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Abstract

The grossular-andradite solid solutions in garnet from skarn deposits in relation
to hydrothermal processes and physicochemical conditions of ore formation remain
controversial. Here we investigate garnet occurring in association with calcic and
magnesian skarn rocks in the Cuihongshan polymetallic skarn deposit of NE China.
The calcic skarn rocks contain three types of garnets. 1) Prograde type 1 Al-rich
anisotropic garnets display polysynthetic twinning and a compositional range of
Grs3.30Adro.7s. This type of garnet shows markedly low rare earth element (REE)
contents (3.27-78.26 ppm), and are strongly depleted in light rare earth elements
(LREE, 0.57-44.65 ppm) relative to heavy rare earth elements (HREE, 2.31-59.19

ppm). They also display significantly negative Eu anomaly (Eu/Eu* of 0.03-0.90). 2)
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Fe-rich retrograde type II garnets are anisotropic with oscillatory zoning and own
wide compositional variations (Grs;.47Adrso9s) with flat REE (13.73-377.08 ppm)
patterns. 3) Fe-rich retrograde type IlII isotropic garnets display oscillatory zoning and
morphological transition from planar dodecahedral {110} crystal faces to {211}
crystal faces in the margin. Types III garnets exhibit relatively narrow compositional
variations of Grsg j.12Adrgs.9; with LREE-enrichment (0.80-51.87 ppm), flat HREE
patterns (0.15-2.46 ppm) and strong positive Eu anomalies (Eu/Eu* of 0.93-27.07
with almost >1). The magnesian skarn rocks contain euhedral isotropic type IV
Mn-rich garnet veins with a composition of Grsjo.23Spsas-s2Almiso9. All calcic garnets
contain considerable Sn and W contents. Type II garnet containing intermediate
compositions of andradite and grossular shows the highest Sn contents
(64.36-2778.92 ppm) albeit the lowest W range (1.11-468.44 ppm). Birefringence of
garnet is probably caused by strain from lattice mismatch in twinning boundary or ion
substitution near intermediate compositions of grossular-andradite. The fine-scale,
sharp and straight garnet zones are probably caused by self-organization, but the
compositional variations of zones from core to rim are probably caused by external
factors. The zoning is likely driven by external factors such as composition of the
hydrothermal fluid. Grossular-andradite solid solution exhibits an asymmetric
Margules model. REE concentrations are probably influenced by the relative
proportion and temperature of the system. Moreover, the LREE-HREE fractionation
of garnet can be attributed to relative compositions of grossular-andradite system. The
W and Sn concentrations in garnet can be used as indicators for the exploration of
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W-Sn skarn deposits.

Keywords:

Garnet; Birefringence; Substitution of REE; Skarn; Cuihongshan polymetallic deposit
1 Introduction

Garnet is a major mineral in skarn rocks, and has been divided into pyralspite
(pyrope, almandine, spessartine) and ugrandite (uvarovite, grossular, andradite)
groups (Grew et al. 2010), among which the grossular-andradite solid solutions are
the most common types. Their formation is controlled by the nature of skarn deposit
types, and related hydrothermal processes as well physicochemical conditions (e.g.,
Einaudi and Burt 1982; Orhan 2017; Xie et al. 2019).

Meinert et al. (2005) proposed ternary plots to evaluate the relationship between
different skarn types and garnet compositions. Recent studies on skarn deposits
suggest that garnet compositions might display complex relationship depending on the
skarn types, and that the composition is controlled by multiple factors, offering a
challenge to characterize the types and composition of garnet in diverse skarn
associations (Ciobanu and Cook 2004; Baghban et al. 2016).

The Cuihongshan polymetallic skarn deposit located in the Lesser Xing’an
Range in NE China contains abundant garnet grains occurring in association with
calcic and magnesian skarn rocks and related to multiple ore-forming stages. This
occurrence offers a rare opportunity to explore the factors controlling garnet

formation in polymetallic skarn systems. In this paper, we present a detailed study of
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garnet mineralogy including texture as well as the major and trace element
compositions of garnets from different associations and stages, with a view to
constrain the factors controlling garnet formation. Our data provide important insights
into garnet formation in skarn deposits with complex evolutionary history.

2 Geological Setting

The Cuihongshan polymetallic deposit is located in the central part of the Lesser
Xing’an Range in the eastern part of the Central Asian Orogenic Belt (CAOB) (Fig. 1).
The basement of the Lesser Xing’an Range is composed of the Proterozoic
Dongfengshan Complex that comprises mica schist, mica-quartz schist, graphite
schist, andalusite schist and marble with fluorine-bearing banded iron formations
(BIF). The basement is overlain by Cambrian-Ordovician carbonates, terrigenous
clastic rocks, volcanic rocks and sandstones. The dominant granitoids in the Lesser
Xing’an Range are composed of late Proterozoic, Paleozoic and Mesozoic intrusions.
Several mafic and ultramafic intrusions have also been recognized in the region (Yu et
al. 2012).

The “L-shaped” mining area of the Cuihongshan polymetallic deposit occupies
three sections including the Cuihongshan section in the north and the Cuigang and
Cuinan sections in the south. The Cuihongshan deposit is composed of 106 orebodies
among which 10 are of large-scale. Underground mining is currently going on in the
Cuihongshan section which occupies an area of 2.4 km? and contains six large-scale
orebodies including porphyry-type molybdenite orebodies hosted in Mesozoic

porphyritic granite, together with orebodies of skarn scheelite-molybdenite, skarn
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magnetite, skarn magnetite-sphalerite and skarn chalcopyrite-galena-sphalerite. The
deposit hosts an estimated ore resource of 39.4 Mt iron-ore with 30-58% Fe, 0.09 Mt
Mo with a grade of 0.03-0.13% Mo, 0.12 Mt WOs3 with a grade of 0.60-0.21% WOs;,
0.19 Mt Pb with average Pb grade of 1.65% and 0.51 Mt Zn with average Zn grade of
3.15% (Fei et al. 2018, and reference therein).

Three major lithological units were identified in the ore district, including rocks
belonging to the Proterozoic Dongfengshan Complex as the basement, sedimentary
units of the Early Cambrian Qianshan Formation, and the Early Paleozoic and Early
Mesozoic granitic intrusions representing two major magmatic events (Fig. 2). The
Dongfengshan Complex experienced greenschist to amphibolite facies metamorphism,
and the rocks are overlain by the Cambrian Qianshan Formation. The Qianshan
Formation is the major wall rocks for skarn mineralization and is composed of
recrystallized dolomitic limestone, calcic limestone, dolomite, hornfelsic sandstone,
siltstone and slate. Most of the intrusions are concealed below the surface. The
Paleozoic intrusions are distributed mainly in the central part of the ore district and
include biotite syenogranite and biotite porphyritic granite. There is a gradual
transition from the biotite syenogranite outwards to the biotite porphyritic granite. The
Mesozoic granitic intrusions contain porphyritic quartz monzonite, monzogranite and
porphyritic granite. The porphyritic quartz monzonite is located far from the deposit
without any direct contact with the orebodies whereas the monzogranite is exposed in
the western, southeastern and northeastern parts of the area, mainly as stocks. The

porphyritic granite is located close to the orebodies in the western part of the mining
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area (Fig. 2). The porphyry Mo mineralization occurs within the Mesozoic porphyritic
granite. The reddish Mo ores occur as 5-15% vol. percent of irregular disseminations
or aggregates. The W-Mo ores are disseminated in the calcic skarn rocks occurring
adjacent to the Mesozoic porphyritic granite. Magnetite orebodies are distributed in
the calcic skarn rocks next to the W-Mo skarn orebodies. A small number of
magnetite-sphalerite skarn orebodies are located next to the magnetite orebodies in
the magnesian skarn rocks. Moreover, sporadic galena-sphalerite ores are also found
adjacent the magnetite-sphalerite orebody in the magnesian skarn rocks (Fig. 2). Most
of the skarn rocks in this deposit are located in the contact zone between the Mesozoic
porphyritic granite and Qianshan Formation with recent studies correlating the
polymetallic mineralization to the Mesozoic porphyritic granite (Fei et al. 2018).
Several faults and folds are developed in the district. The Cuihongshan deposit is
distributed along an NWN structural zone formed by the NEN and WNW conjugate
fractures. An NEN-trending composite fold extends throughout the ore district (Hu et
al. 2014).

In general, the wall-rock alteration is pervasive, but the original magmatic
texture and the shape of most minerals are preserved, except for the Mesozoic
porphyritic granite close to the orebodies which is almost replaced by the skarn
minerals (Fei et al. 2018).

3. Skarn

The orebodies display complex shapes in the skarn rocks and the distribution of

skarn rocks is controlled by the contact zone between ore-related Mesozoic granite
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and limestone, regional NWN structural zone and the structurally weak zones among
the Paleozoic granite, ore-related Mesozoic granite and sedimentary rocks (Fig. 2).
Calcic and magnesian skarn rocks occur in the eastern and western parts of the
Cuihongshan mine respectively, and their occurrence is controlled by the wall rock
composition (Fig. 2). The endoskarn is much larger in size than the exoskarn (Fei et
al. 2018). Garnet is ubiquitous in the mining area. The endoskarn region contains
most of the prograde stage minerals and part of the retrograde minerals in the calcic
skarn zones. The exoskarn region is characterized by most of the retrograde stage
minerals and sulfide stage minerals in the calcic skarn rocks and almost all of the
magnesian skarn rocks.
3.1 Calcic Skarn
The calcic skarn occurs at the contact zone between granitic rocks and limestone
as well as its recrystallized domains (Fig. 2). The calcic skarn contains
scheelite-molybdenite, magnetite and sphalerite skarn orebodies. Based on the field
observation, the three types of garnet are identified in the calcic skarn rocks within
different alteration zones. The later formed alteration zone has replaced the
early-formed zone (Fig. 2). Prograde stage has produced type I garnet (Fig. 3a-e),
pyroxene (Fig.3c), plagioclase, fluorine and zircon together with scheelite and some
cassiterite. Type I garnet is cut by diopside (Fig.3c). The retrograde stage has
produced two types of garnet (II and III, Fig. 3f-m), and the assemblage includes
vesuvianite, actinolite, tremolite, zoisite, epidote, fluorite and apatite together with

magnetite and most of the cassiterite. Type III garnet cuts the early formed garnet,
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diopside and magnetite (Fig. 3j-1). The sulfide stage has produced molybdenite,
sphalerite, pyrite, bornite and chalcopyrite together with quartz and fluorite (Fei et al.
2018). In general, some of the early-fromed garnet grains in the calcic skarn rocks
always occur in the W-Mo orebodies-related endoskarn region characterized by
garnet (I and II) + pyroxene + vesuvianite + actinolite + zoisite + fluorite + episode +
apatite together with scheelite, cassiterite and molybdenite. This zone occurs
adjacent to the Mesozoic granite. The later-formed garnet grains are more commonly
seen in the exoskarn region with magnetite orebodies carries garnet (II, III) + fluorite
+ diopside + tremolite + actinolite + calcite + chlorite together with magnetite,
cassiterite, sphalerite and pyrite. The early formed garnet is cut by the later formed
garnet in the alteration zone.
3.2 Magnesian Skarn

The magnesian skarn rocks and associated magnetite-, sphalerite-, chalcopyrite-,
and lead- skarn orebodies are developed at the contact zone between granitic rocks
and dolomite and dolomitic limestone (Fig. 2). The magnesian skarn rocks include
pyroxene, minor type IV garnet (Fig. 3n-p), humite, tremolite, phlogopite, serpentine
and apatite. Magnetite and cassiterite are the major ore minerals in the retrograde
stage. Pyrite, chalcopyrite, sphalerite, bornite, galena and arsenopyrite belong to the
sulfide stage, and some specularite formed in the supergene stage (Fei et al. 2018).
Most of the magnesian skarn rocks are distributed in the exoskarn region near the

sedimentary rocks.
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4. Samples and analytical methods

Samples for this study were collected from underground mine excavations.
Following detailed field investigations and microscopic studies, representative
samples of different types of garnets were selected for electron microprobe analyses
(EMPA), X-ray element mapping, back scattered electron imaging (BSE), laser
ablation—inductively coupled plasma—mass spectrometry (LA-ICP-MS) analyses. The
different types of garnets are located along Line 44" and BB’ shown in the geological
map (Fig. 2). Detailed analytical methods and processes are described in Appendix 1.
Chemical compositions are reported in the supplementary material (Appendix Table).
5 Results
5.1 Garnet morphology

Garnet grains are dominant in calcic skarn, but are less common in the
magnesian skarn. Based on optical characters, three types of garnet were identified in
the calcic skarn whereas the magnesian skarn contains only one type (Fig. 3).
Garnet in calcic skarn rocks

Type 1 garnets are characterized by red to orange color (Fig. 3a), dodecahedral
and euhedral crystal shape and are fractured (Fig. 3b). Some grains also occur as
pectinate aggregates. These garnet grains are anisotropic, and display polysynthetic
twinning consisting of four, six (Fig. 3b) or more wedge-shaped sectors radiating
from the center of the crystal. Some compositional zoning and polysynthetic twinning
are identified, although they are not always consistent within individual grains (Fig.
3d-e). Epitaxial growth with oscillatory zoning on preexisting {110} face is

9
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recognized on the boundary (Fig. 3c). Sometimes, the core of type I garnet has been
cut by type III garnet.

Type II garnets are anisotropic and show pale yellow color, euhedral to subhedral
morphology, occurring as aggregates with oscillatory zoning (Fig. 3f-h). Some type 11
garnets show oscillatory zoning outside the preexisting dodecahedral type I garnets
which were fragmented during the retrograde stage. Some of the cores of type II
garnet have been seen replaced by type III garnet.

Type III garnet is yellow and isotropic, and occur as euhedral to subhedral
aggregates with oscillatory zoning showing morphological transition from planar
dodecahedral {110} crystal faces in the core to composite dodecahedral
{110}-trapezohedron {211} crystal faces growth in the margin (Fig. 3i-m). This type
of garnet generally replaces pyroxene formed in the prograde stage (Fig. 3j-k) and cut
across magnetite that formed in the retrograde stage (Fig. 31).

Garnet in magnesian skarn rocks

Garnet grains are almost absent in the magnesian skarn rocks. However, some
euhedral isotropic grains occur along veins in the prograde stage associated
surrounding magnetite grains (Fig. 3n-p, termed as type IV). They occur far from the
porphyritic granite and adjacent to the sedimentary wall rocks associated with
chalcopyrite-galena-sphalerite orebodies.

5.2 Major element data of garnet
Garnet in calcic skarn rocks
Garnet grains in calcic skarn belong to the grossular-andradite (grandite) solid

10
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solution ranging in composition from GrsgyAdr;s to Grsp3Adrg; with <6 mol.%
spessartine, <3 mol.% pyrope and 0.3-10 mol.% almandine (Fig. 4; Appendix 2).
Under BSE images, all types of garnets in the calcic skarn rocks exhibit core-rim
oscillatory compositional zoning (Fig. 3).

Type I garnet shows considerable variations in composition (Grs;s.goAdrg.7s)
with 0.1-6 mol.% spessartine and 0.3-4 mol.% almandine, but mostly in
Grsso.s0Adrag.so (Fig. 4; Appendix 2). Most of them show compositional zoning with
Grsgo.80Adrag.49 while a small amount of the altered inner zones displays lower
grossular (25-50 mol%) and higher andradite (50-75 mol%) (Table 1). Overall, the
epitaxial growth with oscillatory zoning in the rim region exhibits notable variations
with higher andradite (~60 mol. %) contents and lower grossular contents (~35
mol. %) than in the early formed zones in the relative core region (Appendix 3; Fig. 5).
They also display relatively high F contents (<1.54 %, Fig. 6).

Garnet from the type II and type III are Fe-rich and display relatively wide
compositional range of Grsgj.47Adr30.97. Stoichiometry calculation (Table 1) shows
that most of the iron is in oxidized state (Fe’"), resulting in the formation of
andradite-rich type II and type III garnets.

Type II garnet shows relatively higher grossular contents and wider
compositional range (Grs;47Adrsogs) than the type III garnet. Individual type II
garnets have relatively small range of compositions (Table 1), with grossular contents
less than 27 mol. % (Appendix 3; Fig. 5). Overall, oscillatory zoning is complimented
by compositional variations, with increasing andradite contents and decreasing

11
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grossular contents from core to rim. Some of the altered inner zones also show
notable variations (Fig. 5). Type II garnet displays relatively lower contents of F
(<0.27%, Fig. 6).

The type IIl garnet grains display high andradite contents (Grsg j.12Adrgs.97).
Garnet crystals of this type exhibit distinct core-rim compositional oscillatory zoning
with different crystal faces (Fig. 3j; Fig. 3m). Zoning of trapezohedron {211} crystal
faces corresponds to higher andradite (90-95 mol. %) contents than that of {110}
crystal faces (80-90 mol. %) in type III garnet (Table 1). Type III garnet shows the
lowest content of F (<0.23% with almost less than 0.05%, Fig. 6).

The andradite compositions and F contents in calcic garnet show negative linear
relationship (Fig. 6).

Garnet in magnesian skarn rocks

Type IV garnets differ significantly from those in calcic skarn rocks and exhibit
considerable variation in composition with 10-23 mol. % grossular, 48-62 mol. %
spessartine and 14-29 mol.% almandine (Appendix Table-1). Stoichiometry
calculation shows that nearly all of the iron occurs in the reduced state (Fe*").

5.3 Trace element data of garnet

The LA-ICP-MS analytical data show that different types of garnet have a wide
variation in trace element concentrations. However, their large ion lithophile element
(LILE), high field strength element (HFSE) and rare earth elements (REE) contents
exhibit a consistent variation.

Garnet in calcic skarn rocks
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The garnet crystals in calcic skarn rocks exhibit different REE patterns
(Appendix Table-2; Fig. 7), although the same types of garnet show similar chondrite
normalized REE patterns. Except for one spot which is strongly altered, the type 1
garnets display strongly negative Eu anomaly (Eu/Eu* of 0.03-0.90) and low REE
contents (3.27-78.26 ppm) with strong light REE depletion (LREE, 0.57-44.56 ppm)
relative to heavy REE (HREE, 2.31-59.19 ppm). In contrast, type II garnet grains
show REE contents of 13.73~377.08 ppm with most of the values falling in the range
of 13.73-74.05 ppm (only REE contents of two altered samples exceed 100 ppm).
They also display variable Eu anomalies (Eu/Eu* of 0.16-3.34), and transitional REE
patterns with slight to moderate LREE enrichment (1.01-191.83 ppm) relative to
HREE (0.47-185.25 ppm, Fig. 7). The type III garnet grains containing REE contents
of 1.5-52.05 ppm exhibit LREE-enriched (0.80-51.87 ppm) and flat HREE (0.15-2.46
ppm) patterns with markedly positive Eu anomalies (Ew/Eu* of 0.93-27.07 with
almost >1).

Type I garnet shows considerable amounts of Sn (533.89-2545.20 ppm) and W
(0.76-100.91 ppm) contents (Table 2, Fig. 8a-b). The zoning in polysynthetic twins
corresponds to a gradual decrease in W content and an increase in Sn contents from
core to rim (Appendix Table-2; Appendix 3). Moreover, W in type I garnets shows a
negative relationship with the andradite content whereas Sn and REE exhibit
relatively positive relationship (Fig. 8a-b). In contrast, type II garnets with moderate
contents of grossular and andradite have the highest Sn (64.36 to 2778.92 ppm) and
the lowest W contents (1.11-468.44 ppm). Type III garnet shows a range of
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99.17-1941 ppm Sn (Table 2; Fig. 8b). Sn in type IIl garnet exhibits a negative
relationship with andradite content. These garnet grains also possess high W contents
(13.18-771.74 ppm) displaying positive relationship with andradite content (Fig. 8a).

The Eu/Eu* versus Xaqr diagram displays a parabola shape (Fig. 8e), in which
garnet grains having intermediate compositions of grossular and andradite possess the
lowest Eu/Eu* ratios (~0.10). The data suggests that Eu in Eu/Eu*>>1 is present as
Eu2+, which contrasts with the 3+ state of the other REEs. The (La/Yb)n versus Xaqr
relationship also shows a parabola shape possessing a general tendency of elevated
LREE/HREE fractionation with increasing Fe- or Al-content (Fig. 8f).
Garnet in magnesian skarn rocks

The type IV garnets are characterized by a steep positive slope from LREE
(1.18-3.26 ppm) to HREE (464.56-468.38 ppm) with strongly negative Eu anomaly
(Euw/Eu* of 0-0.02) (Appendix Table-2; Fig. 7g). Compared to those in calcic skarn
rocks, type IV garnets have lower content of Sn (18.80-119.15 ppm) and W (0.36-1.12
ppm) (Fig. 8a-b).
6 Discussion
6.1 Birefringence of garnet

Grandite in skarn systems is known to exhibit optical anisotropy, undulatory

extinction, twinning, and oscillatory zoning (Shore and Fowler 1996; Pollok et al.
2001). These abnormal optical characteristics describe a deviation from the space
group la3d of the garnet (Becker and Pollok 2002), and several possible factors have
been invoked as summarized below.
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1) External stress imparted by tectonic activities in region (McAloon and
Hofmeister 1993); 2) oscillatory compositional variations in Ca-Fe-Mn-Mg ordering
of the X-site divalent cations in the dodecahedral position (Wang et al. 2000); 3)
oscillatory compositional variations in Al-Fe ordering of the Y-site trivalent cations in
the octahedral site (Griffen et al. 1992); 4) local strain of structural distortion caused
by localized cation substitution when the ionic radii between host and substitute differ
significantly in size (e.g., REE for Ca in the X-site) (Ballaran et al. 1999); 5) REE
incorporation into the X-site causing magneto-optic effects (Gaspar et al. 2008); 6)
hydrogrossular substitution, with ordering of OH or F groups (Rossman and Aines
1991; Manning and Bird 1990); and 7) strain developed in garnet crystal from lattice
mismatch at compositional bands, twinning planes or grain boundaries induced by
kinetics (Becker and Pollok 2002; Antao and Klincker 2013; Lessing and Standish
1973; Chase and Lefever 1960).

The three types of garnets together with their mineral assemblages in the calcic
skarn rocks of present study exhibit no evident deformation or undulatory extinction.
Previous studies noted that garnet formed in deformed metamorphic rocks displays
slight or no anisotropy, excluding the external factors as the main reason (Hofmeister
et al. 1998). Furthermore, the garnet twinning or garnet zoning anisotropy does not
display any consistent patterns with the fractures in the mineral. In addition, the twin
crystal of type I garnet cuts across the crystal face of the garnet. Under
cross-polarized light, oscillatory zoning shows fine-scale, straight and distinct
character. These features suggest that birefringence of garnet is unlikely triggered by
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external stress during growth of garnet.

As described above, the garnets in the calcic skarn rocks are all calcic garnet with
only minor Fe’", Mn and Mg. The Mn content in calcic garnet (0-0.171 in atoms per
formula unit with an average of 0.056) is slightly higher than those of the Fe*" and
Mg (Table 1). Two-dimensional scan images (Fig. 5) suggest that the distribution of
Mn in garnet grains is inconsistent with optical anisotropy. Moreover, as mentioned
by McAloon and Hofmeister (1993), dodecahedral ordering cannot cause
birefringence. Becker and Pollok (2002) reported miscibility gaps between grossular
and grandite, and between grandite and andradite below ~ 430 K based on
transmission electron microscopy (TEM) indicating that grandites can have an Al/Fe®”
ordered structure below 430 K. However, Barkoff et al. (2017) estimated that the
temperature of most of the skarn deposits is above 600 K, which is much higher than
the miscibility temperature of grossular-andradite. The BSE and two-dimensional
scan images (Fig. 3; Fig. 5) show that most isotropic type III garnet is characterized
by compositional zoning as anisotropic type I and type II garnets, and the
compositional zoning in type I garnet grains is prevalent across the twinning sectors,
with different extinction characters. Therefore, we exclude hypotheses (2) and (3).

Moretti and Ottonello (1998) mentioned that garnet with REE content exceeding a
few hundred ppm of bulk is more likely to induce polyhedral distortion. However,
Hofmeister et al. (1998) found that synthetic garnets containing stoichiometric REE
(e.g., YsFesO1,) has only weakly optical birefringence based on experimental work.
The anisotropic garnet (type I and type II) has wide variation in REE composition
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(3.27-377.05 ppm, with most of the values in the range of 3.27-78.26 ppm except two
samples), whereas isotropic garnets contain REE contents of 1.5-52.02 ppm (Fig. 8d,
Appendix Table-2). As for the type I with polysynthetic twinning, the REE
distribution is inconsistent with the anisotropic sections, excluding the possibility of
REE-induced anisotropism in polysynthetically twinned type I garnet. Additionally,
many of the anisotropic type II and isotropic type III garnet grains also display
relatively similar REE contents. Therefore, we exclude hypotheses (4) or (5) as the
main factor.

Based on the EMPA results and two-dimensional scan images (Fig. 5), we infer that
the F content does not have any correlation with twinning or oscillatory zoning.
Therefore, anisotropy cannot have been caused by hydrogrossular substitution, which
excludes hypothesis (6).

The EMPA results together with two-dimensional scan images (Appendix Table-1,
Fig. 5) suggest that most of the anisotropically zoned domains have the composition:
Grsyo.60Adrao.g0, Whereas the type I and type III garnet compositional zoning possess
higher end member contents. These features are consistent with anisotropic zoned
garnet compositions reported by other workers (e.g., Xu et al. 2016; Gaspar et al.
2008; Sepidbar et al. 2017). The ionic size of Fe*" and AI’" differ appreciably (0.6655
A Fe’" of and 0.5350A of AI*", Ottonello et al. 1996; Moretti and Ottonello 1998).
When the garnet has an intermediate composition, the substitution in garnet lattice
may require relatively larger stress to generate the observed anisotropism than in the
case of garnets with higher end-member contents. Moreover, as for twin planes in
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anisotropic type I garnet, the compositional zoning and polysynthetic twinning do not
always overlap, which infer that the anisotropy of type I garnet may be caused by
strain form lattice mismatch at twin boundaries. Therefore, we conclude that the
birefringence of garnet is probably caused by strain from lattice mismatch in twinning
boundary or banding substitution with garnets containing intermediate composition of
grossular-andradite.

6.2 Garnet oscillatory zoning

The BSE images together with two-dimensional compositional images show that
almost all garnet types in calcic skarn rocks possess consistent oscillatory
compositional zoning patterns and can be observed from core to rim regions (Fig. 3;
Fig. 5).

According to the width of the zones, Downes (1974) divided oscillatory zoning
into two types: fine banding (1-10 um) and coarse banding (1-100 mm). These two
types of bandings have been generally considered to be of different origin (Streck
2008). The sharp, fine and adjacent garnet zoning patterns in between are all within 1
um, classifying as fine banding type (Fig. 3). Two models have been proposed for the
formation of the fine banding type of oscillatory zoning in garnet. One is by internal
control caused by the following two processes. 1) Self-organization (e.g., Holten et al.
1997; Shore and Fowler 1996; Pollok et al. 2001) in which the minerals are under
supersaturation, and the mineral growth rate is higher than the mineral diffusion rate
leading to locally disequilibrium. 2) Immiscibility in the grossular-andradite
(grandite) system (Jamtveit 1991). Alternate mechanisms involving changes of
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externally controlled growth conditions such as temperature, fo,, pH and salinity
(Yardley et al. 1991; Jamtveit et al. 1995) or dynamic changes in the
magmatic-hydrothermal system (Ginibera et al. 2002; Ciobanu and Cook 2004; Streck
2008) has also been proposed. In this case, the garnet and external factors are under
near-equilibrium conditions in a local domain, and the oscillatory zoning indicates the
changes in the external environment.

As discussed above, experimental studies together with computational results
show that there are miscibility gaps between grossular and grandite when the
temperature is <430K, which is too low to produce oscillatory zoning, even on a
geological time-scale (Becker and Pollok 2002; Pollok et al. 2001). There is no garnet
miscibility gap in the Cuihongshan deposit (Fig. 4). Hence, the grossular-andradite
system is unlikely to be induced by immiscibility.

There is a consensus that external factors can influence the composition of garnet
(Gaspar 2008; Jamtveit et al. 1993, 1995). The fluctuations in Al/Fe ratios of the pore
fluid can be caused by variable rates of infiltration and kinetic dispersion in the skarn
system (Cionabu and Cook 2004). Based on the BSE and element mapping images
(Fig. 3, 5), it is evident that the garnet exhibits higher andradite and lower grossular
compared rim zones with core zones. We correlate with feature with the external
factors, especially the composition of the hydrothermal system. The different garnet
types formed in distinct stages and coexisted with different mineral assemblages also
suggest that the garnet composition was driven by the external factors.

Regarding the distinct fine-scale, sharp and adjacent zoning in garnet, Holten et
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al. (1997, 2000) proposed that similarity in intracrystalline zoning does not
necessarily imply that the zoning pattern was produced by changes in the external
conditions. Streck (2008) suggested that fine zonation may be largely kinetically
controlled whereas coarse zoning reflects dynamic processes, which also implies that
the oscillatory zoning is caused by self-organization related to kinetic effects.
Additionally, Lessing and Standish (1973) suggested that narrow zoning with sharp
contacts correspond to rapid crystal growth and/or rapid changes of composition in
the hydrothermal system in order to preserve these delicate lamellae. Rapid changes
of hydrothermal fluid composition may cause gradual composition variations in
garnet growth zones. However, the BSE and element mapping images (Fig. 3, 5) show
that the chemical variations in calcic garnet grains are not gradual, but abrupt, and
thus further support a relatively rapid isolation of crystallizing garnet from the
hydrothermal solutions (Jamtveit 1991; Smith et al. 2004). Moreover, Ciobanu and
Cook (2004) emphasized the role of surface kinetics together with local transport
processes near crystal surface, invoking garnet self-organization mechanisms to
account for the minor variations in garnet compositions. We therefore infer that
internal self-organization has played a significant role in the formation of these sharp,
fine and closely spaced garnet zones. These zoning patterns and the marked variations
in garnet composition were possibly controlled by external factors.
6.3 REEs in garnet
6.3.1 Substitution of REE into garnet

Based on the ionic radii together with garnet crystal radii for elements in garnet
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structure (Shannon 1976), the only possible replacement of REE is substitution of X
site in the dodecahedral position. However, substituting REE*" has a different charge
than the ion normally occupying the X** site. The charge imbalance must be
compensated either through a coupled substitution or the creation of a vacancy. In
general, the following five mechanisms have been proposed to explain the
incorporation of REE into garnets.

1) Yttrogarnet (YAG)-type substitution involving charge balance by substitution of
a trivalent cation (e.g., Fe’", AI’") into the Z (Si) site (Jaffe 1951; Ding et al. 2018); 2)
incorporation of a monovalent cation (e.g. Na+) into the X site forming Na"-REE*"
couple substitutions (Enami et al. 1995; Sepidbar et al. 2017); 3) change in
compensation via vacancies in the dodecahedral site (Ismail et al. 2014); 4)
substitution of divalent cations (e.g. Mg*"; Fe’") into the Y site (menzerite-type,
Carlson 2012; Grew et al. 2010); and 5) substitution of F* or OH™ into the Si-O
tetrahedron (Jamtveit and Harvig 1994; Gross 2008).

Our EMPA results show that garnet grains in the Cuihongshan deposit have low Na
concentrations (Table 1), indicating that these did not undergo Na™-REE’" coupled
substitutions. Although the garnet grains contain some F the variation between REE
and Xaqr 1 not consistent with the relation between F and Xaq4;, suggesting that the
F-REE’" coupled substitution mechanism is unlikely.

Additionally, the primary criterion for distinguishing substitution of divalent
cations (e.g. Mg®"; Fe’") into the Y site is the dominance of divalent cations with
Mg>Fe?" under pressures of 7-8.5 kbar and temperatures of 700-800°C (Carlson 2012;
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Grew et al. 2010). This would suggest that the substitution of divalent cations (e.g.
Mg”"; Fe’") into the Y site mechanism in the skarn system of our study is unlikely.

Thus, we suggest that garnet grains in the Cuihongshan deposit favored a YAG type
substitution. However, the mechanisms involving the creation of structural vacancies
are difficult to evaluate (Sepidbar et al. 2017).

6.3.2 REE in garnet

Pyrope-grossular garnet solid solutions exhibit strong deviations from ideal mixing
in their thermodynamic properties (Du et al. 2017, 2015). Deviations from ideal
behavior tend to be greater in solutions with high ionic strength, especially
hydrothermal and ore-forming fluids (White 2013). As a result, we assume that the
grossular-andradite garnet solid solution displays an asymmetric model. The Gibbs
free energy change of this non-ideal binary solution is given by:

AGY!" = nRT(XgrossularlNXgrossular + XandraditelNXandradite) + AGexcess ()

Where Xgrossular and Xandradite are the mole fractions of the respective components of
the garnets, T is the temperature in the hydrothermal system, R is the molar gas
constant (8.314 J- mol™K"), n=2 based on the garnet chemical formula of
X3Y2Z301;.

A two-parameter Margules fit was adopted with the molar volume values of garnet
(Engi and Wersin 1987). Thus, the excess free energy change in this binary solution is
given by:

AGexcess = NXgrossularRTINYgrossular + NXandradite RTINYandradite =

G G
rl(("‘)grossularxandradite + wandraditexgrossular)xgrossularxandradite (2)
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where

— G G G 2
RTlanrossular - [wgrossular + 2(('L)andradite - (*)grossular)xgrossular]xandradite (3)

— G G G 2
RTlnYandradite - [wandradite + 2(C'L)grossular - wandradite)xandradite]xgrossular (4)

Wgrossular ANd Wangragite are the excess Gibbs parameters in the Margules

formation.

Regarding the incorporation of REE in garnet, previous studies have shown that
mixing of REE garnet components below about a few hundred ppm with major
silicate garnet components is virtually ideal, which is the region where Henry’s law
holds (Moretti and Ottonello 1998).

MReg = MRgg + RTINXpgpYRee = Hrep + RTINXRgg (5)

Where prgg is the chemical potential, which is simply the partial molar Gibbs free
energy, Yree 1s independent of xrgg in the hydrothermal fluid at constant T and P and
can be considered as adding or subtracting a fixed amount to the standard state
chemical potential, and pggg is obtained by extrapolating the Henry’s law slope to
xreg =1 at the chemical potential.

The divalent cations (Ca, Mg, Mn, Fe’", K, Na") in eightfold coordination
Xdivalent— 1, the Wgivalent sShould reduce to Raoult’s law.

Mdivalent = Mdivalent T RTINXgivatent (6)

AGso) = AGgivatent + AGree = n'RTXgivatent!NXgivatent + N'RTxpggInxreeYree (7)

Hence, AG in the grossular-andradite system relative to the pore end member
composition is

AG = AGY" + AGgo; = NRT(XgrossutarlNXgrossular  XandraditelNXandradite) +
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G G
n((’ogrossularxandr'adite + OL)andraditexgrossular)xgrossularxandradite +

n'RTX givalent!NXdivalent + N'RTXReeINXREEYREE (8)

From the discussion above, AG"" is controlled by the relative components between
grossular and andradite whereas AGg, is broadly related to the component of REEs
and divalent cations. Most of the garnets in the Cuihongshan deposit contain
Xreg < 10733, which results in negligible values of AGy, suggesting that AG is
mostly depended on AG"' in the garnet grains of the skarn system. Moreover, low
concentrations of REE contents (10>-10 ppm) suggest ideal solid solution, which
indicate that incorporation of REE is controlled by the AG as a function of ionic
fraction of the garnet component. According to this interpretation, the concentration
of REEs is mainly related to the relative components of grossular and andradite.

On the basis of equation (1), the AG in grossular-andradite solid solution is mostly

G

. G
determined by temperature of the system, Xgrossular, Xandradites Wandradite and Wgrossular-

If the temperature of the system remains constant and WS 4 ..4ire = wgmssular, AG
becomes the lowest when Xgrossular = Xandradite = 0.5. It is well established that
temperature of the skarn system will gradually decrease during the formation of the
mineral deposit, which will increase AG in the system. If the solution model were
symmetric, the lowest AG would appear at approximately Xgrossular > 0.5 and
Xandradite < 0.5 leading to the highest REE contents at this point. However, from the
REE versus Xagq:- diagram (Fig. 8d), garnet with ~20% grossular and 80% andradite
commonly shows the highest REE content, linking this solid solution to an
asymmetric model. Engi and Wersin (1987) described the grossular-andradite solid
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solution with an asymmetric Margules model based on phase equilibrium data from
Huckenholz and Fehr (1982). The Margules equation is an interaction parameter since
non-ideal behavior arises from interactions between molecules or atoms and depends
on temperature, pressure, and the nature of the solid solution except composition
(White 2013). As a result, the non-ideal behavior in the grossular-andradite solid
solution system may be related to the size mismatch between A" (0.535) and Fe®”
(0.6655) (Ottonello et al. 1996; Moretti and Ottonello 1998) or the neighbor
interactions or coordination on the X-O and Y-O site (van Westrenen et al. 2003).
Moreover, the non-ideal mixing properties such as enthalpy, volume, free energy, and
vibrational entropy are not only dependent on the complex crystal structure caused by
Fe and Al substitution but also the mechanism by which the garnet lattice
accommodates different size of Fe and Al in the solid solution. However, because of
the presence of Fe’" in dodecahedral sites due to the valence states of Fe,
incorporation of F~ and OH™ due to the hydrogarnet substitution and incorporation of
Fe’" and AI’" into the SiO, tetrahedron site due to the YAG-type substitution
discussed above, the Gibbs energy calculation of this asymmetric solid solution
becomes more complex.

Regarding the calculation of AG, we suggest that the relative proportion of
grossular towards andradite in the solid solution together with temperature in the
system has influenced the garnet REE concentrations. The grossular-andradite solid
solution exhibits an asymmetric model.

6.3.3 REE fractionation in garnet
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The trace element geochemistry of garnet in the Cuithongshan skarn deposit shows
a prominent REE fractionation with grossular displaying LREE-depletion and
HREE-enrichment, together with a general negative Eu anomaly. In contrast, the
andradite shows LREE-enriched and HREE-depleted feature with a general positive
and variable Eu anomaly (Fig. 7).

Several possible factors can be considered to explain these features, as listed below.

1) Different substitution mechanisms between the LREEs and the HREEs which
may be caused by the ionic radii and garnet crystal radii for elements relevant in
garnet chemistry (Ding et al. 2018); 2) the concentration of the elements in the liquid
from which grossular and andradite crystallized has significantly changed (Ismail et al.
2014; Ranjbar et al. 2016; Zhao et al. 2016); 3) different partition coefficients of the
REEs between grossular and andradite end-member garnets; 4) external factors such
as temperature and pressure; and 5) the relative composition of the
andradite-grossular solid solution lead to different REE fractionation character.

From the discussion above, incorporation of REEs into garnets favor a YAG-type
substitution  ((Ca;yREEy);Aly(S1;yAly)3012 and (Cai REE)sFes(SiiyFey);012).
Compared with the garnet crystal radii and ionic radii, the radii of LREEs are more
comparable to that of Ca than HREEs in the dodecahedral site (Ottonello et al. 1996;
Moretti and Ottonello 1998). However, based on the garnet REE patterns of grossular
and andradite (Fig. 7), we consider that this mechanism is not the main cause.

In order to estimate the REE patterns, we take into account the prograde minerals
that formed first from magmatic-hydrothermal fluids. From Fei et al. (2018), the REE
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patterns of skarn-related granite suggest that the magmatic-hydrothermal system was
gradually enriched in LREE and depleted in HREE as compared to less evolved
granites, suggesting a LREE-enriched and HREE-depleted magmatic-hydrothermal
system. This contrasts with the REE patterns of garnet forming at the prograde stage.
Hence, we infer that the compositional variation of hydrothermal fluid is not the main
factor that controlled the REE fractionation patterns in Cuihongshan skarn deposit or
other similar hydrothermal deposits.

Regarding hypothesis (3), Moretti and Ottonello (1998) reported LasFesOs,
LusFes0,,, LazAlsO;; and LuzAlsOl, that show LREE-depleted and HREE-enriched
characters. Gaspar et al. (2008) calculated the Hpixing of LaFeG-Adr, LuFeG-Adr,
LaAIG-Grs and LuAlG-Grs and found that garnets exhibit LREE-depleted and
HREE-enriched patterns when their REE contents are negligible. Thus, we suggest
that the end-member of grossular-andradite solid solution do not exhibit different REE
patterns in the skarn system.

Regarding hypothesis (4), experimental studies show that although the temperature
and pressure exert significant influence the REE content, these parameters have
limited influence on the garnet REE fractionation (Gaspar et al. 2008). Previous
studies have calculated the REE fractionation of garnet under 300°C, 400°C and
500°C at pressures of 1 kbar and 5 kbar, respectively (Appendix 4). Based on these
experimental studies, both end-members of grossular and andradite show
LREE-depleted and HREE-enriched REE patterns. The results suggest that REEs,
especially HREEs are more compatible in both grossular and andradite, suggesting
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that the above process is not the main cause.

In this study, we prefer hypothesis (5) which suggests that the relative composition
of grossular-andradite solid solution controls the LREE-HREE fractionation in garnet
skarns.

For a finite change at constant temperature, the Gibbs free energy in the system is:

AGreal mixing = AHexcess + NRT X X{InX; — TASxcess (10)

It is obvious that the relative content of grossular-andradite solid solution together
with temperature in the same stage can be regarded as constant. Additionally, the
content of LREE together with HREE is below several hundred ppm indicating that
the mixing of REE in silicate garnets is virtually ideal. Thus, AS has little effect on the
system. Gaspar et al. (2008) calculated the excess enthalpy for garnet solid solutions
(Appendix 5). The enthalpy of excess for LuGrsysAdrys is lower than that of
LaGrso.sAdros when logXggg viii<1 and display opposite characters when 10gXggg vinr
exceed 1077, The enthalpy of excess for LaGrsg Adrg o is evidently lower than that of
LuGrsAdrgg, respectively, displaying marked difference from the end members.
This result is consistent with our data from the Cuihongshan skarn deposit and other
skarn deposits such as the Hongniu-Hongshan Cu skarn deposit (Peng et al. 2016),
skarns on the Isle of Skye (Smith et al. 2004) and Tongling Cu-S-Fe-Au skarn deposit
(Zhang et al. 2017).

Moreover, when evaluating the REE contents in the garnet during different
mineralization stages, AS shows significant change. The relative composition of
grossular-andradite has influenced AS and temperature has gradually decreased during
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the ore formation. Combining the enthalpy of mixing of GrsypsAdrgs is significantly
lower than that of Grsg;Adrpo, and the AG of GrsgsAdrgs is lower than that of
Grsp.1Adrg . This result is consistent with previous discussion.
6.4 Relative component of grossular-andradite in the solid solution

In the grossular-andradite solid solution, if Gie, 1s less than Gpixytre, @ S0Olution is
stable relative to pure phase. Moreover, as discussed above, garnet with approximate
20% grossular and 80% andradite commonly displays the lowest Gycal, suggesting that
GrsyoAdrsy is the most stable phase (Fig. 8c-d). However, the andradite contents from
the early to the late stage show gradual increase, whereas the grossular content show
decrease based on the compositional variations in different types of garnet growing
different mineralogy stages (Fig. 4; Appendix 2). Towards the late retrograde stage,
type III garnet is almost pure andradite. Furthermore, it is evident that the rim
contains more andradite and less grossular components in the zoned garnet (Fig. 5).

The relative concentrations of Fe and Al in garnet depend on the following factors:

1) the concentration of the element in the liquid from which it crystallizes; 2)
whether other Al- and Fe-bearing minerals crystallizing at the same time are
competing for those elements; and 3) external conditions such as temperature,
pressure and fo, .

As described above, when Fe-rich type III garnet crystallized from the
hydrothermal fluid, magnetite crystallized at the same time which competes for iron.
We therefore, exclude hypothesis (2). It is indeed possible that the external factors
changed during the growth of garnets. However, as discussed above, decreasing
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temperature in the system would increase AG whereas decreasing fo, would
decrease Fe’" formation in the hydrothermal system, thus not favoring andradite
formation. In this way, we exclude hypothesis (3).

Hence, the compositional variation of grossular-andradite would mostly depend on
the content of these elements in the hydrothermal fluid. It is consistent with discussion
above that the oscillatory zoning patterns in neighbor result from local nonlinearities
in the growth process of garnet whereas the evidently compositional variations from
core to rim might have been caused by the composition of hydrothermal fluids.
Further, we infer that the relative composition of Fe*" and AI’" has changed in the
fluid during the formation of different types of garnets in the calcic skarn rocks. In
this way, although the REE component in garnet cannot provide information on the
hydrothermal fluids, the major component in the garnet solid solution demonstrates

that during the retrograde stage, the Fe>"/AI’" in the hydrothermal skarn has increased.
6.5 W and Sn in garnets as an indicator for W-Sn deposit exploration

Although REE, HFSE, U and Th are easily enriched in hydrothermal and
metamorphic garnets, granitophile elements (W, Sn and Mo) are not commonly
concentrated in skarn garnet garnets (Chen et al. 2015; Xu et al. 2016). Park et al.
(2018) noted that granitophile elements are important in constraining skarn-forming
processes. Garnet grains in the Cuihongshan deposit also show significant contents of
Sn and W, the concentration of which is sometimes as high as several thousands of
ppm (Appendix Table-2; Fig. 8a-b). However, previous studies have suggested

different concentration characteristics between W, Sn and garnet (Park et al. 2018; Xu
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et al. 2016). The garnet in Cuihongshan deposit shows a continuous compositional
range, without any gap, which is a useful feature to address the accurate concentration
patterns of the “granitophile” elements (Mo, W and Sn, Xu et al. 2016). As shown in
Fig. 8a-d, the concentrations of Sn and W exhibit different features as compared with
REE. This aspect is further discussed below.
W in garnet

The ionic radius of W*'(0.68A) is similar with Fe’"(0.645 A) and AI’'( 0.535A)
indicating that incorporation of W is only possible by replacement of Y site in the
octahedral position. As described previously, the contents of W gradually decrease
from type I to type Il garnet which owns the lowest W values. The scheelite together
with type I garnet has formed during prograde stage, which indicates that the
precipitation of W-bearing minerals evidently resulted in a decrease of W in
hydrothermal fluids consistent with the latterly formed W-poor type II garnets. This
might indicate that the behavior of W in garnet is determined by the W contents in
hydrothermal fluid (Fig. 8a). W-bearing garnets have also been found in deposits such
as Zhibula copper deposit, Wondong W skarn deposit and Sangan skarn deposit (Xu et
al. 2016; Park et al. 2017, Sepidbar et al. 2017). They have shown that W skarn
deposits commonly contain various F-bearing minerals such as fluorite, apatite and
vesuvianite and indicate a strong petrogenetic link between F content and W
enrichment in hydrothermal skarn system (Zaw and Singoyi 2000; Guo et al. 2016).
The F-bearing minerals occurring commonly in the Cuihongshan deposit might be
related to the enrichment of W in the hydrothermal fluid. However, according to the
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W versus Xagr and F versus Xag4: plots in the garnet grains (Fig. 6, 8), it is noted that
these two elements exhibit extremely different tendency with increasing andradite
content. Therefore, we infer that the substitution of W into garnet has no evidently
relationship with substitution of F in garnet, which suggest that the F may affect W
via influencing the physical-chemical conditions of the hydrothermal system, leading
to the consistent formation and precipitation character between W-bearing garnet and
scheelite.
Sn in garnet

The ionic radius of Sn*" (0.71A) is similar with that in Y-site, indicating that
incorporation of Sn is possible only by the replacement of Y site cations. Our
LA-ICP-MS data reveal that the prograde stage type I garnet crystals in the
Cuihongshan polymetallic deposit have elevated Sn contents which appear to be the
significant carrier of tin before cassiterite precipitation in the retrograde stage
(Appendix Table-2; Fig. 8b). Subsequently, tin is released by precipitation of
tin-bearing minerals especially cassiterite. From the Sn versus Xaq4; diagram, the Sn
values in garnet have decreased abruptly from type II to type III garnet (Fig. 8b),
consistent with cassiterite precipitation. Therefore, we suggest that the concentration
of Sn in hydrothermal fluid is significantly influenced the behavior of Sn during
garnet formation than just simply controlled by Fe behavior in garnet and shows a
positive relationship with andradite as suggested in previous studies (Park et al. 2018;
Ding et al. 2018). Moreover, F-rich fluids have a greater potential to transfer Sn in the
hydrothermal system which may lead to the enrichment of Sn in hydrothermal fluids
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as well (Guo et al. 2016). Besides, Sn and F in the Cuihongshan garnets do not exhibit
any evident tendency with increasing andradite contents (Fig. 6; 8), which exclude the
possibility that F influenced Sn via substitution of Sn*-F" in the structure.

Accordingly, we consider that the contents of W and Sn in garnets can be used as
indicators for W-Sn deposit exploration in conjunction with the geological features
and physicochemical conditions of the ore deposit.
7 Implications

Birefringence in garnet such as oscillatory zoning and twin in hydrothermal

systems are probably controlled by the strain from lattice mismatch at substitution and
twin. The oscillatory zoning may be a result of the internal self-organization in the
growth process of garnets. Thus, this can interpret why oscillatory zoning of garnet is
common in skarn system. In this way, crystal morphology in garnet does not indicate
the composition variations in the hydrothermal system. However, the composition
variations between core and rim in single garnet grains and different types of garnet
do imply the concentration character of the hydrothermal system, which indicate that
the relative component or Fe>"/AI’ has changed obviously in hydrothermal processes.
Moreover, in the W-, Sn- and Mo-bearing skarn deposit, the W and Sn concentration
in garnet is a function of the concentration of elements in the hydrothermal fluids, and
may be used as an indicator for W-Sn deposit exploration. Hence, the relative
components of grossular and andradite as well as “granitophile” elements (Mo, W and
Sn) in garnet can reflect the mineralization environment. On the other hand,
grossular-andradite garnet solid solution also exhibits strong deviations from ideal
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mixing in their thermodynamic properties. The concentration of REEs is mainly
related to the relative components of grossular and andradite in this solid solution, and
REE fractionation of garnet can be attributed to significant Gibbs energy difference

between LREE and HREE.
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Figure Captions

Figure. 1 Schematic illustration of (a) tectonic subdivisions of China (after Mao et al.
2011) and (b) sketch geological map of the eastern part of the Central Asian
Orogenic Belt (modified from Fei et al. 2018).

Figure 2 (a) Schematic geological map of the Cuihongshan polymetallic deposit. (b)
Cross-section map of the 44™ exploration line. (¢) Cross-section map of the 57
exploration line (modified from Fei et al. 2018).

Figure 3 Photomicrographs of garnet grains in the Cuihongshan deposit (b-d, g, k and
p were taken with cross polarized light; j, 1 and o were taken with plane
polarized light. Photomicrographs of e, h and m are BSE images.). (a) Type I
garnets in hand specimen coexisting with clinopyroxene and cut by magnetite.
(b) Type I garnet shows polysynthetic twinning. (c) Type I garnets cut by
diopside. (d-e) Type I garnet showing compositional zonation polysynthetic
twinning are not consistent in one grain. (f) Type II garnet in hand specimen
cutting the early formed clinopyroxene. (g-h) Anisotropic type II garnet
developing oscillatory zoning. (i) Type III garnet occurring as aggregates. (j-k,
m) Isotropic type III garnet exhibiting zonation transition from a planar
dodecahedral {110} crystal faces growth in the core to a subsequently
composite dodecahedral {110}-trapezohedral {211} crystal faces growth in the
margin (1) type III garnet cutting diopside and magnetite (n) Type IV garnets
occurring as veins. (0-p) Euhedral garnet veins in magnesian skarn rocks were
replaced by magnetite. Mineral abbreviations: Chl-chlorite; Cpx-clinopyroxene;
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Fl-fluorite; Grt-garnet; Mag-magnetite; Tr-tremolite.

Figure 4 Ternary diagram summarizing garnet compositions in the Cuihongshan
deposits (modified from Meinert et al. 2005). Grs-grossular; Adr-andradite;
Alm+Sps+Uv+Prp-almandine+spessartine+uvarovite+pyrope.

Figure 5 X-ray element mapping of iron, aluminum, tin, fluorine, manganese and
tungsten in different types of garnets from the Cuihongshan skarn deposit.
Figure 6 Variation of F content within andradite composition in garnets from the

Cuihongshan deposit.

Figure 7 Chondrite-normalized rare earth element patterns for single garnet grains and
different types of garnets, including type I (a-b), type II (c-d), type III (e-f) and
type IV (g) garnet grains in the Cuihongshan deposit. Normalized values are
from Sun and McDonough (1989).

Figure 8 (a) W versus Xaqr of garnets from the Cuihongshan deposit; (b) Sn versus
Xadr of garnets from the Cuihongshan deposit; (c¢) REE, LREE and HREE
versus Xagr of garnets from the Cuihongshan deposit; (d) REE versus Xag4: for
different types of garnets from the Cuihongshan deposit; (¢) Eu anomaly as a
function Xag for different types of garnets from Cuihongshan deposit.
Eu/Eu*>1 indicates a positive Eu anomaly. (f) LREE/HREE fractionation as a
function of Xaq, for different types of garnets from the Cuihongshan deposit.

Appendix Captions

Appendix 1 Analytical methods of garnets in the Cuihongshan deposit, Lesser

Xing’an Range, NE China.
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Appendix 2 Composition distribution of the garnet grains in the Cuihongshan deposit.
Appendix 3 Major and trace elements compositional variations of zoned garnet in the
calcic skarn rocks (Type I garnet: ECH44-5; Type II garnet: CH-11; Type III
garnet: ECH44-1-5)
Appendix 4 REE;AlsO;; and REEsFesO;, hydrolysis as a function of P and T via
SUPCRT92 package (modified from Gaspar et al. 2008).
Appendix 5 Enthalpy of mixing for low molar fractions (dilute range) of REE garnet
components Xgrgg, vin- All lines represent the result of static potential
calculation for the mixtures of interest (Gaspar et al. 2008).
Appendix-Table Representative electron microprobe (EMPA) data of different types
of garnets from the Cuihongshan deposit (calculated based on Locock 2008, see
Table 1) and Representative LA-ICP-MS analyses of different types of garnets

from the Cuihongshan deposit (see Table 2)

46

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



Figure 1

52°N =

vV VvV Vv

VAR AV VAR

.5/
@ A

Block

Nadanhada
Terrane

Cretaceous
granite

Jurassic granite

< :
Triassic granite //\ /o Egrllyiztzaleozmc
Late Paleozoic Quaternary
granite sediments
v v v | Volcanicrocks Cenozole
Ve basalt
fy Changchun Q@ /{ /¢
. Gl Mesozoic o o Paleozoic
VERY, . '/ Z
Liaoyuan Terrane A{‘P strata .« | strata
4' ' W Precambrian
/7 2N Fault
R strata \
> T D '




Figure2

128 45'00"E

128 44'08"E

> M
& = S 7 i < S = - =
w_ wil S S~ S I~
S = ~ ~
m DM L /\ /\ ~ f,\ /\ ~ /.\ /\ o
o S s P = Z s ]
2 = ~ 7 s ~ 7 ~ 7, =
= & . S N ~ ~ I O o
Wo bnm ] NN ~ o S SN ~ 7 S N ‘.pl.u > 2 4_&
i [H < s 4 2 = S =
=37 1 H] o5 ~ 7 / ~ / ~ s / o O O S - =
i o T~ VAN e ©S = s - =
T T ~ 5 P o B o S = 2 = =] o e
il Y = N A L U U S 3 a S = 7
it HH z g wa = o d - s < v, w0 Q = -
THHHH / ~ 7 / - - / ~ (I ] - O (D}
HH] HHHH) “ F 7 - 7 “ = 7 b a9 2 = = e
glgl igligiin =0 ~ ~ = \ T ~ S i \ ~ ~ ~ ~ v - y— = n 0 17}
HH HY / ~ / -~ i - % T mm; m,. o = )
HH LI N Vs v s Z n
2 TH HHH E Z ~ v ~ g # N~ / = > g O . o a0
= (HHH = ~4 7 7~y 7 < Ny 7 7N =S - 5 S g s
|||||| HH = v R b i i
O [HHHHH A HHH e ~ =, — = 7P M
S ~ / ~ O ~ / ~ O ~ / ~ O ~ / == S5 ~
2= HHHHHHH HHHHH < ~ < ~ L ~ < S
(HHHH A TR o fé Ll D 7 Sl NS 4 Y N e
||||| Sgigigh > >t
% ||||||||||| HHHH 4 =y Af = s ~ ;\/ ~ ~ ~ A: ~ “ N Af \ . P M
>, e gigligly / N Ve S R / S S R i ~ 7 ~ ™~ o \ 1 M
........... HH 0
= RO AR N N R A \ IRIRES
n i!ﬂlﬂﬂ”l IH \ ~ A > \ e \ a \ sy \ .4 \ ~ < A
= ! = Il A Bt A
Ln_l..v E Ty ” = S == . ~ 7 S - S :
o] E %/ e e - g d s = o m )
= z ¥z 7 N O~ v o - Nz < / = —
“¢ = Q > .=
Q V./ - Am. nEu ~ 7 S A . =] Z S - /W\ ~ A M M .m m
S s
i, : : y ?S £ a2 &
v Q o . +—
~ - e 9 v QO =~ f = O o
1 M\ <5 H T 2 h = © o w m =
nuu::ﬂu_mn_ L _ muuH_Hnn. ::::::: Ehﬁmﬁ ( > 2 E &0 A ,n,ﬂ\u
=| - —~— = o .y o ¢s]
o S ] |~ . (@] =) >~ p — N )
=z Z e o o (D] O Q
= 1A Y Y] il Ss § = & 5
AR = = o= 5] < = (] —
m ‘m .Ml\\v\u.\w\v'uﬂw\wvln“ VHVHVVVVVVVVVV > B VV m % p nMa M % an
N \ T % T Sz = > > = = s > 75" > & p)
M O w > > vvvv.m vvvvvva.u. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv Ol
e, > vvv > > = vvv > > na. vv > > > vvv > & vvv > > > vvv > > > vvv > > P% +
1] CC > s F. T O o F B By BT e P B S =M B O X
w M 0 > > > : < > > b > > N . > 5 V¢m. > g - > 5 - > - > > N < > = = > = > o 5 5 > = - > - > S : - > o = > - > > N 5 > o 5 = +
< (@~ QF vvvvpvv A BN N e N R N e N N N e N N e Y i -
i F L2 > > vvvvvvva, S I S I R N O N N T x
z T ! m ol I
7 - o o = = = s
S S S
lan] f—
b H-H-H-W-H-H-Hm-” A HHHH A A A >
N v ol R e - (HHHHHH A L
= AT L D O . . A HHHH A AR > M
” : ” . ” IR G DD ” . ” e AT > 5 2
. . . . . . . . . . . . . \thIIIIIIIII!IIIII Uatdpdptptel V d y Q Q
. . . . . . . . . AHHHHHHHHH HHEHHEHEHH — " 0
- - L] - [ ] - L - - \HI.||||I|||||||I|||||| |||||||I||| V b M - m .n t
. . N . * % = o d . . . * > . - C . .\\cn H-HHHHHHHHHHHHHHHHH . s
6T et Tttt P . A HHHHHHH A HHH m - W,. % = WJ < 9
e e 8 Tanta .’ e ATHHHHHHHHHHHHH A > — ) = M &
STttt . o A T 0 < >= S Q = o —
- R .t 2 * _AHHHHHHHH A HH A H A H A > o () . o o O
H e & » "t ¥L" .’ THHHHHH A HHHH T H H N > - > e = Q. & D
m L ] * L ] * . = - - - L] = * i H ||||||||||||||| IIIIII IIIIII IIII-III'IIIIIII'IIII!II IIIIIII 1 v H d m W e e -m .m
S N P L N > = HHHHHHHHHH A HH A H A H A H A H A N > L o — e -
- p— * . ¢ . * . L] . =N . s T HHHEHT Yt T T A H H H E H H YT ” V [P b a p .n om e 0
d ¢ - ° . ° - ‘ L] ‘ L] ‘ 4—. - O IIIIIIIIIIIIIIII HHH] HHH] HHHHHHHHHHHT III.IIN \I V h e h r 0 a m |
O|*,*,* .. =< — & T > Q o, o) = et O
N S R ~ HHHHHHHHHHHHHH] HHHHHHHH D o »nn O - o
< _ n_“_ﬂ_mc > s / > 2 A~ A oo
o | M.. o _ ' >
MO ——— R = e s ] > e [HHHAHF
n NI“_H—H_H_Hmnmd.m, H. %u_l_l_h_l____ mEEEEEEREN _m | | L > S ~ HHHHH
= — 53 Oopdre———> > _o>_ > _> > > _>_> > > > < HHHH
2 % R i=- SRR D A U S > < | [
a rd -~ .:/ﬂ[!v v v .v V v v G igigigiging
5 > > > C 9> " > > > > 5 > S T
Elop_ > > IS4 > > > > > > > _ > >_> > > 2 Rulilil
o > > > > 1> > > > > > > > > > > > >
(@ > > > > > > = > 2 > > > > > > > >
._a__. > > > > 1> > > 0> > > > > S >
> > > > > > % > > p > & B 3 > >
S == > > > 1> > > > > > > > > > > > >
< _ | _
T < & & : : =
o = = -
v 3 S = =
X X X X X X X X X + + +
X X X X X X X X . +
X X X X . X X X X . X + + e
X X X X X X X X X + 4
X & X A + -
X X X X 4 1
X X X X X X + n
K X
X X X X X X + N + N
X X X X
X X X X -+ e
X X : X + =k
X X X X + +
X X X X X X
X X X X X X + +
X X X X + -
X X X > X + +
4 X X X o -+ +
X X X — = X EE -+
X X ® = o B -~ I—l +
. . . T X + I_l
N 7 ST 117 = T _ i + i
. . et o
N i ittt B + t
25 HHHHH
+ 5 -+ + + + e tHHHHHHHHE = i -+
+ -+ + == + ZHHHHHHH S S
H= == e = = + % HHHHHH +
+ + + + b S BHHHHY +
L + +  F = o8\ = L n
+ == + + = ~ z +
= = - iR == 4 = 4
+  + = = P +
+ i + + + + S ~cs" +
+ + + + + P T_\ o -+
A + + o = + d MW =7 +
&
+ ! g + L ! < 4 il "
\\\\ +
-+ -+ + y4 > 1
= = + =
+ + S
o =+ <+
7 <
R
X
< -
7 z
- =
=
= -
(@)
= e
o0
s <



- - .
A O
e "a

T
e

1
[t o
i
¢

o il ,_""'-" ST
TRn y Jym

3 g

=




Figure 4
Alm+Sps+Uv+Prp

& Typel garnet

O Type Il garnet
A Type III garnet
O TypelV garnet

Grs



RN
i 1} s S, s ; 0 . RN

55 b N N Jh
) 1= ‘ 1

- 100 pm

T
—
L4
-
M
o

(]

110
| 4
»
| 2

12t

100 pm B _ 13

=
T
T
—

Ay L]

1 [0

rd. ¥

R U, U

_ ' 1
||

L |

Lesl <
. (18]
11
R
£
18]
e
i
.2
75
10
i
55
B3
124
¥
.7
=1

1
1]
14
2
13
1%
18
1
&5
28
a0
b}
__J;l fl
ST - T R e e L R R S T e L TR DAY o IR T
: : . £ : 3 i e My L 1A '-'41". LR K% 4. Ploeh 20 g c 10 1
i . e P e % i ¥ Sl ey 0 "‘ “, Jad ] Wi Anell g . iy an g i
e . 2 s ] S 14 LN L X #{..“ o g g - age B, 23 ¥ 4 .
: el R o o e i i A ‘- (IR Y AR e -4 HH . ses 1] -
' ) : : » B it g LTINS R Ly S AT VTN 3
¢ Al - . v ) 1 GPat B4 = BT 4 1‘&‘,,.,... 4
bEa ) i ; f : . il | e . ‘L 7 P s .‘.J“ *"‘-\ R : HE 10
Jers > %% : 17 L L% o o D Py e, T Y : :
pl £ A Sz b .‘ : [ . £, ; .'. = - '.:"‘g-' r-h,; v =4 1N} \ i
r.. e g i : v ] i b q] - e ¥ !:::»‘h"lqu . '-: T X ¥ . .3 thah . ATl
. 1 - 2 A | LS . . . L =3 I - Sl | i-
2 . Sl e : .
S i ..-n\?: 11 i
oi-Ls . .‘.- L
- ﬁ!. - 11 i.l
R 1 . a0
: " G 0
i {1] =
35 1.0 B 10
] ‘_ ) ) ARR
154 £ . 41
11E 1.1 i
E e 1
124 81 i
5 1 :
£ ) 61 ! 4.4
i.i II‘ - vl
: . 15 : 141] } 1L
' i . - . N ", i : -
; ; . _ 3.2 2 wl Ao "5-:.“ . " LIS ity
- Eo bk 52 o oL : : ) 47 I - ;r, *'(1--.::;1’"' = oy X ey ) 718 i
: DL i B : R s A Y .""f, ¢ e’ s, & p 10 . B0
50 l_lm 3 v il : £ 4 o T -t B il o OO ";3,-; :.- :g'.‘ Nee ‘-'}" . Pt P Sl CPE L o‘ I i 0 LI ¢
b Bk sl e 5 : YT et : ' e I .. 1"._ LAY = 5 & fee’ LY oot L R 0= ) ii 0

= 1 -
i g

s N &
| R e

e 2
5 e

11T
]

e 2.
Il . I e

_ 0 I

& S

"1'-“

et

%’ﬁc‘\, :
RN IO

g A o 2 - . |:||:|
Ehel ‘.._3;‘.-'..-;?; &7%& 4'{1\; o ;
B P B R T i N
g ORI R R g p LK
ARG b i R S Ay g = |

LRI

"‘“
oy
« LY
.




F content (/%)

Figure 6

1.8

1.6 0 Type I garnet
% O Type 11 garnet
Lé T ¢ /\ Type Il garnet
B2 % O TypelV garnet
<o
1.0 ~ 0 o§
<o O
0.8 O
o R 7 .
0.6 | £N 0
OQOQ Oﬁﬂ
04
o A N
02 1 o3 oD
0 : l . [T {1
20% 40% 60% 80% 100%

)(Adr



Figure 7

Type I garnet

E]

rnet

Type Il ga

O o
“ o
s e
T -
= | ©
S D
—_ o o — — {=r]
E &8 = 3 g
9)JLIPUOYD/}oUIRD)

i O Omm o

Orm O OOmnm M O

oo O OOrmm O
Om O O oI e
I O I
0O MmO O M
0O OO0 Oormrmo
O OO O
OTTITTITIO
0O N OCrTrm
0O0o rmrg o0
OO OImn o
OO0O000Oro . oo

0O O o e

og o«
OO Od
g

"0 ag«

<

O

—

10
0.1

100 -

9)J1IPUOY9/}oUIRD)

ECH44-1 (Type 11T) ' _T]
<
(@]
<
O

LI<FRRH] <0 =]

<] <EE <1 <

<KIERI <1 <

Type IIl garnet

<] <K <1 < <1<
<KRKRKL < <«
<] <HHKK <1
<RIRERI< <<
<< <M
<RI <IBEI<K]
<RRRIRRERE<]
<KH @ <BELIQ
.Aé.ﬂﬁ&&&hﬁ&&

<K < <K <] <]

¢ O O4d ]

0o <0 ¢ 0

0.1 -

9)LIPUOYD/}dUIRD)

o0
o
8 0O
an
=
5 ©
& o
o
00
© O
® O
00
O O
000
o O
cole)
on] .
g & & ~ =z =
2 S — =S
= 91LIPUOYJ/)dUIR)
=l
>
g
)
=
=}
=
>
(]
O
=
=
S
=1
m
=
v
=
Z
il
=]
L+
o
«
|
=
=

Tm Yb Lu

Nd Sm Eu Gd Tb Dy Ho

Er

Ce Pr

La



Figure 8
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