve
over time, and how these variations affect the spatial distribution of ore
minerals and alteration zones are challenging tasks. The Sn-Cu
polymetallic deposit provides an excellent case for understanding
the evolution and metallogeny of multi-stage hydrothermal fluids.
In this paper, we examine the evolution of hydrothermal fluid
solutions during the life of the hydrothermal system to
reconstruct the hydrothermal ore-forming process using fluid
inclusions from altered minerals at different ore forming stages.
These data are used to discuss variations in ore-forming fluid
compositions with decreasing pressure and temperature over
time. Finally, a model of ore formation is established using
calculations of thermodynamic parameters, including salinity,
density, temperature, pressure, and depth of the fluid inclusions.

GEOLOGICAL BACKGROUND

The giant Gejiu Sn-Cu polymetallic deposit is located along the
western margin of the Cathaysia Block, which is a joint region of
three blocks consisting of the Yangtze, Indochina, and the
Cathaysian (Figure 1).The outcropping strata in the Gejiu area
include the Triassic sedimentary formation that consists of
carbonate in the lower part, and clastic and carbonate rocks
with intercalated basic lavas in the upper part. The most
significant fault, the NS-trending Gejiu fault, divides the Gejiu
mineralization area into the eastern and the western districts
(Figure 1). Other secondary faults cover NE-trending,
NW-trending, and the EW-trending faults. The intrusions in the
Gejiu district mainly include 1) porphyritic granite and equigranular
granite; 2) alkaline rocks; and 3) gabbro-monzonite. These
intrusions are exposed in the western part but buried deep in the
eastern district (Figure 1). The intrusions buried deep in the eastern
district characterized by S-granites with high Sn (12-28 ppm), W
(7-28 ppm), F (1,448-2,095ppm) and B (12-23 ppm) have
undergone a high degree of fractionation (Chen et al., 2020). The
intrusions exposed in the western district are characterized by
I-granites. The Sn-Cu polymetallic deposits are associated with
S-granites in eastern Gejiu, and the U-Th-Nb-Ta-REE
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mineralizations are related to I-granites in western Gejiu (Chen
et al., 2020).

Complex magma differentiation crystallization and post-magmatic
hydrothermal evolution may have resulted in a diversity of types of
mineralization (Zhang et al,, 2008; Chen et al., 2020).

STYLES OF MINERALIZATION

Three types of ore styles such as skarn, stratabound, and vein type
have been recognized in the Gejiu Sn-Cu polymetallic ore district
(Figure 2) (308 Geological party, 1984; Mlnlu and Kwak, 1994;
Cheng et al., 2012, 2013, 2015).

Skarn Ore

Skarn ore is usually found in the contact zone between granitic
intrusions and carbonate wallrocks, and accounts for about 80%
of the copper and 30% of tin resources of the Sn-Cu polymetallic
deposit (MInlu and Kwak, 1994). This style of ore developed in
the five large ore deposits shown in Figure 2.

The Malage Sn-Cu deposit has a large ore for Sn and a
medium for Cu (Peng, 1985). About 0.14 Mt of tin ore is
recoverable at present, with an average grade of 1.16% Sn. The
ore minerals include cassiterite, chalcopyrite, sphalerite, galena,
molybdenite, magnetite, arsenopyrite, pyrrhotite, and pyrite.
Gangue minerals include garnet, diopside, and actinolite. They
commonly occur as veins and disseminations in skarn ores. The
orebodies are usually sack like, lens shaped, and lenticular
(Figure 2). Mineralizations are characterized by a clear metal
zonation centered as the Beipaotai porphyritic granite outward:
Sn—Cu-Sn—Sn-Cu—Sn-Pb—Pb-Zn-Sn (308  Geological
Party, 1984).

The Songshujiao Sn-Pb deposit has a large ore for Sn and a
medium for Pb. At present, it contains 1.70 Mt of recoverable tin ore
with an average grade of 0.52% Sn, and 1.62 Mt of copper ore with
an average grade of 0.46% Cu. The orebodies occur as lenticular, lens
shaped, and stratiforms (Figure 2). The ore minerals are cassiterite,
chalcopyrite, scheelite, molybdenite, pyrrhotite, arsenopyrite, and
pyrite. Gangue minerals include garnet, diopside, and scapolite.

The Gaosong Sn-Pb-Zn deposit is characterized by
cassiterite-sulfide ores within the proximal skarn in the contact
zone between the Gejiu formation carbonate and Gaosong
porphyric granite (Figure 2). It contains 32.84 Mt of recoverable
tin ore with an average grade of 1.02% Sn, and 27.22 Mt of copper ore
with an average grade of 0.87% Cu. The sulfide minerals are related to
retrograde skarn minerals, including actinolite, tremolite, and
chlorite. The major ore minerals cover cassiterite, chalcopyrite,
scheelite, molybdenite, arsenopyrite, pyrrhotite, pyrite, and magnetite.

The Laochang Sn—-W-Cu deposit has a super-large for Sn, a
large for copper, and a medium for Pb and W (Peng, 1985)
(Figure 2). It contains 39.76 Mt of recoverable tin ore with an
average grade of 0.52% Sn, and 42.86 Mt of copper ore with an
average grade of 1.22% Cu. Skarn ores cover Sn, Cu, and W ores.
The ore minerals are mainly chalcopyrite, cassiterite, scheelite,
pyrrhotite, arsenopyrite, and pyrite. The gangue minerals are
mainly garnet, diopside, fluorite, tourmaline, phlogopite, chlorite,
and quartz.
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FIGURE 1 | (A) Map of the geological outline of Southeast Asia showing major tectonic units and the location of the Gejiu tin—copper polymetallic ore field [From
Cheng et al. (2013)]. (B) Simplified geological map showing the spatial distribution of intrusive rocks and various types of mineral deposits in the Gejiu tin—copper
polymetallic ore field and surrounding areas. CB —Cathaysia Block; YB— Yangtze Block; SB— Sibumasu Block; TP —Tibet Plate; ICB —Indochina Block; IP—India Plate.
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Kwak (1994) and Cheng et al. (2013)]. A-A’ cross—sectional location, see Figure 1.
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The Kafang Cu-Sn deposit has defined reserves of about 40 Mt
Cu with an average grade of 1% Cu and >10 Mt Sn with an
average grade of 0.7% Sn (Cheng et al., 2012). It contains 10.33 Mt
of recoverable tin ore with an average grade of 0.57% Sn, and
20.36 Mt of copper ore with an average grade of 1.2% Cu. The ore
minerals include chalcopyrite, cassiterite, scheelite, native gold,
sphalerite, galena, molybdenite, pyrrhotite, pyrite, and
arsenopyrite. The gangue minerals are mainly garnet, diopside,
epidote, actinolite, tremolite, sericite, chlorite, quartz, and calcite.

Stratabound Ore

In the Malage Sn-Cu polymetallic deposit, stratabound ore with an
average grade of 2.39% Sn occurs in some sedimentary rocks far
from the granitic intrusions (308 Geological Party, 1984). This
stratabound ore also contains a certain amount of Cu, Pb, Zn, In,
and Bi in addition to Sn. The alteration minerals cover anhydrous
skarn minerals like garnet, pyroxene, diopside, tremolite, and
wollastonite, formed in the early skarn stage, and hydrous skarn
minerals like epidote and phlogopite, actinolite, chlorite and
sericite, developed at a later stage.

In the Songshujiao Sn-Pb deposit, the ores occur mainly in
carbonates far from the granitic intrusion. The spatial distribution
of the orebodies is controlled by both faults and small folds caused
by the granite mound bulge (Figure 2). The major ore minerals are
cassiterite, cerussite, malachite, pyrite, and arsenopyrite, and
gangue minerals include calcite, quartz, and minor fluorite.

In the Gaosong Sn—-Pb-Zn polymetallic ore deposit stratiform
like cassiterite-sulfide ores occur mainly in carbonates far from
the granitic intrusion that is controlled by strike-slip faults
(Figure 2). The cassiterites occur as disseminated grains in the
ore with an average Sn grade of about 2% (Guo et al., 2018).

The Laochang ores as reticular veins are hosted in the carbonate
rocks. The ore minerals include cassiterite, chalcopyrite,
arsenopyrite, and pyrite, and the gangue tourmaline, quartz,
and phlogopite. The ore distributions are controlled by granitic
intrusions, faults, and host rocks. The granite bodies usually occur
about 200-1,000 m beneath the surface (Figure 2).

In the Kafang ore deposit, the stratabound copper-tin ores in
tabular form and stratiform occur in the contact metasomatic zone
between the granitic intrusion and the Triassic basalt (Figure 2).
The ore minerals include chalcopyrite, cassiterite, molybdenite,
arsenopyrite, pyrite, and pyrrhotite, and the gangue minerals cover
actinolite, tremolite, phlogopite, and fluorite (Cheng et al., 2012).

Vein-Type Ore

Vein-type ores consisted mainly of tourmaline-cassiterite-quartz
veins occurring within carbonate rocks in the Laochang district.
The distribution of the ore bodies was controlled by three factors:
granitic intrusions, host rocks, and faults (Figure 2). Granitic
intrusions occurred 200-1,000 m beneath the surface (Peng,
1985). Tin ores with average grades of 0.42% Sn, 0.11% WOs;,
and 0.13% Be have been found (Cheng et al., 2013).

Ore-Forming Stages

The mineralization processes can be divided into the following
four stages according to ore fabric, mineralogical assemblage and
cross—cutting relationships combined with the results of previous
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studies (MInlu and Kwak, 1994; Zhuang et al., 1996; Zhang et al.,
2012; Liao et al., 2014). The alteration and ore minerals formed at
former stage were universally overlapped by later minerals.

Stage I (skarnization): The Gejiu Sn—Cu polymetallic deposits
are characterized by contact metasomatic skarn ore between the
granite and the wallrocks (Figure 2). High-temperature
hydrothermal fluid moved to the contact zone to form
anhydrous skarn minerals characterized by garnets (grossular,
and almandine) (Figure 3). This mineral assemblage was
replaced by subsequent hydrous skarn minerals like actinolite,
epidote, and chlorite as well as ore minerals, such as chalcopyrite,
bornite, cassiterite, pyrrhotite, and pyrite (Figure 3). The later
stage was the main forum for the formation of cassiterite and
chalcopyrite. Orebodies of this type are characterized by high Cu
(2-5%) and low Sn (0.5-0.8%) contents (MInlu and Kwak, 1994).

Stage II (greisenization): The greisen ore was formed between
the skarn ore and the cupola of the granitic intrusion by the alkali
metasomatism of the post-magmatic hydrothermal fluid
(Figure 2). The granitic magma saturates in volatiles during
crytsallization and these volatiles play the role of mineralizing
fluids, all of the ore-forming components originate from the
magma with activity of fluorine and boron, and eventually led to
the formation of Sn—-W-B-Nb-Ta ore veins (Figure 2). The
greisen ore veins were characterized by such mineral assemblages
as cassiterite, wolframite, fluorite, tourmaline, mica, and quartz
(Figure 3). Orebodies of this type are characterized by high Sn
(2-3%) and low Cu (<0.5%) (Mlnlu and Kwak, 1994).

Stage IIT (cassiterite-sulfide): Large amounts of cassiterite,
chalcopyrite, pyrite, galena, and pyrrhotite were formed in this
stage. The cassiterites were light-brown fine-grained crystals
together with chalcopyrite and fluorite (Figure 3). The
chalcopyrites were intergrown with galena, pyrite, and other
minerals (Figure 3). The cassiterite-sulfide veins of this stage
cut the early-stage ores (Figure 3), and the chalcopyrites
occurred in gaps among garnets and replaced garnets along
the edge of garnets (Figure 3). This implies that this mineral
assemblage was formed after stage II. The cassiterites in the
mineral assemblage were encompassed by sulfide minerals,
implying that they had been formed earlier than the sulfide
minerals (Figure 3). These ore minerals took up
approximatively 30% of the total tin resources in the Laochang
ore deposit (MlInlu and Kwak, 1994).

Stage IV (cassiterite-tourmaline—quartz): This was the last
stage in the ore-forming process. The ore minerals include
cassiterite, galena, sphalerite, and pyrite, and the gangue
minerals cover mainly of needle-like tourmaline and quartz
occurring in stockwork veins (Figure 3). They usually occur in
the upper part of individual deposits and cut stratabound ore
bodies (Figure 2). The ores occur in weak tin mineralizations
with an approximately average grade of Sn of 0.1%.

FLUID INCLUSION

Sampling and Methods
Samples from stage I (chalcopyrite-bornite—pyrrhotite, Figure 3),
stage II (cassiterite-bearing greisen ore, Figure 3), stage III
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Qtz—quartz, Tur-tourmaline.

FIGURE 3 | Hand specimens and microscopic photos showing the field characteristics, alteration mineral associations, and their intergrowth—related relationships
from the Gejiu Sn—Cu polymetallic ore deposit: Bn-bornite, Ccp—chalcopyrites, Cst—cassiterites, Fl-fluorite, Gn—-galena, Grt-garnet, Ms—-mica, Po—pyrrhotite, Py—pyrite,

(cassiterite-chalcopyrite—fluorite, Figure 3, chalcopyrite-galena—
pyrite-quartz, Figure 3, chalcopyrite—fluorite-tourmaline vein,
Figure 3), and stage IV (cassiterite-tourmaline-quartz veins,
Figure 3) were collected from levels 1,598 and 1,990 of
mining tunnel 18-1 from the orebody of the Dadoushan ore
block in the Laochang ore deposit, the 8006 branch mining tunnel
of the Tangziao ore block, and samples from the Songshujiao and
Kafang ore deposits. Both sides of each sample were polished so
that they were 0.2-0.3 mm thick. Following this, 34 samples from
the four ore-forming stages were selected to use for the fluid
inclusion  study by utilizing optical  petrography,
microthermometry, and Raman spectroscopy (Supplementary
Table 1). The microthermometry of fluid inclusions was
conducted with a Linkam MDS 600 heating—freezing stage at
the State Key Laboratory of Geological Processes and Mineral
Resources (GPMR) at the China University of Geosciences in
Wuhan. The precision of the temperature measurements was
approximately +0.1 and +2°C for freezing and heating,
respectively. The heating/freezing rates generally varied from
0.2 to 5°C/min, but decreased to less than 0.2°C/min near the

phase transformation. The laser Raman spectroscopic data were
also obtained at the GPMR by using a Renishaw RW-1000
Raman microspectrometer. An argon ion laser with a
wavelength of 514.5nm was used for detection at 25°C. The
spectral range was between 1,000 and 4,000 cm™" when analyzing
CO,, N,, and CH,. A total of 677 valid data items from the
various fluid inclusions were thus obtained.

Salinity calculation: For the NaCl-H,O system, in case of
low-salinity fluid inclusions, w(NaCleq) < 26.3%, that do not
contain daughter minerals or high-salinity fluid inclusions,
w(NaCl) > 26.3%, that do contain daughter minerals, the
salinity of the inclusions is calculated according to the formula
proposed by Bakker (1999 and 2018). For the H,O-NaCl-CO,
system, the salinity of the inclusions is calculated according to the
formula proposed Balkker (1999, 2018).

Density calculation: For NaCl-H,O solution inclusions with
different salinities, density is calculated by fitting the density
formula based on experimental values provided by Bakker (1999,
2018). For fluid inclusions of unsaturated brine-vapor boiling, in
case the salinity is low, the fluid density of gas phase inclusions

Frontiers in Earth Science | www.frontiersin.org

July 2021 | Volume 9 | Article 655777


https://fanyi.so.com/?src=onebox
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Chen et al.

Ore-Forming Fluid Evolution

Cal-calcite, Di-diopside, Fl-fluorite, Gro—grossular, Qtz—quartz, Ves-vesuvianite.

@r* <

10unm 15um E 10um

FIGURE 4 | Photographs of various types of fluid inclusion of each ore-forming stage of the Gejiu Sn—-Cu polymetallic deposit. The symbol in the upper-left corner
indicates the ore-forming stage, that in the upper-right corner indicates the host minerals, the one in the lower—right cormner represents the type of fluid inclusion.

coexisting with the liquid phase are approximated using the
formula proposed by Bakker (1999, 2018). The density of
C-type inclusions is obtained by using a diagram of the
relationship between homogeneous temperature and the CO,
phase density of the inclusions proposed by Shepherd et al.
(1985).

Estimation of pressure and depth: Fluid inclusions may
provide estimation of trapping pressure using the formula
proposed by Shao and Mei (1986). But the ore-forming depth
cannot be simply estimated because the trapping pressures may
be either lithostatic or hydrostatic, or somewhat in between. In
this study the depths were approximately calculated based on the
estimated fluid pressures using the method proposed by Sibson
(2001, 2004) with reference to the research works by Rusk et al.
(2008) and Fournier (1999).

Petrography and Classification

Liquid-rich aqueous (type LV), vapor-rich aqueous (type VL),
and solid-bearing (type S), and aqueous—carbonic (type C)
inclusions are recognized based on their number, nature, and
proportion of phases (liquid-vapor-solid) at room temperature
(Bakker, 1999; Bakker, 2018). These inclusions are from
grossular, diopside, fluorite, vesuvianite, quartze, and calcite
occurring in different stages of ore formation, and are used to
record the progressive pressure, temperature, and compositional
evolution of the hydrothermal ore-forming fluids of the Gejiu ore
deposits.

The Gejiu ore deposits are rich in fluid inclusions. Liquid-rich
aqueous (type LV), vapor-rich aqueous (type VL),
aqueous—carbonic (type C), and solid-bearing (type S)
inclusions are distinguished in terms of their number, nature,
and proportion of phases (liquid-vapor-solid) at room
temperature (Bakker, 1999; Bakker, 2018).

Type-VL inclusions contain liquid and vapor phases with
a 50-90 vol% vapor at room temperature. When being heated
to homogenization, the inclusions with a gas phase are
commonly observed in minerals of skarn and greisen, and
have sizes ranging from 8 to 60 um. Their shapes are irregular
and oblate, and they are dark in color. These inclusions
illustrate uneven distribution, and coexist with other types
of inclusions (Figure 4).

Type-LV inclusions contain liquid and vapor phases at 5-50
vol% vapor at room temperature. When being heated to
homogenization, the inclusions form a single liquid phase.
Such inclusions commonly occur in all stages of
mineralization, and exhibit sizes varying from 3 to 86 pum.
They have irregular, elongated, oblate, and negative crystal
shapes. In fluorite and quartz, these inclusions commonly
occur along a growth zone (Figure 4), implying that they have
a primary origin.

Type-S inclusions contain three phases (liquid + vapor +
solid), and account for 15-25% of all inclusions. According to
method of heating, they can be subdivided into two categories.
The first consists of unsaturated daughter crystal inclusions (type
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TABLE 1 | Summary of fluid inclusion data for each stage of the of the Gejiu Sn—-Cu polymetallic deposits.

Ore-forming Ore Number Tm.ice Th ('C) Salinity Density® Pressure Depth
stage deposit (°C) (mean) wt% NaCP? (g/cm®) (MPa)® (Km)°
Range Range
Stage I: Skarnization Kafang 55 -1.8 353-582 3.06-67.07 0.160-1.267 118-150 7.0-8.23
to -14.2 (485)
Laochang 39 -3.7 345-503(408) 6.01-15.27 0.429-0.783 108-138 6.63-7.82
to -11.3
Songshujiao 31 -5.5 332-600 8.55-11.22 0.192-0.550 126-156 7.36-8.43
to -7.6 (493)
Sum 125 -1.8 343-562 5.87-31.29 0.260-0.87(0.57)  117-148(133)  7.0-8.20(7.6)
to -14.2 (464) (15.30)
Stage II: Greisenization Tangziao 34 -6.8 317-597 10.24-52.7 0.685-1.287 102-131 5.71-8.86
to -16.9 (392
Laochang 11 -10.7 284-549 14.67-19.4 0.470-0.901 83-153 5.46-8.35
to -16.0 (361)
Songshujiao 32 -2.0 252-461 3.39-13.29 0.504-0.837 67-126 4.57-7.36
to -9.4 (348)
Sum 79 -2.0 284-536 9.43-28.46 0.5653-1.01(0.782)  84-136(110)  5.50-7.75(6.63)
to -16.0 (367) (18.59)
Stage Ill: Cassiterite—sulfide Kafang 17 -2.3 195-280 3.87-15.07 0.815-0.937 54-77 3.88-5.14
to -11
Tangziao 65 -1.1 102-482 1.91-39.76 0.378-1.091 85-116 2.8-7.0
to -18.9
Laochang 128 -2.5 120-431 4.18-22.91 0.547-1.017 37-125 2.7-7.0
to -20.8
Songshujiao 135 -0.1 126-432 0.17-22.85 0.534-1.03 48-87 2.20-6.20
to -20.7
Sum 426 -2.5 136-482 2.563-25.15 0.568-1.02(0.794)  56-101(78.5) 4.0-6.24 (5.12)
to 20.7 (256) (11.65)
Stage IV: Kafang 15 -4.2 133-184 6.74-7.31 0.936-0.982 36-50 3.60-5.0
Cassiterite-tourmaline—quartz to -4.6
Songshujiao 21 -0.1 139-250 0.18-0.70 0.671-0.892 23-40 2.30-4.00
to -0.4
Sum 36 -0.1 136-217 3.46-4.01 0.804-0.937 30-45 (36) 3.0-4.5 (2.75)
to -4.6 (182) (3.27) 0.871)

4Salinities and density calculated using method proposed by Bakker (1999, 2018).
bPressures calculated using method proposed by Shao and Mei (1986).
°Depths estimated using method proposed by Sibson (2001, 2004).

Tm.ice—final melting temperature of ice; Th-homogenization temperature. H-Ore-forming depth.

US). During heating, the daughter crystals disappear first,
followed by the disappearance of the bubbles to uniform a
liquid phase consisting of unsaturated fluids. Their sizes vary
from 12 to 20 um, and they has a gas-liquid ratio of 15-25%. The
second category consists of supersaturated inclusions containing
daughter crystals (type OS). During heating, the bubbles
disappear, followed by the daughter crystals, into a
homogeneous liquid phase to form a supersaturated fluid.
Their sizes vary from 6 to 12 um, and the ratio of gas to
liquid is approximately 10-25% by volume. These inclusions
are observed only in cassiterite-sulfide (stage III) minerals,
The morphology of some daughter minerals is more regular,
and they are determined to be halites (Figure 4). Diamond
daughter minerals (Figure 4) were also observed, and are
brucite or calcite according to their shapes.

Type-C inclusions consists of vapor CO,, liquid CO,, and
brine solutions (S-type) that developed only in quartz-fluorite
veins formed in stage III (Figure 4). They account for
approximately 10-30% of all inclusions. The CO, in the gas
and liquid phases is first homogenized to a uniform liquid phase
with the brine solution during the heating process. These

inclusions vary in size from 8 to 20 um, and display mostly
elliptic and polygonal shapes (Figure 4).The volume of the CO,
liquid phase is 40-70%, and that of CO, gas is 10-20%.

Microthermometry

A summary of microthermometric data for fluid inclusions in this
study is illustrated in Table 1. The graphical results of
microthermometry are shown in Figures 5-7.

Stage 1 (skarnization): Types-LV, -VL,-OS, and-US
inclusions were all developed. Types-LV and-VL inclusions
account for 60 and 40%, respectively, of all inclusions
(Figure 4). The host minerals of the inclusions are garnet,
diopside, and vesuvianite. The most homogeneous temperature
of the fluid inclusions range from 332 to 560°C with an average of
464°C (Table 1; Figure 5A). The final melting temperatures of ice
of type-(LV + VL) inclusions range from -1.8 to -14.2°C, with
corresponding salinities of 3.06 wt% NaCl to 66.75 wt% NaCl
(Table 1; Figure 5B). The densities calculated using the formula
proposed by Bakker 1999; Bakker 2018 range from 0.160 to
1.267 g/cm® (Table 1), and most of them vary from 0.5 to
0.80 g/cm’ (Table 1; Figure 7). The trapping pressure from
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these inclusions was estimated to range from 117 to 148 MPa
using the formula proposed by Shao and Mei (1986) (Table 1).

Stage II (greisenization): The host mineral of the inclusions
measured in this study was quartz. Similar to the skarnization
stage, types-LV, -VL, -0S, and-US inclusions fluid inclusions
had developed in this stage. The most homogeneous temperature
of the fluid inclusions vary from 284 to 536°C with an average
of 367°C (Table 1; Figure 5A). The final melting temperatures
of ice for type-(LV + VL) inclusions range from -2 to -16°C,
with corresponding salinities of 3.39 wt% NaCl to 53.4 wt% NaCl,
and a mean of 18.59% wt% (Figure 5B). The densities calculated
using the formula proposed by Balker 1999; Bakker 2018 range
from 0.470 to 1.194 g/cm’, and are mainly concentrated at
0.64-0.88 g/cm® (Table 1; Figure 7). The trapping pressure
from these inclusions is estimated to range from 84 to
136 MPa using the formula proposed by Shao and Mei (1986)
(Table 1).

Stage IIT (cassiterite-sulfide): The host minerals of inclusions
measured in this study include fluorite and quartz. LV, VL, C, and
US fluid inclusions had developed in this stage. The
homogeneous temperature of fluid inclusions vary from 136 to
482°C, and most of it range from 180 to 320°C with a mean of
256°C (Table 1; Figure 5A). The final melting temperature of ice
for type-(LV + VL) inclusions rang from -2.5 to -20.7°C, with
corresponding salinities of 0.17 wt% NaCl to 39.76 wt% NaCl and
a mean of 11.65 wt% NaCl (Table 1; Figure 5B). The densities
calculated using the formula proposed by Bakker 1999; Bakker
2018 range from 0.378 to 1.091g/cm’, and are mainly
concentrated at 0.65-1.05 g/cm® (Table 1; Figure 7). There is
a large difference between high and low salinities, which is
inferred to result from the mixing of different solutions acting
as source fluid.The trapping pressure from these inclusions is

estimated to range from 56 to 101 MPa using the formula
proposed by by Shao and Mei (1986) (Table 1).

Stage IV (cassiterite-tourmaline-quartz): The host mineral of
inclusions measured in this study is calcite. In this stage, only
type-LV  inclusions are identified calcite.  The
microthermometric homogenized temperatures range from 136
to 217°C with a mean of 182°C, and are mainly concentrated in the
range 160-180°C (Table 1; Figure 5A). The final melting
temperatures of ice for the type-(LV) inclusions range from
-0.1°C to -4.6°C, with corresponding salinities of 0.18 wt%
NaCl to 7.31 wt% NaCl, and a mean of 3.27% wt% NaCl
[Table 1; Figure 5B]. The densities calculated using the formula
proposed by Bakker 1999; Bakker 2018 range from 0.671 to 0.982 g/
cm’, and are mainly concentrated at 0.80-0.97 g/cm® (Table 1;
Figure 7). The trapping pressure from these inclusions was
estimated to range from 30 to 45MPa using the formula
proposed by Shao and Mei (1986) (Table 1).

in

Composition of Fluid Inclusions

The results of laser Raman spectroscopy show that CH4 and CO,
are detected in fluid inclusions captured in the host minerals in all
deposits in addition to the Kafang ore deposit, and N, is detected
in inclusions from some ore bodies of the Laochang deposit
(Figure 8). The liquid composition of the inclusions is mainly
H,O0, and they contain a small amount of liquid CO,. The CH,
content of the inclusions had decreased whereas the CO, content
had increased slightly from stage I to stage IV. The daughter
minerals include halite, calcite (Figure 8]), and sylvite. S-type
inclusions are observed only in stage III (Figure 4). Thus, the
fluids in stages I and II from the H,O-NaCl system, and those
from stage III belong to the H,O-NaCl-CO, system (Liao et al.,
2014).
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Depth of Mineralization

The emplacement depth of granitic intrusions is an important
factor in controlling mineralization processes, especially for
controlling the granite-related mineralization.
Magmatic-hydrothermal processes can result in tin and
copper mineralization at both shallow and deep levels of
emplacement, and the relative importance of these processes
changes as a function of pressure (Linnen, 1998). Prokofev
and Pek (2015) illustrated that As the ore-forming depth
decreases there was a conjugate regressive trend in the
evolution of temperature and pressure of ore-forming fluids
from P,z (maximum pressure value) and Ty, (maximum
temperature value) to P.;, (minimum pressure value) and
Tmin (minimum temperature value) under physical restrictions

of maximum and minimum fluid pressure by lithostatic and
hydrostatic pressure, respectively, and minimum temperature
corresponding to geothermal background temperature at the
mineral deposition depth. A good correlation between them
indicates that estimations of the hydrothermal deposits
formation depth using thermobaro-geochemical
justified, and deserves further exploration.

Fluid pressures in a fracture zone show vertical zonation. That
is, with the depth change, the fluid pressure in fracture zone
regularly changes (Sibson, 2001; Sibson, 2004). According to Ay
(ratio of fluid pressure to lithostatic pressure) the fracture zone
with fluids can be divided into three regimes: 1) hydrostatic
regime (Ay < 0.4, depth < 5 km); 2) suprahydrostatic regime (0.4
< Ay < 1.0, depth = 5-16 km); 3) lithostatic regime (Ay > 1.0,

data is
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depth >16 km). Within the hydrostatic regime, the depth is less
than 5 km (or fluid pressure is less than 40 Mpa), a hydrostatic
pressure gradient can be used to estimate the ore-forming depth.
Within the hydrostatic regime (the depth is greater than 16 km),
the fluid pressure is close to the lithostatic pressure, and the ore-
forming depth can be estimated approximately by the lithostatic
pressure gradient. However, within 5-16 km (or pressure at
40-370 Mpa), there is a nonlinear relationship between the
fluid pressure and depth, and the actual pressure of the
fracture zone fluid varies from shallow to deep between the
lithostatic pressure and the hydrostatic pressure. The
formation depths of the Gejiu ore deposits at different ore-
forming stages estimated based on Sibson (2001, 2004) are
7.0-82km for Stage I (skarn), 5.5-7.75km for Stage II
(greisen), 4.0-6.24km for Stage III (cassiterite-sulfidation),
and 3.0-4.5 km for Stage IV (cassiterite—tourmaline-quartz).

It has been illustrated based on the analysis of data on the
age—frequency distribution of ore deposits that the exhumation
rate of epithermal gold, porphyry copper, and orogenic gold
deposits are 167, 167, and 63 m/Ma, respectively (Kesler and
Wilkinson, 2006; 2009).The emplacement ages of the Gejiu
granitic complex range from 78 to 87 Ma (Chen et al., 2020).
The estimated exhumation depths of the Gejiu ore district are of
4.90-5.48 km based on the exhumation rate of orogenic gold
deposits, which is approximately consistent with the estimated
ore deposits formation depth (at present mining depths of the
Gejiu mine diatrict vary from 0.5 to 2km below the ground
surface).

DISCUSSION

Evolution of Ore-forming Fluid

The microthermometric data show that the ore-forming fluid
evolved from a high temperature with a low-to-high salinity to a
low temperature with low salinity (Table 1). This is similar to the
evolution of magmatic fluids of the mineralization of porphyry
Cu at different depths and temperatures described by Fournier
(1999). Most porphyry-type deposits apparently deposit ores at
~1-5 km depth, and there is one exception, the porphyry Cu-Mo
deposit in Butte formed at depths between 6 and 9 km (Rusk et al.,
2008). In the Gejiu Sn-Cu polymetallic deposit the granitic
magma intruded to depths of 7-8 km beneath the sedimentary
rocks dominated by carbonates, and caused a large region
surrounding the hot intrusive magma to attain temperatures
above 600°C, which led the host rocks to behave in a plastic
manner. The principal stress was the lithostatic load owing to
overlying rocks. Fluids with an average salinity of 5.87-31.29 wt%
NaCl (Table 1) and gas exsolved from crystallizing magma
accumulated and produced dual metasomatism in the zone of
contact between the granitic intrusion and the carbonatic rocks to
form skarn with Sn-Cu polymetallic mineralization in stage I at
temperatures between 343 and 562°C, and under pressures
ranging from 117 to 148 MPa, corresponding to the depths of
7.0-8.2 km (Table 1; Figures 2, 10). Almost at the same time,
hypersaline brine fluids with an average salinity of 9.43-28.46 wt
% NaCl within the inner zone of the intrusions formed greisen

Ore-Forming Fluid Evolution

with Sn-B-Nb-Ta mineralization in stage II at temperatures
between 284 and 536°C, and under pressures of 84-136 MPa,
corresponding to the depth of 5.50-7.75 km (Table 1; Figures 2,
10). A narrow, self-sealed zone consisting of relatively
impermeable plastic material separated the region of lithostatic
pressure from that where the meteoric water—derived
hydrothermal fluids circulate through brittle rocks away from
the hot intrusions at hydrostatic pressure. In particular when
magma moved upward in a surge, the hypersaline fluids and gas
were expelled quickly from the normally plastic region into the
brittle region to meet the meteoric water forming mixing fluids
with an average salinity of 2.53-25.15 wt% NaCl, temperatures of
136-482°C, and under fluid pressures of 56-101 MPa,
corresponding to the depth of 4.0-6.24 km (Table 1; Figures
2, 10). In this case, epithermal veins with cassiterite-sulfide
assemblage were deposited in stage III as a result of the
decompression and cooling of the magmatic fluid. The
relatively dilute fluid that separated from the boiling fluids as
a result of decompression greatly influenced the type of
mineralization when the fluid moved upward through cooler
and brittle rock. The breaking of the self-sealed zones was healed
by mineral deposition, and re-breaking resulted in banded
epithermal cassiterite-galena-sphalerite-cerargyrite veins in
the Songshujiao deposit in stage IV, the ore-forming fluids
with an average salinity of 3.46-4.01 wt% NaCl wt% NaCl,
temperature varying from 136 to 217°C, and under pressures
ranging from 30 to 45 MPa, corresponding to the depth of 3.0-4.
5km (Table 1; Figures 2, 10). Eventually, intrusive activity
declined and ended, accompanied by hydrothermal activity
owing to hydrostatic pressured dominated by meteoric water.

Ore-forming Mechanism

Fluid Boiling and Immiscibility

In the Gejiu Sn—-Cu polymetallic deposit, the main ore-forming
elements are tin and copper, and occur as cassiterite and
chalcopyrite, respectively. The cassiterites were formed mainly
in stage II with an average temperature 367°C and stage III with
an average temperature 256°C (Table 1; Figure 5). The
chalcopyrites precipitated in stages I with an average
temperature 464°C and in stage III with an average
temperature 256°C (Table 1; Figure 5). As the fluid evolved to
stage III, it started boiling and became immiscible with
dramatically decreasing pressure of the fluid system. It has
been shown by the fluid inclusion studies that the copper
precipitate temperature range is similar to the that of the
lithostatic pressure converted to hydrostatic pressure
(Fournier, 1999; Figure 9). Dropping drastically in pressure
disrupted the physicochemical system balance of the ore-
forming fluid (Figure 9), resulting in fluid boiling and
immiscibility, volatile substances escape from the fluid system,
causing signifificant change of the pH, Eh of the solution and ore
minerals precipitation (Hedenquist et al., 1998; Logan, 2000;
Meinert et al, 2005). As temperatures decreased, H,0-CO,
fluid immiscibility occurred, yielding high CO, inclusions
(Roedder, 1992). Thus a sharp increase in CO, concentration
at stage III (Figure 8) may provide an evidence for fluid
immiscibility. A direct link between copper deposition and
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in detail.

boiling is evident in most veins (Figure 3), wherein veins that
exhibit boiling and immiscibility have the highest copper grade
(Liao et al., 2014). Thus, fluid boiling and immiscibility are
probably the most important factor influencing mineralization.

Mixing of Fluids From Different Sources

In W-Sn hydrothermal ore deposits, another key factor
influencing the accumulation ore minerals is the mixing of
the fluid (Audtat et al., 2000; Lu et al., 2003; Zhou et al., 2007).
The mixing of fluids in the Gejiu Sn—Cu polymetallic deposits
took mainly place in stage III. Type C inclusions are much
abundant in the fluid at stage III than stage I and N, emerged
in stage III (Figure 8), which indicate that mixing of external
substances to the fluid system (Liao et al., 2014). The addition
of CO, could increase the extent of immiscibility greatly
(Roedder, 1992). Moreover the concentration effect of
losing volatile substances during fluid boiling and
immiscibility can result in slightly increased salinity
(Henley and Mcnabb, 1978; Meinert et al., 2003;
Wilkinson, 2001). However, the microthermometric data
illustrate that the salinity of type LV inclusions is lower at
stage III than that at stage IT (Table 1). One possible inference
is that another fluid with lower salinity was mixed into the
fluid system (Liao et al., 2014). Pressure transformed from
lithostatic to hydrostatic to generate hydrothermal
convection cells where meteoric waters were introduced
and mixed with magmatic fluids (Chappuis et al., 2020).
When ore-bearing fluids with higher temperature, salinity,
and pressure as well as lower density converged with
groundwater with temperature, salinity, and
pressure, the chemical balance of the ore-forming solution
was destroyed to promote the precipitation of ore minerals
(Zhang, 1997). This study has shown that the depths of the

lower

stratabound ores mainly ranged from 0.8 to 3.6 km (Table 1;
Figure 10). Shen and Huang (1987) claimed that atmospheric
water or syngeneic water in sedimentary rock can mix with
hydrothermal solution from magma in fault zones to form ore
deposits. This mixing increased oxygen fugacity and pH
value, which is favorable for the precipitation of cassiterite
(Zhang, 1997). The mixing of the fluid should have had a
certain relationship with stratabound ores in the Gejiu ore
field (Figure 2).

Roles of Boron and Fluorine in Mineralization

Both tourmaline and fluorite are widespread in all stages of
the giant Gejiu Sn-Cu polymetallic mineralization. B and F
played an important role in the mineralization of the giant
Sn-Cu polymetallic deposit in Gejiu. Boron and fluorine
appeared usually in the altered mineralization zone as
tourmaline and fluorite, respectively (Figure 3). The
addition of B led to an increase in H,O in the melt
(Pichavant, 1981). No evidence shows that H,O increased
in F-rich fluid systems (Manning, 1981). Therefore for
similar degrees of fractionation and crystallization,
boron-bearing magmas should have maintained a higher
H,O content than F-bearing magmas. In the
boron-bearing system, the magmatic aqueous fluid phase
was rich mainly in silica and sodium and poor in
aluminum, whereas it rich in in
fluorine-bearing systems (Pollard et al., 1987). There were
marked differences in the partition between boron and
fluorine. Fluorine was partitioned toward the melting
phase while boron toward the vapor phase. Consequently,
B was gradually extracted from the crystallizing magmas and
accumulated in fluids to form tourmaline-rich pegmatite
(Ogorodova et al., 2004). The fluorine flowed to the fluids

was aluminum
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FIGURE 10 | The model of ore formation and pattern for the Gejiu Sn-Cup polymetallic ore district. 1-granite; 2-basalt; 3-skarn ore; 4—greisen ore; 5-stratabound
ore; 6-stockwork ore.

from the crystallizing magmas only during the final stages of
crystallization ~ (Pollard et al, 1987) to form
fluorite-tourmaline-chalcopyrite veins in the altered
granites (Figure 3). Tin mineralization is commonly
associated with the metasomatism of alkalis, including
albitization, K feldspathization, greisenization,
tourmalinization, chloritization, and topazization (Pollard
et al., 1987). Boron was available in large amounts in the
hydrothermal stage, and formed stockwork ores associated
with the mineralization of magmatic-hydrothermal Sn
(Figure 3F). Enrichment in F or B may be critical to the
formation of the giant Gejiu Sn-Cu ore deposit. The
composition of the host rock also played a role in the
precipitation of tourmaline, fluorite, and cassiterite. For
example, carbonate rocks acted as host rock for the
mineralization of tin, and a wide variety of skarn deposits
dominated the giant Gejiu Sn—Cu polymetallic deposit.

In conclusion, the ore-forming mechanism of the Gejiu Sn-Cu
polymetallic deposit can be attributed mainly to the boiling and
immiscibility of the ore-forming fluid with decreasing pressure
and temperature, as well as the mixing of different source fluids.
The continuous convective circulation of the ore-forming
hydrothermal fluid solution, driven by the powerful thermal
driving force of magma, promoted the accumulation of ore-
forming matter and, finally, the giant Sn-Cu polymetallic
deposit was formed in the Gejiu district.

CONCLUSION

The conclusions of this study are as follows:

(a) The ore-forming process of the giant Gejiu Sn-Cu
polymetallic ore deposit can be divided into four stages:
(I) skarnization; (II) greisenization; (III) cassiterite-sulfide;

and (IV) cassiterite-tourmaline-quartz. Four types of fluid
inclusions-liquid-rich aqueous (LV), vapor-rich aqueous
(VL), solid-bearing (S), and aqueous—carbonic (C)
inclusions were recognized in the four stages.

Fluid inclusions in the skarn stage trapped a single—phase
aqueous fluid with an average salinity of 5.87-31.29 wt%
NacCl at temperatures of 343-562°C, under pressures of
117-148 MPa, corresponding to the depth of 7.0-8.2 km.
In the greisen stage, the fluid with an average salinity
ranged from 9.43-28.46 wt% NaCl in the near-critical
state, and separated into coexisting liquid and vapor
phases that ascended, and were depressurized and
cooled at temperatures of 284-536°C, under pressures of
84-136 MPa, corresponding to the depth of 5.50-7.75 km.
In the cassiterite-sulfidation stage, the mixing of the
magmatic fluid and meteoric water and the boiling and
immiscibility of the fluids with decreasing in pressure
and temperature are key factors to precipitation
accumulation of ore minerals. Its average salinity
varied from 2.53 to 25.15 wt% NaCl. The fluid cooled
at temperatures of 136-482°C, under pressures of
56-101 MPa, corresponding to the depth of 4.0-6.
24km. In the cassitate-tourmaline-quartz stage,
relatively small inclusions occurred in the alteration
and ore minerals. Its average salinity varied from 3.46
to 4.01 wt% NaCl. The fluid cooled at temperatures of
136-217°C,  under  pressures of  30-45 MPa,
corresponding to the depth of 3.0-4.5 km, which may
illustrate that the stage of epithermal mineralization had
nearly finished.

Boron and fluorine played an important role during the
mineralizations of tin and copper, respectively. The
boiling, immiscibility, and mixing of the ore-forming
solutions might have been crucial mechanisms in the
formation of the giant Gejiu Sn—Cu polymetallic ore deposit.

(b)
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