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Abstract 11 

The grossular-andradite solid solutions in garnet from skarn deposits in relation 12 

to hydrothermal processes and physicochemical conditions of ore formation remain 13 

controversial. Here we investigate garnet occurring in association with calcic and 14 

magnesian skarn rocks in the Cuihongshan polymetallic skarn deposit of NE China.  15 

The calcic skarn rocks contain three types of garnets. 1) Prograde type I Al-rich 16 

anisotropic garnets display polysynthetic twinning and a compositional range of 17 

Grs18-80Adr10-75. This type of garnet shows markedly low rare earth element (REE) 18 

contents (3.27-78.26 ppm), and are strongly depleted in light rare earth elements 19 

(LREE, 0.57-44.65 ppm) relative to heavy rare earth elements (HREE, 2.31-59.19 20 

ppm). They also display significantly negative Eu anomaly (Eu/Eu* of 0.03-0.90). 2) 21 
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Fe-rich retrograde type II garnets are anisotropic with oscillatory zoning and own 22 

wide compositional variations (Grs1-47Adr30-95) with flat REE (13.73-377.08 ppm) 23 

patterns. 3) Fe-rich retrograde type III isotropic garnets display oscillatory zoning and 24 

morphological transition from planar dodecahedral {110} crystal faces to {211} 25 

crystal faces in the margin. Types III garnets exhibit relatively narrow compositional 26 

variations of Grs0.1-12Adr85-97 with LREE-enrichment (0.80-51.87 ppm), flat HREE 27 

patterns (0.15-2.46 ppm) and strong positive Eu anomalies (Eu/Eu* of 0.93-27.07 28 

with almost >1). The magnesian skarn rocks contain euhedral isotropic type IV 29 

Mn-rich garnet veins with a composition of Grs10-23Sps48-62Alm14-29. All calcic garnets 30 

contain considerable Sn and W contents. Type II garnet containing intermediate 31 

compositions of andradite and grossular shows the highest Sn contents 32 

(64.36-2778.92 ppm) albeit the lowest W range (1.11-468.44 ppm). Birefringence of 33 

garnet is probably caused by strain from lattice mismatch in twinning boundary or ion 34 

substitution near intermediate compositions of grossular-andradite. The fine-scale, 35 

sharp and straight garnet zones are probably caused by self-organization, but the 36 

compositional variations of zones from core to rim are probably caused by external 37 

factors. The zoning is likely driven by external factors such as composition of the 38 

hydrothermal fluid. Grossular-andradite solid solution exhibits an asymmetric 39 

Margules model. REE concentrations are probably influenced by the relative 40 

proportion and temperature of the system. Moreover, the LREE-HREE fractionation 41 

of garnet can be attributed to relative compositions of grossular-andradite system. The 42 

W and Sn concentrations in garnet can be used as indicators for the exploration of 43 
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W-Sn skarn deposits. 44 

Keywords: 45 
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1 Introduction 47 

Garnet is a major mineral in skarn rocks, and has been divided into pyralspite 48 

(pyrope, almandine, spessartine) and ugrandite (uvarovite, grossular, andradite) 49 

groups (Grew et al. 2010), among which the grossular-andradite solid solutions are 50 

the most common types. Their formation is controlled by the nature of skarn deposit 51 

types, and related hydrothermal processes as well physicochemical conditions (e.g., 52 

Einaudi and Burt 1982; Orhan 2017; Xie et al. 2019). 53 

Meinert et al. (2005) proposed ternary plots to evaluate the relationship between 54 

different skarn types and garnet compositions. Recent studies on skarn deposits 55 

suggest that garnet compositions might display complex relationship depending on the 56 

skarn types, and that the composition is controlled by multiple factors, offering a 57 

challenge to characterize the types and composition of garnet in diverse skarn 58 

associations (Ciobanu and Cook 2004; Baghban et al. 2016).    59 

The Cuihongshan polymetallic skarn deposit located in the Lesser Xing’an 60 

Range in NE China contains abundant garnet grains occurring in association with 61 

calcic and magnesian skarn rocks and related to multiple ore-forming stages. This 62 

occurrence offers a rare opportunity to explore the factors controlling garnet 63 

formation in polymetallic skarn systems. In this paper, we present a detailed study of 64 



 

4 

 

garnet mineralogy including texture as well as the major and trace element 65 

compositions of garnets from different associations and stages, with a view to 66 

constrain the factors controlling garnet formation. Our data provide important insights 67 

into garnet formation in skarn deposits with complex evolutionary history. 68 

2 Geological Setting 69 

The Cuihongshan polymetallic deposit is located in the central part of the Lesser 70 

Xing’an Range in the eastern part of the Central Asian Orogenic Belt (CAOB) (Fig. 1). 71 

The basement of the Lesser Xing’an Range is composed of the Proterozoic 72 

Dongfengshan Complex that comprises mica schist, mica-quartz schist, graphite 73 

schist, andalusite schist and marble with fluorine-bearing banded iron formations 74 

(BIF). The basement is overlain by Cambrian-Ordovician carbonates, terrigenous 75 

clastic rocks, volcanic rocks and sandstones. The dominant granitoids in the Lesser 76 

Xing’an Range are composed of late Proterozoic, Paleozoic and Mesozoic intrusions. 77 

Several mafic and ultramafic intrusions have also been recognized in the region (Yu et 78 

al. 2012). 79 

The “L-shaped” mining area of the Cuihongshan polymetallic deposit occupies 80 

three sections including the Cuihongshan section in the north and the Cuigang and 81 

Cuinan sections in the south. The Cuihongshan deposit is composed of 106 orebodies 82 

among which 10 are of large-scale. Underground mining is currently going on in the 83 

Cuihongshan section which occupies an area of 2.4 km2 and contains six large-scale 84 

orebodies including porphyry-type molybdenite orebodies hosted in Mesozoic 85 

porphyritic granite, together with orebodies of skarn scheelite-molybdenite, skarn 86 
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magnetite, skarn magnetite-sphalerite and skarn chalcopyrite-galena-sphalerite. The 87 

deposit hosts an estimated ore resource of 39.4 Mt iron-ore with 30-58% Fe, 0.09 Mt 88 

Mo with a grade of 0.03-0.13% Mo, 0.12 Mt WO3 with a grade of 0.60-0.21% WO3, 89 

0.19 Mt Pb with average Pb grade of 1.65% and 0.51 Mt Zn with average Zn grade of 90 

3.15% (Fei et al. 2018, and reference therein).  91 

Three major lithological units were identified in the ore district, including rocks 92 

belonging to the Proterozoic Dongfengshan Complex as the basement, sedimentary 93 

units of the Early Cambrian Qianshan Formation, and the Early Paleozoic and Early 94 

Mesozoic granitic intrusions representing two major magmatic events (Fig. 2). The 95 

Dongfengshan Complex experienced greenschist to amphibolite facies metamorphism, 96 

and the rocks are overlain by the Cambrian Qianshan Formation. The Qianshan 97 

Formation is the major wall rocks for skarn mineralization and is composed of 98 

recrystallized dolomitic limestone, calcic limestone, dolomite, hornfelsic sandstone, 99 

siltstone and slate. Most of the intrusions are concealed below the surface. The 100 

Paleozoic intrusions are distributed mainly in the central part of the ore district and 101 

include biotite syenogranite and biotite porphyritic granite. There is a gradual 102 

transition from the biotite syenogranite outwards to the biotite porphyritic granite. The 103 

Mesozoic granitic intrusions contain porphyritic quartz monzonite, monzogranite and 104 

porphyritic granite. The porphyritic quartz monzonite is located far from the deposit 105 

without any direct contact with the orebodies whereas the monzogranite is exposed in 106 

the western, southeastern and northeastern parts of the area, mainly as stocks. The 107 

porphyritic granite is located close to the orebodies in the western part of the mining 108 
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area (Fig. 2). The porphyry Mo mineralization occurs within the Mesozoic porphyritic 109 

granite. The reddish Mo ores occur as 5-15% vol. percent of irregular disseminations 110 

or aggregates. The W-Mo ores are disseminated in the calcic skarn rocks occurring 111 

adjacent to the Mesozoic porphyritic granite. Magnetite orebodies are distributed in 112 

the calcic skarn rocks next to the W-Mo skarn orebodies. A small number of 113 

magnetite-sphalerite skarn orebodies are located next to the magnetite orebodies in 114 

the magnesian skarn rocks. Moreover, sporadic galena-sphalerite ores are also found 115 

adjacent the magnetite-sphalerite orebody in the magnesian skarn rocks (Fig. 2). Most 116 

of the skarn rocks in this deposit are located in the contact zone between the Mesozoic 117 

porphyritic granite and Qianshan Formation with recent studies correlating the 118 

polymetallic mineralization to the Mesozoic porphyritic granite (Fei et al. 2018). 119 

Several faults and folds are developed in the district. The Cuihongshan deposit is 120 

distributed along an NWN structural zone formed by the NEN and WNW conjugate 121 

fractures. An NEN-trending composite fold extends throughout the ore district (Hu et 122 

al. 2014).  123 

In general, the wall-rock alteration is pervasive, but the original magmatic 124 

texture and the shape of most minerals are preserved, except for the Mesozoic 125 

porphyritic granite close to the orebodies which is almost replaced by the skarn 126 

minerals (Fei et al. 2018).   127 

3. Skarn 128 

The orebodies display complex shapes in the skarn rocks and the distribution of 129 

skarn rocks is controlled by the contact zone between ore-related Mesozoic granite 130 
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and limestone, regional NWN structural zone and the structurally weak zones among 131 

the Paleozoic granite, ore-related Mesozoic granite and sedimentary rocks (Fig. 2). 132 

Calcic and magnesian skarn rocks occur in the eastern and western parts of the 133 

Cuihongshan mine respectively, and their occurrence is controlled by the wall rock 134 

composition (Fig. 2). The endoskarn is much larger in size than the exoskarn (Fei et 135 

al. 2018). Garnet is ubiquitous in the mining area. The endoskarn region contains 136 

most of the prograde stage minerals and part of the retrograde minerals in the calcic 137 

skarn zones. The exoskarn region is characterized by most of the retrograde stage 138 

minerals and sulfide stage minerals in the calcic skarn rocks and almost all of the 139 

magnesian skarn rocks. 140 

3.1 Calcic Skarn 141 

The calcic skarn occurs at the contact zone between granitic rocks and limestone 142 

as well as its recrystallized domains (Fig. 2). The calcic skarn contains 143 

scheelite-molybdenite, magnetite and sphalerite skarn orebodies. Based on the field 144 

observation, the three types of garnet are identified in the calcic skarn rocks within 145 

different alteration zones. The later formed alteration zone has replaced the 146 

early-formed zone (Fig. 2). Prograde stage has produced type I garnet (Fig. 3a-e), 147 

pyroxene (Fig.3c), plagioclase, fluorine and zircon together with scheelite and some 148 

cassiterite. Type I garnet is cut by diopside (Fig.3c). The retrograde stage has 149 

produced two types of garnet (II and III, Fig. 3f-m), and the assemblage includes 150 

vesuvianite, actinolite, tremolite, zoisite, epidote, fluorite and apatite together with 151 

magnetite and most of the cassiterite. Type III garnet cuts the early formed garnet, 152 
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diopside and magnetite (Fig. 3j-l). The sulfide stage has produced molybdenite, 153 

sphalerite, pyrite, bornite and chalcopyrite together with quartz and fluorite (Fei et al. 154 

2018). In general, some of the early-fromed garnet grains in the calcic skarn rocks 155 

always occur in the W-Mo orebodies-related endoskarn region characterized by 156 

garnet (I and II) + pyroxene + vesuvianite + actinolite + zoisite + fluorite + episode + 157 

apatite together with scheelite, cassiterite and molybdenite. This zone occurs 158 

adjacent to the Mesozoic granite. The later-formed garnet grains are more commonly 159 

seen in the exoskarn region with magnetite orebodies carries garnet (II, III) + fluorite 160 

+ diopside + tremolite + actinolite + calcite + chlorite together with magnetite, 161 

cassiterite, sphalerite and pyrite. The early formed garnet is cut by the later formed 162 

garnet in the alteration zone. 163 

3.2 Magnesian Skarn 164 

The magnesian skarn rocks and associated magnetite-, sphalerite-, chalcopyrite-, 165 

and lead- skarn orebodies are developed at the contact zone between granitic rocks 166 

and dolomite and dolomitic limestone (Fig. 2). The magnesian skarn rocks include 167 

pyroxene, minor type IV garnet (Fig. 3n-p), humite, tremolite, phlogopite, serpentine 168 

and apatite. Magnetite and cassiterite are the major ore minerals in the retrograde 169 

stage. Pyrite, chalcopyrite, sphalerite, bornite, galena and arsenopyrite belong to the 170 

sulfide stage, and some specularite formed in the supergene stage (Fei et al. 2018). 171 

Most of the magnesian skarn rocks are distributed in the exoskarn region near the 172 

sedimentary rocks. 173 
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4. Samples and analytical methods 174 

Samples for this study were collected from underground mine excavations. 175 

Following detailed field investigations and microscopic studies, representative 176 

samples of different types of garnets were selected for electron microprobe analyses 177 

(EMPA), X-ray element mapping, back scattered electron imaging (BSE), laser 178 

ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) analyses. The 179 

different types of garnets are located along Line AA’ and BB’ shown in the geological 180 

map (Fig. 2). Detailed analytical methods and processes are described in Appendix 1. 181 

Chemical compositions are reported in the supplementary material (Appendix Table). 182 

5 Results 183 

5.1 Garnet morphology 184 

Garnet grains are dominant in calcic skarn, but are less common in the 185 

magnesian skarn. Based on optical characters, three types of garnet were identified in 186 

the calcic skarn whereas the magnesian skarn contains only one type (Fig. 3).  187 

Garnet in calcic skarn rocks 188 

Type I garnets are characterized by red to orange color (Fig. 3a), dodecahedral 189 

and euhedral crystal shape and are fractured (Fig. 3b). Some grains also occur as 190 

pectinate aggregates. These garnet grains are anisotropic, and display polysynthetic 191 

twinning consisting of four, six (Fig. 3b) or more wedge-shaped sectors radiating 192 

from the center of the crystal. Some compositional zoning and polysynthetic twinning 193 

are identified, although they are not always consistent within individual grains (Fig. 194 

3d-e). Epitaxial growth with oscillatory zoning on preexisting {110} face is 195 
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recognized on the boundary (Fig. 3c). Sometimes, the core of type I garnet has been 196 

cut by type III garnet.  197 

Type II garnets are anisotropic and show pale yellow color, euhedral to subhedral 198 

morphology, occurring as aggregates with oscillatory zoning (Fig. 3f-h). Some type II 199 

garnets show oscillatory zoning outside the preexisting dodecahedral type I garnets 200 

which were fragmented during the retrograde stage. Some of the cores of type II 201 

garnet have been seen replaced by type III garnet. 202 

Type III garnet is yellow and isotropic, and occur as euhedral to subhedral 203 

aggregates with oscillatory zoning showing morphological transition from planar 204 

dodecahedral {110} crystal faces in the core to composite dodecahedral 205 

{110}-trapezohedron {211} crystal faces growth in the margin (Fig. 3i-m). This type 206 

of garnet generally replaces pyroxene formed in the prograde stage (Fig. 3j-k) and cut 207 

across magnetite that formed in the retrograde stage (Fig. 3l). 208 

Garnet in magnesian skarn rocks 209 

Garnet grains are almost absent in the magnesian skarn rocks. However, some 210 

euhedral isotropic grains occur along veins in the prograde stage associated 211 

surrounding magnetite grains (Fig. 3n-p, termed as type IV). They occur far from the 212 

porphyritic granite and adjacent to the sedimentary wall rocks associated with 213 

chalcopyrite-galena-sphalerite orebodies. 214 

5.2 Major element data of garnet 215 

Garnet in calcic skarn rocks 216 

Garnet grains in calcic skarn belong to the grossular-andradite (grandite) solid 217 
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solution ranging in composition from Grs80Adr15 to Grs0.3Adr97 with <6 mol.% 218 

spessartine, <3 mol.% pyrope and 0.3-10 mol.% almandine (Fig. 4; Appendix 2). 219 

Under BSE images, all types of garnets in the calcic skarn rocks exhibit core-rim 220 

oscillatory compositional zoning (Fig. 3). 221 

Type I garnet shows considerable variations in composition (Grs18-80Adr10-75) 222 

with 0.1-6 mol.% spessartine and 0.3-4 mol.% almandine, but mostly in 223 

Grs50-80Adr20-50 (Fig. 4; Appendix 2). Most of them show compositional zoning with 224 

Grs60-80Adr20-40 while a small amount of the altered inner zones displays lower 225 

grossular (25-50 mol%) and higher andradite (50-75 mol%) (Table 1). Overall, the 226 

epitaxial growth with oscillatory zoning in the rim region exhibits notable variations 227 

with higher andradite (~60 mol. %) contents and lower grossular contents (~35 228 

mol. %) than in the early formed zones in the relative core region (Appendix 3; Fig. 5). 229 

They also display relatively high F contents (<1.54 %, Fig. 6). 230 

Garnet from the type II and type III are Fe-rich and display relatively wide 231 

compositional range of Grs0.1-47Adr30-97. Stoichiometry calculation (Table 1) shows 232 

that most of the iron is in oxidized state (Fe3+), resulting in the formation of 233 

andradite-rich type II and type III garnets.  234 

Type II garnet shows relatively higher grossular contents and wider 235 

compositional range (Grs1-47Adr30-95) than the type III garnet. Individual type II 236 

garnets have relatively small range of compositions (Table 1), with grossular contents 237 

less than 27 mol. % (Appendix 3; Fig. 5). Overall, oscillatory zoning is complimented 238 

by compositional variations, with increasing andradite contents and decreasing 239 
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grossular contents from core to rim. Some of the altered inner zones also show 240 

notable variations (Fig. 5). Type II garnet displays relatively lower contents of F 241 

(<0.27%, Fig. 6). 242 

The type III garnet grains display high andradite contents (Grs0.1-12Adr85-97). 243 

Garnet crystals of this type exhibit distinct core-rim compositional oscillatory zoning 244 

with different crystal faces (Fig. 3j; Fig. 3m). Zoning of trapezohedron {211} crystal 245 

faces corresponds to higher andradite (90-95 mol. %) contents than that of {110} 246 

crystal faces (80-90 mol. %) in type III garnet (Table 1). Type III garnet shows the 247 

lowest content of F (<0.23% with almost less than 0.05%, Fig. 6). 248 

The andradite compositions and F contents in calcic garnet show negative linear 249 

relationship (Fig. 6). 250 

Garnet in magnesian skarn rocks 251 

Type IV garnets differ significantly from those in calcic skarn rocks and exhibit 252 

considerable variation in composition with 10-23 mol. % grossular, 48-62 mol. % 253 

spessartine and 14-29 mol.% almandine (Appendix Table-1). Stoichiometry 254 

calculation shows that nearly all of the iron occurs in the reduced state (Fe2+).  255 

5.3 Trace element data of garnet 256 

The LA-ICP-MS analytical data show that different types of garnet have a wide 257 

variation in trace element concentrations. However, their large ion lithophile element 258 

(LILE), high field strength element (HFSE) and rare earth elements (REE) contents 259 

exhibit a consistent variation.  260 

Garnet in calcic skarn rocks 261 
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The garnet crystals in calcic skarn rocks exhibit different REE patterns 262 

(Appendix Table-2; Fig. 7), although the same types of garnet show similar chondrite 263 

normalized REE patterns. Except for one spot which is strongly altered, the type I 264 

garnets display strongly negative Eu anomaly (Eu/Eu* of 0.03-0.90) and low REE 265 

contents (3.27-78.26 ppm) with strong light REE depletion (LREE, 0.57-44.56 ppm) 266 

relative to heavy REE (HREE, 2.31-59.19 ppm). In contrast, type II garnet grains 267 

show REE contents of 13.73~377.08 ppm with most of the values falling in the range 268 

of 13.73-74.05 ppm (only REE contents of two altered samples exceed 100 ppm). 269 

They also display variable Eu anomalies (Eu/Eu* of 0.16-3.34), and transitional REE 270 

patterns with slight to moderate LREE enrichment (1.01-191.83 ppm) relative to 271 

HREE (0.47-185.25 ppm, Fig. 7). The type III garnet grains containing REE contents 272 

of 1.5-52.05 ppm exhibit LREE-enriched (0.80-51.87 ppm) and flat HREE (0.15-2.46 273 

ppm) patterns with markedly positive Eu anomalies (Eu/Eu* of 0.93-27.07 with 274 

almost >1).  275 

Type I garnet shows considerable amounts of Sn (533.89-2545.20 ppm) and W 276 

(0.76-100.91 ppm) contents (Table 2, Fig. 8a-b). The zoning in polysynthetic twins 277 

corresponds to a gradual decrease in W content and an increase in Sn contents from 278 

core to rim (Appendix Table-2; Appendix 3). Moreover, W in type I garnets shows a 279 

negative relationship with the andradite content whereas Sn and REE exhibit 280 

relatively positive relationship (Fig. 8a-b). In contrast, type II garnets with moderate 281 

contents of grossular and andradite have the highest Sn (64.36 to 2778.92 ppm) and 282 

the lowest W contents (1.11-468.44 ppm). Type III garnet shows a range of 283 
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99.17-1941 ppm Sn (Table 2; Fig. 8b). Sn in type III garnet exhibits a negative 284 

relationship with andradite content. These garnet grains also possess high W contents 285 

(13.18-771.74 ppm) displaying positive relationship with andradite content (Fig. 8a). 286 

The Eu/Eu* versus XAdr diagram displays a parabola shape (Fig. 8e), in which 287 

garnet grains having intermediate compositions of grossular and andradite possess the 288 

lowest Eu/Eu* ratios (~0.10). The data suggests that Eu in Eu/Eu*>>1 is present as 289 

Eu2+, which contrasts with the 3+ state of the other REEs. The (La/Yb)N versus XAdr 290 

relationship also shows a parabola shape possessing a general tendency of elevated 291 

LREE/HREE fractionation with increasing Fe- or Al-content (Fig. 8f).  292 

Garnet in magnesian skarn rocks 293 

The type IV garnets are characterized by a steep positive slope from LREE 294 

(1.18-3.26 ppm) to HREE (464.56-468.38 ppm) with strongly negative Eu anomaly 295 

(Eu/Eu* of 0-0.02) (Appendix Table-2; Fig. 7g). Compared to those in calcic skarn 296 

rocks, type IV garnets have lower content of Sn (18.80-119.15 ppm) and W (0.36-1.12 297 

ppm) (Fig. 8a-b).  298 

6 Discussion 299 

6.1 Birefringence of garnet 300 

Grandite in skarn systems is known to exhibit optical anisotropy, undulatory 301 

extinction, twinning, and oscillatory zoning (Shore and Fowler 1996; Pollok et al. 302 

2001). These abnormal optical characteristics describe a deviation from the space 303 

group Ia3d of the garnet (Becker and Pollok 2002), and several possible factors have 304 

been invoked as summarized below. 305 
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1) External stress imparted by tectonic activities in region (McAloon and 306 

Hofmeister 1993); 2) oscillatory compositional variations in Ca-Fe-Mn-Mg ordering 307 

of the X-site divalent cations in the dodecahedral position (Wang et al. 2000); 3) 308 

oscillatory compositional variations in Al-Fe ordering of the Y-site trivalent cations in 309 

the octahedral site (Griffen et al. 1992); 4) local strain of structural distortion caused 310 

by localized cation substitution when the ionic radii between host and substitute differ 311 

significantly in size (e.g., REE for Ca in the X-site) (Ballaran et al. 1999); 5) REE 312 

incorporation into the X-site causing magneto-optic effects (Gaspar et al. 2008);  6) 313 

hydrogrossular substitution, with ordering of OH or F groups (Rossman and Aines 314 

1991; Manning and Bird 1990); and 7) strain developed in garnet crystal from lattice 315 

mismatch at compositional bands, twinning planes or grain boundaries induced by 316 

kinetics (Becker and Pollok 2002; Antao and Klincker 2013; Lessing and Standish 317 

1973; Chase and Lefever 1960). 318 

The three types of garnets together with their mineral assemblages in the calcic 319 

skarn rocks of present study exhibit no evident deformation or undulatory extinction. 320 

Previous studies noted that garnet formed in deformed metamorphic rocks displays 321 

slight or no anisotropy, excluding the external factors as the main reason (Hofmeister 322 

et al. 1998). Furthermore, the garnet twinning or garnet zoning anisotropy does not 323 

display any consistent patterns with the fractures in the mineral. In addition, the twin 324 

crystal of type I garnet cuts across the crystal face of the garnet. Under 325 

cross-polarized light, oscillatory zoning shows fine-scale, straight and distinct 326 

character. These features suggest that birefringence of garnet is unlikely triggered by 327 
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external stress during growth of garnet.  328 

As described above, the garnets in the calcic skarn rocks are all calcic garnet with 329 

only minor Fe2+, Mn and Mg. The Mn content in calcic garnet (0-0.171 in atoms per 330 

formula unit with an average of 0.056) is slightly higher than those of the Fe2+ and 331 

Mg (Table 1). Two-dimensional scan images (Fig. 5) suggest that the distribution of 332 

Mn in garnet grains is inconsistent with optical anisotropy. Moreover, as mentioned 333 

by McAloon and Hofmeister (1993), dodecahedral ordering cannot cause 334 

birefringence. Becker and Pollok (2002) reported miscibility gaps between grossular 335 

and grandite, and between grandite and andradite below ~ 430 K based on 336 

transmission electron microscopy (TEM) indicating that grandites can have an Al/Fe3+ 337 

ordered structure below 430 K. However, Barkoff et al. (2017) estimated that the 338 

temperature of most of the skarn deposits is above 600 K, which is much higher than 339 

the miscibility temperature of grossular-andradite. The BSE and two-dimensional 340 

scan images (Fig. 3; Fig. 5) show that most isotropic type III garnet is characterized 341 

by compositional zoning as anisotropic type I and type II garnets, and the 342 

compositional zoning in type I garnet grains is prevalent across the twinning sectors, 343 

with different extinction characters. Therefore, we exclude hypotheses (2) and (3). 344 

Moretti and Ottonello (1998) mentioned that garnet with REE content exceeding a 345 

few hundred ppm of bulk is more likely to induce polyhedral distortion. However, 346 

Hofmeister et al. (1998) found that synthetic garnets containing stoichiometric REE 347 

(e.g., Y3Fe5O12) has only weakly optical birefringence based on experimental work. 348 

The anisotropic garnet (type I and type II) has wide variation in REE composition 349 
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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 350 

samples), whereas isotropic garnets contain REE contents of 1.5-52.02 ppm (Fig. 8d, 351 

Appendix Table-2). As for the type I with polysynthetic twinning, the REE 352 

distribution is inconsistent with the anisotropic sections, excluding the possibility of 353 

REE-induced anisotropism in polysynthetically twinned type I garnet. Additionally, 354 

many of the anisotropic type II and isotropic type III garnet grains also display 355 

relatively similar REE contents. Therefore, we exclude hypotheses (4) or (5) as the 356 

main factor. 357 

Based on the EMPA results and two-dimensional scan images (Fig. 5), we infer that 358 

the F content does not have any correlation with twinning or oscillatory zoning. 359 

Therefore, anisotropy cannot have been caused by hydrogrossular substitution, which 360 

excludes hypothesis (6).  361 

The EMPA results together with two-dimensional scan images (Appendix Table-1, 362 

Fig. 5) suggest that most of the anisotropically zoned domains have the composition: 363 

Grs20-60Adr40-80, whereas the type I and type III garnet compositional zoning possess 364 

higher end member contents. These features are consistent with anisotropic zoned 365 

garnet compositions reported by other workers (e.g., Xu et al. 2016; Gaspar et al. 366 

2008; Sepidbar et al. 2017). The ionic size of Fe3+ and Al3+ differ appreciably (0.6655 367 

Å Fe3+ of and 0.5350Å of Al3+, Ottonello et al. 1996; Moretti and Ottonello 1998). 368 

When the garnet has an intermediate composition, the substitution in garnet lattice 369 

may require relatively larger stress to generate the observed anisotropism than in the 370 

case of garnets with higher end-member contents. Moreover, as for twin planes in 371 
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anisotropic type I garnet, the compositional zoning and polysynthetic twinning do not 372 

always overlap, which infer that the anisotropy of type I garnet may be caused by 373 

strain form lattice mismatch at twin boundaries. Therefore, we conclude that the 374 

birefringence of garnet is probably caused by strain from lattice mismatch in twinning 375 

boundary or banding substitution with garnets containing intermediate composition of 376 

grossular-andradite. 377 

6.2 Garnet oscillatory zoning 378 

The BSE images together with two-dimensional compositional images show that 379 

almost all garnet types in calcic skarn rocks possess consistent oscillatory 380 

compositional zoning patterns and can be observed from core to rim regions (Fig. 3; 381 

Fig. 5).  382 

According to the width of the zones, Downes (1974) divided oscillatory zoning 383 

into two types: fine banding (1-10 μm) and coarse banding (1-100 mm). These two 384 

types of bandings have been generally considered to be of different origin (Streck 385 

2008). The sharp, fine and adjacent garnet zoning patterns in between are all within 1 386 

μm, classifying as fine banding type (Fig. 3). Two models have been proposed for the 387 

formation of the fine banding type of oscillatory zoning in garnet. One is by internal 388 

control caused by the following two processes. 1) Self-organization (e.g., Holten et al. 389 

1997; Shore and Fowler 1996; Pollok et al. 2001) in which the minerals are under 390 

supersaturation, and the mineral growth rate is higher than the mineral diffusion rate 391 

leading to locally disequilibrium.  2) Immiscibility in the grossular-andradite 392 

(grandite) system (Jamtveit 1991). Alternate mechanisms involving changes of 393 
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externally controlled growth conditions such as temperature, fO2, pH and salinity 394 

(Yardley et al. 1991; Jamtveit et al. 1995) or dynamic changes in the 395 

magmatic-hydrothermal system (Ginibera et al. 2002; Ciobanu and Cook 2004; Streck 396 

2008) has also been proposed. In this case, the garnet and external factors are under 397 

near-equilibrium conditions in a local domain, and the oscillatory zoning indicates the 398 

changes in the external environment. 399 

As discussed above, experimental studies together with computational results 400 

show that there are miscibility gaps between grossular and grandite when the 401 

temperature is ≤430K, which is too low to produce oscillatory zoning, even on a 402 

geological time-scale (Becker and Pollok 2002; Pollok et al. 2001). There is no garnet 403 

miscibility gap in the Cuihongshan deposit (Fig. 4). Hence, the grossular-andradite 404 

system is unlikely to be induced by immiscibility.  405 

There is a consensus that external factors can influence the composition of garnet 406 

(Gaspar 2008; Jamtveit et al. 1993, 1995). The fluctuations in Al/Fe ratios of the pore 407 

fluid can be caused by variable rates of infiltration and kinetic dispersion in the skarn 408 

system (Cionabu and Cook 2004). Based on the BSE and element mapping images 409 

(Fig. 3, 5), it is evident that the garnet exhibits higher andradite and lower grossular 410 

compared rim zones with core zones. We correlate with feature with the external 411 

factors, especially the composition of the hydrothermal system. The different garnet 412 

types formed in distinct stages and coexisted with different mineral assemblages also 413 

suggest that the garnet composition was driven by the external factors. 414 

Regarding the distinct fine-scale, sharp and adjacent zoning in garnet, Holten et 415 
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al. (1997, 2000) proposed that similarity in intracrystalline zoning does not 416 

necessarily imply that the zoning pattern was produced by changes in the external 417 

conditions. Streck (2008) suggested that fine zonation may be largely kinetically 418 

controlled whereas coarse zoning reflects dynamic processes, which also implies that 419 

the oscillatory zoning is caused by self-organization related to kinetic effects. 420 

Additionally, Lessing and Standish (1973) suggested that narrow zoning with sharp 421 

contacts correspond to rapid crystal growth and/or rapid changes of composition in 422 

the hydrothermal system in order to preserve these delicate lamellae. Rapid changes 423 

of hydrothermal fluid composition may cause gradual composition variations in 424 

garnet growth zones. However, the BSE and element mapping images (Fig. 3, 5) show 425 

that the chemical variations in calcic garnet grains are not gradual, but abrupt, and 426 

thus further support a relatively rapid isolation of crystallizing garnet from the 427 

hydrothermal solutions (Jamtveit 1991; Smith et al. 2004). Moreover, Ciobanu and 428 

Cook (2004) emphasized the role of surface kinetics together with local transport 429 

processes near crystal surface, invoking garnet self-organization mechanisms to 430 

account for the minor variations in garnet compositions. We therefore infer that 431 

internal self-organization has played a significant role in the formation of these sharp, 432 

fine and closely spaced garnet zones. These zoning patterns and the marked variations 433 

in garnet composition were possibly controlled by external factors.  434 

6.3 REEs in garnet 435 

6.3.1 Substitution of REE into garnet 436 

Based on the ionic radii together with garnet crystal radii for elements in garnet 437 
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structure (Shannon 1976), the only possible replacement of REE is substitution of X 438 

site in the dodecahedral position. However, substituting REE3+ has a different charge 439 

than the ion normally occupying the X2+ site. The charge imbalance must be 440 

compensated either through a coupled substitution or the creation of a vacancy. In 441 

general, the following five mechanisms have been proposed to explain the 442 

incorporation of REE into garnets. 443 

1) Yttrogarnet (YAG)-type substitution involving charge balance by substitution of 444 

a trivalent cation (e.g., Fe3+, Al3+) into the Z (Si) site (Jaffe 1951; Ding et al. 2018); 2) 445 

incorporation of a monovalent cation (e.g. Na+) into the X site forming Na+-REE3+ 446 

couple substitutions (Enami et al. 1995; Sepidbar et al. 2017); 3) change in 447 

compensation via vacancies in the dodecahedral site (Ismail et al. 2014); 4) 448 

substitution of divalent cations (e.g. Mg2+; Fe2+) into the Y site (menzerite-type, 449 

Carlson 2012; Grew et al. 2010); and 5) substitution of F- or OH- into the Si-O 450 

tetrahedron (Jamtveit and Harvig 1994; Gross 2008). 451 

Our EMPA results show that garnet grains in the Cuihongshan deposit have low Na 452 

concentrations (Table 1), indicating that these did not undergo Na+-REE3+ coupled 453 

substitutions. Although the garnet grains contain some F the variation between REE 454 

and XAdr is not consistent with the relation between F and XAdr, suggesting that the 455 

F--REE3+ coupled substitution mechanism is unlikely. 456 

Additionally, the primary criterion for distinguishing substitution of divalent 457 

cations (e.g. Mg2+; Fe2+) into the Y site is the dominance of divalent cations with 458 

Mg>Fe2+ under pressures of 7-8.5 kbar and temperatures of 700-800°C (Carlson 2012; 459 
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Grew et al. 2010). This would suggest that the substitution of divalent cations (e.g. 460 

Mg2+; Fe2+) into the Y site mechanism in the skarn system of our study is unlikely. 461 

Thus, we suggest that garnet grains in the Cuihongshan deposit favored a YAG type 462 

substitution. However, the mechanisms involving the creation of structural vacancies 463 

are difficult to evaluate (Sepidbar et al. 2017). 464 

6.3.2 REE in garnet 465 

Pyrope-grossular garnet solid solutions exhibit strong deviations from ideal mixing 466 

in their thermodynamic properties (Du et al. 2017, 2015). Deviations from ideal 467 

behavior tend to be greater in solutions with high ionic strength, especially 468 

hydrothermal and ore-forming fluids (White 2013). As a result, we assume that the 469 

grossular-andradite garnet solid solution displays an asymmetric model. The Gibbs 470 

free energy change of this non-ideal binary solution is given by: 471 

 ∆GVI = nRT(𝑥grossularln𝑥grossular + 𝑥andraditeln𝑥andradite) + ∆Gexcess       (1) 472 

Where xgrossular and xandradite are the mole fractions of the respective components of 473 

the garnets, T is the temperature in the hydrothermal system, R is the molar gas 474 

constant (8.314 J∙ mol-1∙K-1), n=2 based on the garnet chemical formula of 475 

X3Y2Z3O12. 476 

A two-parameter Margules fit was adopted with the molar volume values of garnet 477 

(Engi and Wersin 1987). Thus, the excess free energy change in this binary solution is 478 

given by: 479 

∆Gexcess = n𝑥grossularRTlnγgrossular + n𝑥andraditeRTlnγandradite =480 

n(ωgrossular
G 𝑥andradite + ωandradite

G 𝑥grossular)𝑥grossular𝑥andradite             (2) 481 
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where 482 

RTlnγgrossular = [ωgrossular
G + 2(ωandradite

G − ωgrossular
G )𝑥grossular]𝑥andradite

2  (3) 483 

RTlnγandradite = [ωandradite
G + 2(ωgrossular

G − ωandradite
G )𝑥andradite]𝑥grossular

2  (4) 484 

ωgrossular
G  and ωandradite

G  are the excess Gibbs parameters in the Margules 485 

formation.  486 

Regarding the incorporation of REE in garnet, previous studies have shown that 487 

mixing of REE garnet components below about a few hundred ppm with major 488 

silicate garnet components is virtually ideal, which is the region where Henry’s law 489 

holds (Moretti and Ottonello 1998).  490 

μREE = μREE
0 + RTln𝑥REEγREE = μREE

∗ + RTln𝑥REE         (5) 491 

Where μREE is the chemical potential, which is simply the partial molar Gibbs free 492 

energy, γREE is independent of xREE in the hydrothermal fluid at constant T and P and 493 

can be considered as adding or subtracting a fixed amount to the standard state 494 

chemical potential, and μREE
∗  is obtained by extrapolating the Henry’s law slope to 495 

xREE =1 at the chemical potential. 496 

The divalent cations (Ca, Mg, Mn, Fe2+, K+, Na+) in eightfold coordination 497 

xdivalent→1, the μdivalent should reduce to Raoult’s law. 498 

μdivalent = μdivalent
0 + RTln𝑥divalent                                    (6) 499 

∆Gsol = ∆Gdivalent + ∆GREE = n′RT𝑥divalentln𝑥divalent + n′RT𝑥REEln𝑥REEγREE  (7) 500 

Hence, ∆G in the grossular-andradite system relative to the pore end member 501 

composition is 502 

∆G = ∆GVI + ∆Gsol = nRT(𝑥grossularln𝑥grossular + 𝑥andraditeln𝑥andradite) +503 
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n(ωgrossular
G 𝑥andradite + ωandradite

G 𝑥grossular)𝑥grossular𝑥andradite +504 

n′RT𝑥divalentln𝑥divalent + n′RT𝑥REEln𝑥REEγREE                           (8) 505 

From the discussion above, ∆GVI is controlled by the relative components between 506 

grossular and andradite whereas ∆Gsol is broadly related to the component of REEs 507 

and divalent cations. Most of the garnets in the Cuihongshan deposit contain 508 

XREE ≤ 10−3.3, which results in negligible values of ∆Gsol suggesting that ∆G is 509 

mostly depended on ∆GVI in the garnet grains of the skarn system. Moreover, low 510 

concentrations of REE contents (10-3-10-4 ppm) suggest ideal solid solution, which 511 

indicate that incorporation of REE is controlled by the ∆G as a function of ionic 512 

fraction of the garnet component. According to this interpretation, the concentration 513 

of REEs is mainly related to the relative components of grossular and andradite.  514 

On the basis of equation (1), the ∆G in grossular-andradite solid solution is mostly 515 

determined by temperature of the system, xgrossular, xandradite, ωandradite
G  and ωgrossular

G . 516 

If the temperature of the system remains constant and ωandradite
G = ωgrossular

G , ∆G 517 

becomes the lowest when xgrossular = xandradite = 0.5. It is well established that 518 

temperature of the skarn system will gradually decrease during the formation of the 519 

mineral deposit, which will increase ∆G in the system. If the solution model were 520 

symmetric, the lowest ∆G would appear at approximately xgrossular > 0.5  and 521 

xandradite < 0.5 leading to the highest REE contents at this point. However, from the 522 

REE versus XAdr diagram (Fig. 8d), garnet with ~20% grossular and 80% andradite 523 

commonly shows the highest REE content, linking this solid solution to an 524 

asymmetric model. Engi and Wersin (1987) described the grossular-andradite solid 525 
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solution with an asymmetric Margules model based on phase equilibrium data from 526 

Huckenholz and Fehr (1982). The Margules equation is an interaction parameter since 527 

non-ideal behavior arises from interactions between molecules or atoms and depends 528 

on temperature, pressure, and the nature of the solid solution except composition 529 

(White 2013). As a result, the non-ideal behavior in the grossular-andradite solid 530 

solution system may be related to the size mismatch between Al3+ (0.535) and Fe3+ 531 

(0.6655) (Ottonello et al. 1996; Moretti and Ottonello 1998) or the neighbor 532 

interactions or coordination on the X-O and Y-O site (van Westrenen et al. 2003). 533 

Moreover, the non-ideal mixing properties such as enthalpy, volume, free energy, and 534 

vibrational entropy are not only dependent on the complex crystal structure caused by 535 

Fe and Al substitution but also the mechanism by which the garnet lattice 536 

accommodates different size of Fe and Al in the solid solution. However, because of 537 

the presence of Fe2+ in dodecahedral sites due to the valence states of Fe, 538 

incorporation of F- and OH- due to the hydrogarnet substitution and incorporation of 539 

Fe3+ and Al3+ into the SiO4 tetrahedron site due to the YAG-type substitution 540 

discussed above, the Gibbs energy calculation of this asymmetric solid solution 541 

becomes more complex. 542 

Regarding the calculation of ∆G, we suggest that the relative proportion of 543 

grossular towards andradite in the solid solution together with temperature in the 544 

system has influenced the garnet REE concentrations. The grossular-andradite solid 545 

solution exhibits an asymmetric model. 546 

6.3.3 REE fractionation in garnet  547 
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The trace element geochemistry of garnet in the Cuihongshan skarn deposit shows 548 

a prominent REE fractionation with grossular displaying LREE-depletion and 549 

HREE-enrichment, together with a general negative Eu anomaly. In contrast, the 550 

andradite shows LREE-enriched and HREE-depleted feature with a general positive 551 

and variable Eu anomaly (Fig. 7).  552 

Several possible factors can be considered to explain these features, as listed below. 553 

1) Different substitution mechanisms between the LREEs and the HREEs which 554 

may be caused by the ionic radii and garnet crystal radii for elements relevant in 555 

garnet chemistry (Ding et al. 2018); 2) the concentration of the elements in the liquid 556 

from which grossular and andradite crystallized has significantly changed (Ismail et al. 557 

2014; Ranjbar et al. 2016; Zhao et al. 2016); 3) different partition coefficients of the 558 

REEs between grossular and andradite end-member garnets; 4) external factors such 559 

as temperature and pressure; and 5) the relative composition of the 560 

andradite-grossular solid solution lead to different REE fractionation character. 561 

From the discussion above, incorporation of REEs into garnets favor a YAG-type 562 

substitution ((Ca1-yREEy)3Al2(Si1-yAly)3O12 and (Ca1-yREEy)3Fe2(Si1-yFey)3O12). 563 

Compared with the garnet crystal radii and ionic radii, the radii of LREEs are more 564 

comparable to that of Ca than HREEs in the dodecahedral site (Ottonello et al. 1996; 565 

Moretti and Ottonello 1998). However, based on the garnet REE patterns of grossular 566 

and andradite (Fig. 7), we consider that this mechanism is not the main cause. 567 

In order to estimate the REE patterns, we take into account the prograde minerals 568 

that formed first from magmatic-hydrothermal fluids. From Fei et al. (2018), the REE 569 
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patterns of skarn-related granite suggest that the magmatic-hydrothermal system was 570 

gradually enriched in LREE and depleted in HREE as compared to less evolved 571 

granites, suggesting a LREE-enriched and HREE-depleted magmatic-hydrothermal 572 

system. This contrasts with the REE patterns of garnet forming at the prograde stage. 573 

Hence, we infer that the compositional variation of hydrothermal fluid is not the main 574 

factor that controlled the REE fractionation patterns in Cuihongshan skarn deposit or 575 

other similar hydrothermal deposits. 576 

Regarding hypothesis (3), Moretti and Ottonello (1998) reported La3Fe5O12, 577 

Lu3Fe5O12, La3Al5O12 and Lu3Al5O12 that show LREE-depleted and HREE-enriched 578 

characters. Gaspar et al. (2008) calculated the Hmixing of LaFeG-Adr, LuFeG-Adr, 579 

LaAlG-Grs and LuAlG-Grs and found that garnets exhibit LREE-depleted and 580 

HREE-enriched patterns when their REE contents are negligible. Thus, we suggest 581 

that the end-member of grossular-andradite solid solution do not exhibit different REE 582 

patterns in the skarn system. 583 

Regarding hypothesis (4), experimental studies show that although the temperature 584 

and pressure exert significant influence the REE content, these parameters have 585 

limited influence on the garnet REE fractionation (Gaspar et al. 2008). Previous 586 

studies have calculated the REE fractionation of garnet under 300°C, 400°C and 587 

500°C at pressures of 1 kbar and 5 kbar, respectively (Appendix 4). Based on these 588 

experimental studies, both end-members of grossular and andradite show 589 

LREE-depleted and HREE-enriched REE patterns. The results suggest that REEs, 590 

especially HREEs are more compatible in both grossular and andradite, suggesting 591 
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that the above process is not the main cause. 592 

In this study, we prefer hypothesis (5) which suggests that the relative composition 593 

of grossular-andradite solid solution controls the LREE-HREE fractionation in garnet 594 

skarns.  595 

For a finite change at constant temperature, the Gibbs free energy in the system is: 596 

∆Greal mixing = ∆Hexcess + nRT ∑ XilnXii − T∆Sexcess              (10) 597 

It is obvious that the relative content of grossular-andradite solid solution together 598 

with temperature in the same stage can be regarded as constant. Additionally, the 599 

content of LREE together with HREE is below several hundred ppm indicating that 600 

the mixing of REE in silicate garnets is virtually ideal. Thus, ∆S has little effect on the 601 

system. Gaspar et al. (2008) calculated the excess enthalpy for garnet solid solutions 602 

(Appendix 5). The enthalpy of excess for LuGrs0.5Adr0.5 is lower than that of 603 

LaGrs0.5Adr0.5 when logXREE,VIII<1 and display opposite characters when logXREE,VIII 604 

exceed 10-3.5. The enthalpy of excess for LaGrs0.1Adr0.9 is evidently lower than that of 605 

LuGrs0.1Adr0.9, respectively, displaying marked difference from the end members. 606 

This result is consistent with our data from the Cuihongshan skarn deposit and other 607 

skarn deposits such as the Hongniu-Hongshan Cu skarn deposit (Peng et al. 2016), 608 

skarns on the Isle of Skye (Smith et al. 2004) and Tongling Cu-S-Fe-Au skarn deposit 609 

(Zhang et al. 2017). 610 

Moreover, when evaluating the REE contents in the garnet during different 611 

mineralization stages, ∆S shows significant change. The relative composition of 612 

grossular-andradite has influenced ∆S and temperature has gradually decreased during 613 
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the ore formation. Combining the enthalpy of mixing of Grs0.5Adr0.5 is significantly 614 

lower than that of Grs0.1Adr0.9, and the ∆G of Grs0.5Adr0.5 is lower than that of 615 

Grs0.1Adr0.9. This result is consistent with previous discussion. 616 

6.4 Relative component of grossular-andradite in the solid solution 617 

In the grossular-andradite solid solution, if Greal is less than Gmixutre, a solution is 618 

stable relative to pure phase. Moreover, as discussed above, garnet with approximate 619 

20% grossular and 80% andradite commonly displays the lowest Greal, suggesting that 620 

Grs20Adr80 is the most stable phase (Fig. 8c-d). However, the andradite contents from 621 

the early to the late stage show gradual increase, whereas the grossular content show 622 

decrease based on the compositional variations in different types of garnet growing 623 

different mineralogy stages (Fig. 4; Appendix 2). Towards the late retrograde stage, 624 

type III garnet is almost pure andradite. Furthermore, it is evident that the rim 625 

contains more andradite and less grossular components in the zoned garnet (Fig. 5). 626 

The relative concentrations of Fe and Al in garnet depend on the following factors: 627 

1) the concentration of the element in the liquid from which it crystallizes; 2) 628 

whether other Al- and Fe-bearing minerals crystallizing at the same time are 629 

competing for those elements; and 3) external conditions such as temperature, 630 

pressure and 𝑓O2
. 631 

As described above, when Fe-rich type III garnet crystallized from the 632 

hydrothermal fluid, magnetite crystallized at the same time which competes for iron. 633 

We therefore, exclude hypothesis (2). It is indeed possible that the external factors 634 

changed during the growth of garnets. However, as discussed above, decreasing 635 
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temperature in the system would increase ∆G  whereas decreasing 𝑓O2
 would 636 

decrease Fe3+ formation in the hydrothermal system, thus not favoring andradite 637 

formation. In this way, we exclude hypothesis (3). 638 

Hence, the compositional variation of grossular-andradite would mostly depend on 639 

the content of these elements in the hydrothermal fluid. It is consistent with discussion 640 

above that the oscillatory zoning patterns in neighbor result from local nonlinearities 641 

in the growth process of garnet whereas the evidently compositional variations from 642 

core to rim might have been caused by the composition of hydrothermal fluids. 643 

Further, we infer that the relative composition of Fe3+ and Al3+ has changed in the 644 

fluid during the formation of different types of garnets in the calcic skarn rocks. In 645 

this way, although the REE component in garnet cannot provide information on the 646 

hydrothermal fluids, the major component in the garnet solid solution demonstrates 647 

that during the retrograde stage, the Fe3+/Al3+ in the hydrothermal skarn has increased. 648 

6.5 W and Sn in garnets as an indicator for W-Sn deposit exploration 649 

Although REE, HFSE, U and Th are easily enriched in hydrothermal and 650 

metamorphic garnets, granitophile elements (W, Sn and Mo) are not commonly 651 

concentrated in skarn garnet garnets (Chen et al. 2015; Xu et al. 2016). Park et al. 652 

(2018) noted that granitophile elements are important in constraining skarn-forming 653 

processes. Garnet grains in the Cuihongshan deposit also show significant contents of 654 

Sn and W, the concentration of which is sometimes as high as several thousands of 655 

ppm (Appendix Table-2; Fig. 8a-b). However, previous studies have suggested 656 

different concentration characteristics between W, Sn and garnet (Park et al. 2018; Xu 657 
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et al. 2016). The garnet in Cuihongshan deposit shows a continuous compositional 658 

range, without any gap, which is a useful feature to address the accurate concentration 659 

patterns of the “granitophile” elements (Mo, W and Sn, Xu et al. 2016). As shown in 660 

Fig. 8a-d, the concentrations of Sn and W exhibit different features as compared with 661 

REE. This aspect is further discussed below.  662 

W in garnet 663 

The ionic radius of W6+(0.68Å) is similar with Fe3+(0.645 Å) and Al3+( 0.535Å) 664 

indicating that incorporation of W is only possible by replacement of Y site in the 665 

octahedral position. As described previously, the contents of W gradually decrease 666 

from type I to type II garnet which owns the lowest W values. The scheelite together 667 

with type I garnet has formed during prograde stage, which indicates that the 668 

precipitation of W-bearing minerals evidently resulted in a decrease of W in 669 

hydrothermal fluids consistent with the latterly formed W-poor type II garnets. This 670 

might indicate that the behavior of W in garnet is determined by the W contents in 671 

hydrothermal fluid (Fig. 8a). W-bearing garnets have also been found in deposits such 672 

as Zhibula copper deposit, Wondong W skarn deposit and Sangan skarn deposit (Xu et 673 

al. 2016; Park et al. 2017, Sepidbar et al. 2017). They have shown that W skarn 674 

deposits commonly contain various F-bearing minerals such as fluorite, apatite and 675 

vesuvianite and indicate a strong petrogenetic link between F content and W 676 

enrichment in hydrothermal skarn system (Zaw and Singoyi 2000; Guo et al. 2016). 677 

The F-bearing minerals occurring commonly in the Cuihongshan deposit might be 678 

related to the enrichment of W in the hydrothermal fluid. However, according to the 679 
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W versus XAdr and F versus XAdr plots in the garnet grains (Fig. 6, 8), it is noted that 680 

these two elements exhibit extremely different tendency with increasing andradite 681 

content. Therefore, we infer that the substitution of W into garnet has no evidently 682 

relationship with substitution of F in garnet, which suggest that the F may affect W 683 

via influencing the physical-chemical conditions of the hydrothermal system, leading 684 

to the consistent formation and precipitation character between W-bearing garnet and 685 

scheelite.  686 

Sn in garnet 687 

The ionic radius of Sn4+ (0.71Å) is similar with that in Y-site, indicating that 688 

incorporation of Sn is possible only by the replacement of Y site cations. Our 689 

LA-ICP-MS data reveal that the prograde stage type I garnet crystals in the 690 

Cuihongshan polymetallic deposit have elevated Sn contents which appear to be the 691 

significant carrier of tin before cassiterite precipitation in the retrograde stage 692 

(Appendix Table-2; Fig. 8b). Subsequently, tin is released by precipitation of 693 

tin-bearing minerals especially cassiterite. From the Sn versus XAdr diagram, the Sn 694 

values in garnet have decreased abruptly from type II to type III garnet (Fig. 8b), 695 

consistent with cassiterite precipitation. Therefore, we suggest that the concentration 696 

of Sn in hydrothermal fluid is significantly influenced the behavior of Sn during 697 

garnet formation than just simply controlled by Fe behavior in garnet and shows a 698 

positive relationship with andradite as suggested in previous studies (Park et al. 2018; 699 

Ding et al. 2018). Moreover, F-rich fluids have a greater potential to transfer Sn in the 700 

hydrothermal system which may lead to the enrichment of Sn in hydrothermal fluids 701 
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as well (Guo et al. 2016). Besides, Sn and F in the Cuihongshan garnets do not exhibit 702 

any evident tendency with increasing andradite contents (Fig. 6; 8), which exclude the 703 

possibility that F influenced Sn via substitution of Sn4+-F- in the structure. 704 

Accordingly, we consider that the contents of W and Sn in garnets can be used as 705 

indicators for W-Sn deposit exploration in conjunction with the geological features 706 

and physicochemical conditions of the ore deposit.  707 

7 Implications 708 

Birefringence in garnet such as oscillatory zoning and twin in hydrothermal 709 

systems are probably controlled by the strain from lattice mismatch at substitution and 710 

twin. The oscillatory zoning may be a result of the internal self-organization in the 711 

growth process of garnets. Thus, this can interpret why oscillatory zoning of garnet is 712 

common in skarn system. In this way, crystal morphology in garnet does not indicate 713 

the composition variations in the hydrothermal system. However, the composition 714 

variations between core and rim in single garnet grains and different types of garnet 715 

do imply the concentration character of the hydrothermal system, which indicate that 716 

the relative component or Fe3+/Al3+ has changed obviously in hydrothermal processes. 717 

Moreover, in the W-, Sn- and Mo-bearing skarn deposit, the W and Sn concentration 718 

in garnet is a function of the concentration of elements in the hydrothermal fluids, and 719 

may be used as an indicator for W-Sn deposit exploration. Hence, the relative 720 

components of grossular and andradite as well as “granitophile” elements (Mo, W and 721 

Sn) in garnet can reflect the mineralization environment. On the other hand, 722 

grossular-andradite garnet solid solution also exhibits strong deviations from ideal 723 
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mixing in their thermodynamic properties. The concentration of REEs is mainly 724 

related to the relative components of grossular and andradite in this solid solution, and 725 

REE fractionation of garnet can be attributed to significant Gibbs energy difference 726 

between LREE and HREE.  727 
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Figure Captions 932 

Figure. 1 Schematic illustration of (a) tectonic subdivisions of China (after Mao et al. 933 

2011) and (b) sketch geological map of the eastern part of the Central Asian 934 

Orogenic Belt (modified from Fei et al. 2018). 935 

Figure 2 (a) Schematic geological map of the Cuihongshan polymetallic deposit. (b) 936 

Cross-section map of the 44th exploration line. (c) Cross-section map of the 57th 937 

exploration line (modified from Fei et al. 2018). 938 

Figure 3 Photomicrographs of garnet grains in the Cuihongshan deposit (b-d, g, k and 939 

p were taken with cross polarized light; j, l and o were taken with plane 940 

polarized light. Photomicrographs of e, h and m are BSE images.). (a) Type I 941 

garnets in hand specimen coexisting with clinopyroxene and cut by magnetite. 942 

(b) Type I garnet shows polysynthetic twinning. (c) Type I garnets cut by 943 

diopside. (d-e) Type I garnet showing compositional zonation polysynthetic 944 

twinning are not consistent in one grain. (f) Type II garnet in hand specimen 945 

cutting the early formed clinopyroxene. (g-h) Anisotropic type II garnet 946 

developing oscillatory zoning. (i) Type III garnet occurring as aggregates. (j-k, 947 

m) Isotropic type III garnet exhibiting zonation transition from a planar 948 

dodecahedral {110} crystal faces growth in the core to a subsequently 949 

composite dodecahedral {110}-trapezohedral {211} crystal faces growth in the 950 

margin (l) type III garnet cutting diopside and magnetite (n) Type IV garnets 951 

occurring as veins. (o-p) Euhedral garnet veins in magnesian skarn rocks were 952 

replaced by magnetite. Mineral abbreviations: Chl-chlorite; Cpx-clinopyroxene; 953 



 

45 

 

Fl-fluorite; Grt-garnet; Mag-magnetite; Tr-tremolite. 954 

Figure 4 Ternary diagram summarizing garnet compositions in the Cuihongshan 955 

deposits (modified from Meinert et al. 2005). Grs-grossular; Adr-andradite; 956 

Alm+Sps+Uv+Prp-almandine+spessartine+uvarovite+pyrope. 957 

Figure 5 X-ray element mapping of iron, aluminum, tin, fluorine, manganese and 958 

tungsten in different types of garnets from the Cuihongshan skarn deposit. 959 

Figure 6 Variation of F content within andradite composition in garnets from the 960 

Cuihongshan deposit. 961 

Figure 7 Chondrite-normalized rare earth element patterns for single garnet grains and 962 

different types of garnets, including type I (a-b), type II (c-d), type III (e-f) and 963 

type IV (g) garnet grains in the Cuihongshan deposit. Normalized values are 964 

from Sun and McDonough (1989). 965 

Figure 8 (a) W versus XAdr of garnets from the Cuihongshan deposit; (b) Sn versus 966 

XAdr of garnets from the Cuihongshan deposit; (c) REE, LREE and HREE 967 

versus XAdr of garnets from the Cuihongshan deposit; (d) REE versus XAdr for 968 

different types of garnets from the Cuihongshan deposit; (e) Eu anomaly as a 969 

function XAdr for different types of garnets from Cuihongshan deposit. 970 

Eu/Eu*>1 indicates a positive Eu anomaly. (f) LREE/HREE fractionation as a 971 

function of XAdr for different types of garnets from the Cuihongshan deposit.  972 

Appendix Captions 973 

Appendix 1 Analytical methods of garnets in the Cuihongshan deposit, Lesser 974 

Xing’an Range, NE China. 975 
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Appendix 2 Composition distribution of the garnet grains in the Cuihongshan deposit. 976 

Appendix 3 Major and trace elements compositional variations of zoned garnet in the 977 

calcic skarn rocks (Type I garnet: ECH44-5; Type II garnet: CH-11; Type III 978 

garnet: ECH44-1-5) 979 

Appendix 4 REE3Al5O12 and REE3Fe5O12 hydrolysis as a function of P and T via 980 

SUPCRT92 package (modified from Gaspar et al. 2008). 981 

Appendix 5 Enthalpy of mixing for low molar fractions (dilute range) of REE garnet 982 

components XREE, VIII. All lines represent the result of static potential 983 

calculation for the mixtures of interest (Gaspar et al. 2008). 984 

Appendix-Table Representative electron microprobe (EMPA) data of different types 985 

of garnets from the Cuihongshan deposit (calculated based on Locock 2008, see 986 

Table 1) and Representative LA-ICP-MS analyses of different types of garnets 987 

from the Cuihongshan deposit (see Table 2) 988 
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