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Abstract: The Changpo–Tongkeng tin polymetallic deposit in Dachang, Guangxi, is a world-class,
superlarge, polymetallic tin deposit consisting of lower skarn zinc–copper ore bodies and upper tin
polymetallic ore bodies. Garnet is the main gangue mineral in the skarn zinc–copper ore bodies and
has a granular texture. Based on hand specimens and microscopic observations, the existing garnet
can be divided into two generations: an early generation (Grt I) and a late generation (Grt II). The
results of electron probe microanalysis (EPMA) and laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) in situ microanalysis show that the contents of SiO2 and CaO in the
garnets from the two generations present limited variations, while the FeOT and Al2O3 contents vary
significantly, indicating the grossular–andradite solid solution series (Gro29–82And12–69). Compared
with Grt I (Gro72And25), Grt II (Gro39And59) is Fe-enriched and oscillatory zoning is developed.
The total rare earth element (REE) contents in the two generations of garnet are relatively low,
showing light rare earth element (LREE) depletion and heavy rare earth element (HREE) enrichment
patterns. Grt II has higher REE content than Grt I and exhibits significant negative Eu anomalies
(δEu = 0.18–0.44). The contents and variation characteristics of the major and trace elements in the two
generations of garnet suggest that there were variable redox conditions and water/rock ratios in the
hydrothermal system during the crystallization process of garnet. In the early stage, skarnization was
in a relatively closed and low-oxygen fugacity system, with hydrothermal diffusion metasomatism
being dominant, forming homogeneous Grt I lacking well-developed zoning. In the late stage of
skarnization, the oxygen fugacity of the ore-forming fluids increased, with infiltration metasomatism
being dominant, forming Grt II with well-developed oscillatory zoning. The contents of Sn, As, W,
In, and Ge in the garnets are relatively high and increase with the proportion of andradite. Sn in
zinc–copper ore bodies mainly exists in the form of isomorphic substitution in garnet, which may be
the main reason for the lack of tin ore bodies during the skarn stage. This paper compares the trace
element contents in garnets from domestic skarn deposits. The results indicate that the Sn content
and δEu in garnet can be used to evaluate the tin-forming potential of skarn deposits.

Keywords: Dachang ore field; zinc–copper ore bodies; garnet; ore-forming fluid evolution

1. Introduction

Garnet is a common mineral in skarn rocks and mainly occurs in the contact zone
between intermediate-acidic intrusions and carbonate rocks. Its oscillatory zoning, compo-
sitional characteristics, and changes can reveal geological information about the hydrother-
mal fluids from which it formed, including the physicochemical conditions, compositional
changes, and mineralization processes of the hydrothermal fluids [1–7].
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The Changpo–Tongkeng tin polymetallic deposit in Dachang, Guangxi, is a world-
class, superlarge, polymetallic tin deposit, with tin reserves of 0.68 million tons (average
grade 1%) and zinc reserves of 4.5 million tons (average grade 4%), accompanied by copper,
lead, antimony, arsenic, indium, and germanium [8]. The distribution of ore bodies in the
deposit has a distinct vertical mineralization zonation feature, with skarn-type zinc–copper
ore bodies located proximal to the granitic pluton in the lower part and tin polymetallic ore
bodies located distal in the upper part. Among them, tin polymetallic ore bodies have been
well studied, and much work has been conducted on the deposit geology, metallogenic age,
diagenetic age, fluid inclusion, mineralogy, isotopic geochemistry, etc. [8–25]. However,
research on the lower zinc–copper ore bodies is relatively limited.

Isotopic geochronology research shows that the metallogenic age of the tin polymetal-
lic ore body is 95.8–90.0 Ma [10,11]; the metallogenic age of the zinc–copper ore body is
95.0 Ma [12], and these Yanshanian metallogenic ages are consistent with the diagenetic
age (96.6–88.8 Ma) of the Longxianggai granitic pluton [8,13–15]. However, there are two
different understandings with regard to the source of the ore-forming materials for the
two types of ore bodies. After studying C, O, S, Pb, and Zn isotopes and fluid inclusions,
Liang T. [8], Cai M.H. et al. [17], and Li M.Q. et al. [22,23] noted that the ore-forming
fluids of zinc–copper ore bodies were mainly derived from magma, and the tin poly-
metallic ore bodies and zinc–copper ore bodies may have been the products of the same
magmatic-hydrothermal ore-forming system. However, Zhang J. et al. [18] proposed that
tin polymetallic ore bodies and zinc–copper ore bodies were not the products of the same
magmatic-hydrothermal system based on fluid inclusion and Pb isotopic analyses. To fur-
ther illustrate the ore-forming environment of zinc–copper ore bodies and their relationship
with tin polymetallic ore bodies, we present electron probe microanalysis (EPMA) and
laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analysis of
garnets from the lower skarn-type zinc–copper ore bodies in the context of the geology
of the deposit and garnet petrography. These data and observations are used to discuss
the factors controlling the major and trace element changes in garnet and constraining the
formation process and environment of garnets, thus providing a basis for understanding
the metallogenic process.

2. Geological Setting

The Danchi metallogenic belt is located at the southwestern edge of the Jiangnan
palaeoland, the junction of the Palaeo-Tethys tectonic domain and the Pacific tectonic
domain. It is an important nonferrous metal metallogenic belt in China, with a length of
130 km and a width of 25 km, and it forms a narrow strip trending NW. The outcropping
strata in the Danchi metallogenic belt are dominated by Devonian mudstone, marl, siliceous
rocks, Carboniferous and Permian limestone, and Triassic shale. Devonian strata are the
main host rocks for the tin polymetallic deposits [8,9]. Faults are widely developed, and
the NW-trending Danchi and Dachang faults are the framework structures of this area. The
magmatic rocks in this area are mainly intermediate-acid rocks from the late Yanshanian,
and they are not often exposed to the surface. Only a small number of granite outcrops
form stocks in the northern Mangchang and the central Dachang ore fields.

The Dachang ore field is located in the central part of the Danchi metallogenic belt and
can be divided into three zones surrounding the central Longxianggai granite (Figure 1).
The eastern zone is composed of Dafulou and Kangma tin polymetallic deposits, while
the middle zone contains zinc–copper and tungsten–antimony deposits, represented by
the Lamo zinc–copper deposit and the Chashan tungsten-antimony deposit; the west-
ern zone mainly includes two superlarge tin polymetallic deposits, Changpo–Tongkeng
and Gaofeng [8]. The Changpo–Tongkeng deposit is the largest and most representative
superlarge deposit in the Dachang ore field.
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location of the profile (A,B) schematic in Figure 2. 

 

Figure 2. Profile of ore body distribution in the Changpo–Tongkeng deposit (After [17]), 1. Lower 

Carboniferous Simen Formation; 2. Upper Devonian Tongchejiang Formation; 3. Upper Devonian 

Figure 1. Location diagram of Dachang ore field (a) and Distribution of deposits in Dachang ore
field (b); after [9]). 1. Permian-middle Triassic strata; 2. Carboniferous strata; 3. Devonian strata;
4. Unconformity boundary; 5. Biotite Granite; 6. Diorite porphyry; 7. Granite porphyry; 8. Anticlinal
axis; 9. Tin ore bodies; 10. Projection of Zinc-Copper ore bodies; 11. Projection of Tungsten-Antimony
ore bodies; 12. Projection of Antimony ore bodies; 13. Fault; 14. Drills; 15. Orientations and location
of the profile (A,B) schematic in Figure 2.
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Figure 2. Profile of ore body distribution in the Changpo–Tongkeng deposit (After [17]), 1. Lower
Carboniferous Simen Formation; 2. Upper Devonian Tongchejiang Formation; 3. Upper Devonian
Wuzhishan Formation; 4. Upper Devonian Liujiang Formation; 5. Middle Devonian Luofu Formation;
6. Middle Devonian Nabiao Formation; 7. Limestone; 8. Shale; 9. Granite porphyry; 10. Inferred
granite (Longxianggai granite); 11. Tin ore bodies; 12. Zinc–Copper ore bodies; 13. Stratigraphic
boundary; 14. Fault.
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3. Geology of the Deposit

The Changpo–Tongkeng tin polymetallic deposit located in the western zone of the
Dachang ore field is the largest tin polymetallic deposit. The exposed strata in this area
are mainly middle Devonian–lower Carboniferous clastic rocks and carbonate rocks. The
lithology from bottom to top is as follows (Figure 2): the lower part of the middle Devonian
Nabiao Formation (D1

2nb) mudstone and shale with reef limestone at the Longtoushan–
Dachang anticline; the upper part of the middle Devonian Luofu Formation (D2

2l) with
thick stratiform limestone, black mudstone, and shale with locally lenticular carbonaceous
pitch; the lower part of the upper Devonian Liujiang Formation (D1

3l) with banded siliceous
rocks containing calcareous nodules; the middle part of the upper Devonian Wuzhishan
Formation (D2

3w) limestone can be further divided into broad banded limestone (D2
3wa),

thin banded limestone (D2
3wb), little bean-like limestone (D2

3wc), and big bean-like limestone
(D2

3wd) from bottom to top; the upper part of the upper Devonian Tongchejiang Formation
(D3

3t) carbonate rocks and shale; and the lower Carboniferous Simen Formation (C1s) quartz
sandstone, mudstone, and carbonaceous shale. The Devonian strata are the main host rocks
of the deposit.

The structures of the deposit are complex and mainly consist of the NW-trending
Dachang anticline and Dachang fault, superposed by the later NE- and SN-trending folds,
faults, and fractures [8]. The Dachang anticline is an asymmetric fold with a gently dipping
NE limb and a steeply dipping SW limb, and the ore bodies mainly occur on the gentle NE
limb (Figure 2).

The magmatic rocks exposed in the area are Longxianggai composite granitic pluton
of the late Yanshanian, which are mainly composed of medium-to-coarse-grained biotite
granite, fine-grained granite, and porphyritic biotite granite, presenting a gradual spatial
transition relationship. Drilling and geophysical prospecting showed that the Longxianggai
granitic pluton extends to the deep part of the Changpo–Tongkeng deposit [12]. The
concealed granitic pluton is located on the NE limb of the Dachang anticline, consistent
with the strike of the Dachang fault. Granite porphyry dikes and diorite porphyrite dikes
are also found in the eastern and western part of the Changpo–Tongkeng deposit.

The ore bodies of the Changpo–Tongkeng deposit show obvious vertical mineraliza-
tion zonation, with skarn-type zinc–copper ore bodies located proximal to the granitic
pluton in the lower part and tin polymetallic ore bodies located distal in the upper
part (Figure 2).

3.1. The Upper Tin Polymetallic Ore Bodies

The tin polymetallic ore bodies are located in the upper part far from the granitic
pluton, with tin reserves accounting for 80% of the Dachang ore field. In addition to
high grades of tin and zinc, the ore bodies are also associated with In, Ag, As, etc. [8,19].
The ore bodies are controlled by the structures and host rock and show obvious vertical
mineralization zonation. They are composed of stratiform, stratiform-like, and vein-shaped
ore bodies from bottom to top. The stratiform ore bodies are the most important types in
the Changpo–Tongkeng deposit, mainly composed of No. 92 and No. 91, two large ore
bodies, with reserves accounting for 53% and 27% of the total tin ore reserves of the deposit,
respectively. The No. 92 ore body strikes close to NW-trending, with a length of 900–1200 m
and a thickness of 60–85 m. The average Sn grade is 0.8%, and that of Zn is 2.1%. The No.
91 ore body is roughly parallel to the No. 92 ore body, with a length of approximately 1000
m and an average thickness of 16 m. The average Sn grade is 1.48%, and that of Zn is 3.05%.
Interlayered vein-shaped ore bodies such as No. 75, No. 77, and No. 79 are located on
detachment zones at different lithological contact interfaces. The vein-shaped ore bodies
can be subdivided into thin vein-shaped ore bodies and large vein-shaped ore bodies. The
thin vein-shaped ore bodies are mainly composed of roughly parallel thin veins, with
widths of 0.5–2 cm and lengths of 5–10 m. The average Sn grade is 1.10%, and that of Zn is
2.72%. The large vein-shaped ore bodies are located in the fractures of the Dachang reverse
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anticline axis. The large vein-shaped bodies are tens to hundreds of meters long, with an
average Sn content of 2.06% and an average Zn content of 8.29% [8,17].

The mineral assemblages of the upper tin polymetallic ore bodies are complex
(Figure 3b,c) and include cassiterite, arsenopyrite, sphalerite, pyrite, jamesonite, pyrrhotite,
tetrahedrite, chalcopyrite, and galena. The gangue minerals are mainly quartz, calcite,
and tourmaline. The ore bodies are massive, banded, lenticular, disseminated, and form
stockworks. Metasomatic, zonation, emulsion, euhedral granular, and subhedral–anhedral
are some of the textures identified.
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Figure 3. Characteristics of ore parageneses in Changpo–Tongkeng deposit. (a) No. 92 stratiform
tin polymetallic ore body; (b) Cassiterite and sphalerite in No. 92 ore body; (c) Pyrrhotite, pyrite,
arsenopyrite, and jamesonite in No. 92 ore body; (d) Stratiform zinc–copper ore body; (e) Pyrite,
arsenopyrite, and sphalerite in zinc–copper ore body; (f) Pyrite, sphalerite, and chalcopyrite in zinc–
copper ore body. (a–c) Tin polymetallic ore body; (d–f) Zinc–copper ore body. Mineral abbreviations:
Py—pyrite; Apy—arsenopyrite; Sp—sphalerite; Ccp—chalcopyrite; Cst—cassiterite; Jmt—jamesonite;
Po—Pyrrhotite; Cc—calcite.

3.2. The Lower Zinc–Copper Ore Bodies

The zinc–copper ore bodies are located in the contact zone between the granitic pluton
and the calcareous mudstone and marl of the Middle Devonian Luofu Formation (D2

2l)
and mainly consist of three roughly parallel stratiform ore bodies, No. 96, No. 95, and
No. 94 (Figure 2). The ore bodies strike 58–65◦, dipping 21–28◦, with total Zn reserves of
2.1 million tons, total Cu reserves of 80,000 tons, and total Ag reserves of 849 tons [17]. The
Zn metal content in the No. 96 ore body exceeds 1 million tons, with a strike length of
2235 m and an average thickness of 8.74 m. The average Zn grade is 5.92%, that of Cu is
0.22%, and that of Ag is 25.64 g/t. The No. 95 ore body is approximately 1500 m along the
strike, with a thickness of 0.66–31.76 m. The average Zn grade is 2.76%, that of Cu is 0.38%,
that of Pb is 0.11%, and that of Sb is 0.02%. The No. 94 ore body extends approximately
2595 m along the strike, with a thickness of 0.52–20 m. The average Zn grade is 3.1%, that
of Cu is 0.14%, that of Pb is 0.29%, and that of Sb is 0.06%.

The mineral paragenesis of the zinc–copper ore body is sphalerite, chalcopyrite, ar-
senopyrite, pyrrhotite, and pyrite (Figure 3e,f). The gangue minerals are mainly garnet,
vesuvianite, diopside, wollastonite, actinolite, chlorite, epidote, axinite, fluorite, calcite,



Minerals 2023, 13, 937 6 of 20

and quartz (Figure 4). Massive and disseminated structures prevail, forming metasomatic,
subhedral–anhedral, zoning, and emulsion textures.
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Figure 4. Photos of garnet in the Changpo–Tongkeng deposit. (a) Macroscopic image of Grt I
intergrows with vesuvianite; (b) Plain polarized image of Grt I presents a euhedral–subhedral
granular with a rough surface and a dissolution texture; (c) Crossed polarized image of homogeneous
Grt I; (d) Macroscopic image of Grt II related to Zn–Cu mineralization; (e) Crossed polarized image
of Grt II intergrows with sphalerite; (f) Plain polarized image of Grt I cut by vein Grt II. Mineral
abbreviations: Grt I—early generation garnet; Ves—vesuvianite; Grt II—late generation garnet;
Sp—sphalerite.

The intrusion of granitic pluton causes the metamorphism of the host rock, which
forms skarn and hornfels. Based on the mineralogical features, skarn can be divided into
two stages. The early stage is ore-free, while the late stage of skarn is associated with ore
(Figure 4a,d). In the early stage, garnet, diopside, wollastonite, and vesuvianite are formed,
while in the late stage, aqueous silicate minerals such as actinolite, axinite, chlorite, and
epidote are formed.

According to the spatial distribution, occurrence characteristics, and ore mineral-
ogy, the mineralization at the Changpo–Tongkeng tin polymetallic deposit can be di-
vided into two periods and five stages. The first is the skarn zinc–copper mineraliza-
tion period (I), which can be divided into skarnization (I1) and sulfide stages (I2). The
second is the cassiterite–sulfide mineralization period (II), which can be divided into
three stages: cassiterite–sulfide–tourmaline–quartz stage (II1), cassiterite–sulfide–sulfosalt–
quartz stage (II2), and sulfide–sulfosalt–quartz–calcite stage (II3).

4. Sampling and Analytical Methods

The samples were collected from the lower zinc–copper ore bodies of the Changpo–
Tongkeng deposit, with garnet, diopside, vesuvianite, axinite, calcite, and sphalerite.
Based on field geological surveys and microscopic observations, representative garnet
samples were selected for major and trace elemental content analysis using EPMA and
LA-ICP-MS, respectively.

Major elemental compositions were determined by EPMA at the Laboratory of Miner-
alization and Dynamics, Chang’an University, Xi’an, China, using a JXA-iHP200F with an
acceleration voltage of 15 kV, a beam current of 10 nA, and a beam spot diameter of 1 µm.
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In situ trace element analysis was performed by LA-ICP-MS at the Laboratory of
Mineralization and Dynamics, Chang’an University, Xi’an, China. Analyses were con-
ducted using a Photon Machines Analyte Excite 193 laser ablation system coupled with
an Agilent 7900 Quadrupole ICP-MS. Helium was used as the carrier gas with a flow rate
of 0.5 L/min, and argon was used as the make-up gas with a flow rate of 0.8 L/min. The
beam spot diameter was 35 µm, with a 6.4 J/cm2 energy density and 11 Hz repetition rate.
Each analysis included 25 s of background measurement and 40 s of data acquisition. The
NIST610 glass standard was used for external calibration. The trace elements analyzed
included Sn, B, Cl, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y, Zr, Nb, Mo, Cd, In, Sb, Cs, Ba,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Th, U, and As.
Off-line data processing was performed using ICPMSDataCal software.

5. Results
5.1. Petrography Characteristics

The garnets in hand specimens showed a light brownish-red color (Figure 4a,d),
with euhedral–subhedral texture and grain sizes ranging from 0.6 to 5 mm. Under the
microscope, the garnets were colorless to light brown. Based on the hand specimens and
microscopic observations, the garnets could be divided into two generations: an early
generation (Grt I) and a late generation (Grt II). Grt I displayed a euhedral–subhedral
pentagonal dodecahedron texture, with a dissolution texture, and the surface of Grt I was
rough. It exhibited homogeneous or local abnormal extinction, lacked well-developed
zoning (Figure 4b,c), and often intergrew with wollastonite, vesuvianite, diopside, etc.
(Figure 4a). Grt II was associated with sulfides or cuts through Grt I in a vein-like pattern
(Figure 4e,f), with a euhedral–subhedral texture and obvious heterogeneity. Grt II also
showed well-developed zoning.

5.2. EPMA Analysis Results

The EPMA analysis results for the two generations of garnet are given in Table 1.
For Grt I, the SiO2 content ranged from 37.44 to 39.31 wt% (avg. 38.43 wt%); the CaO
content ranged from 34.43 to 35.84 wt% (avg. 35.25 wt%); the Al2O3 content ranged from
10.47 to 19.08 wt% (avg. 17.12 wt%); the FeOT content ranged from 4.97 to 15.54 wt%
(avg. 7.45 wt%); and the MnO content ranged from 0.60 to 1.45 wt% (avg. 0.92 wt%)
(Figure 5). The data (based on 12 oxygen atoms) showed that Grt I was Al-rich and
dominated by grossular (And12–50Gro46–82, avg. And25Gro72; Table 1, Figure 6).

Table 1. Major element compositions (wt%) of the garnets.

Sample 1511-5-1 (N = 4) 1511-19-1 (N = 5) 1511-19-2 (N = 5) 1511-19-3 (N = 3) 1511-8-1

Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max.

Generation Grt I

SiO2 38.11 37.44 37.81 39.11 38.25 38.72 38.95 38.37 38.62 39.31 38.25 38.67 38.94
TiO2 0.74 0.16 0.43 0.39 0.24 0.3 0.73 0.01 0.55 0.74 0.24 0.56 0.13

Al2O3 15.86 10.47 14.08 18.98 17.94 18.68 19 18.47 18.76 19.08 17.13 18.36 16.39
Cr2O3 b.d.l. b.d.l. b.d.l. 0.14 b.d.l. 0.04 0.09 b.d.l. 0.04 0.08 0.02 0.05 0.05
FeO 15.54 8.1 10.59 6.9 5.4 6 6.17 5.47 5.78 7.22 4.97 5.74 9.33
MnO 0.97 0.66 0.79 1.23 0.66 0.84 0.89 0.6 0.73 1.45 0.6 0.91 1.22
MgO 0.04 0.01 0.02 0.04 0.02 0.03 0.07 0.03 0.04 0.05 0.04 0.05 0.07
CaO 35.81 34.46 35.35 35.76 35.1 35.51 35.79 35.09 35.44 35.84 34.74 35.43 35.44

Na2O 0.01 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.01 b.d.l. 0.01 0.02
K2O b.d.l. b.d.l. b.d.l. 0.02 b.d.l. 0.01 0.01 b.d.l. b.d.l. 0.01 b.d.l. 0.01 0.04
SnO2 0.2 0.07 0.11 0.05 b.d.l. 0.03 0.06 b.d.l. 0.02 0.02 b.d.l. 0.01 0.08
Total 99.71 98.91 99.2 100.57 99.73 100.15 100.46 99.46 99.99 100.57 99.38 99.79 100.94
Spe 2.11 1.45 1.74 2.67 1.42 1.81 1.9 1.29 1.57 3.16 1.28 1.97 2.69
And 50.2 31.45 38.4 22.42 15.53 18.94 21.04 12.9 17.15 22.9 12.25 17.71 30.15
Gro 66.93 46.47 59.69 81.25 73.64 77.66 80.89 75.26 79.06 81.75 72.79 78.15 70
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Table 1. Cont.

Sample
1511-8-1
(N = 4) 1511-8-2 (N = 5) 1511-8-3 (N = 5) 1511-6-1 (N = 9) 1511-6-2 (N = 6)

Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min.

Generation Grt I Grt II

SiO2 38.36 38.58 38.61 38.07 38.24 38.73 38.16 38.37 37.65 36.71 37.15 37.3 36.72
TiO2 0.07 0.1 0.15 0.03 0.1 0.21 0.09 0.16 0.35 0.12 0.25 0.37 0.26

Al2O3 15.52 16.11 19.05 15.86 16.64 18.55 16.21 16.88 11.25 8.86 10.02 10.89 9.04
Cr2O3 b.d.l. 0.01 0.07 b.d.l. 0.02 0.13 b.d.l. 0.04 0.13 b.d.l. 0.04 0.08 b.d.l.
FeO 8.03 8.61 9.09 5.2 7.87 8.31 6.05 7.75 18.49 14.9 16.13 16.15 14.13
MnO 1.01 1.1 1.23 0.84 1.04 1.19 0.82 1.02 0.97 0.48 0.76 1.16 0.66
MgO 0.03 0.05 0.07 0.03 0.06 0.08 0.04 0.05 0.04 0.01 0.03 0.03 0.01
CaO 34.54 35.07 35.59 34.43 34.89 35.35 34.92 35.1 34.95 33.96 34.6 34.62 34.29

Na2O b.d.l. 0.01 0.01 b.d.l. b.d.l. 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.01 b.d.l.
K2O b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.02 b.d.l.
SnO2 b.d.l. 0.05 0.09 0.02 0.04 0.09 b.d.l. 0.05 0.45 0.1 0.32 0.29 0.03
Total 98.52 99.71 99.47 97.87 98.9 99.63 99.3 99.43 99.97 98.25 99.3 99.14 97.74
Spe 2.22 2.39 2.71 1.82 2.28 2.6 1.77 2.23 2.15 1.09 1.71 2.58 1.49
And 25.57 28.29 31.08 18.68 26.48 28.73 20.27 25.86 65.76 52.12 56.95 57.4 48.4
Gro 66.85 68.35 78.46 65.27 70.15 76.06 68.25 70.82 45.85 31.05 40.94 49.34 41.45

Sample 1511-6-2 1507-20-1 (N = 5) 1507-20-2 (N = 5) 1507-20-3 (N = 6) 1507-20-4 (N = 7)

Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg.

Generation Grt II

SiO2 37.06 37.08 36.69 36.94 37.15 36.57 36.83 37.68 36.34 36.86 36.92 36.04 36.56
TiO2 0.31 0.36 0.05 0.15 0.34 0.05 0.21 0.19 0.05 0.12 0.43 0.13 0.22

Al2O3 10.27 10.71 9.26 9.83 9.14 7.91 8.62 11.53 8.3 9.17 10.29 7.97 9.01
Cr2O3 0.03 0.12 b.d.l. 0.03 0.12 b.d.l. 0.06 0.1 b.d.l. 0.05 0.14 b.d.l. 0.04
FeO 15.23 16.78 14.59 16.05 18.23 16.72 17.43 18.67 14.1 16.73 18.01 15.09 16.97
MnO 0.83 0.76 0.61 0.69 0.66 0.48 0.57 1.04 0.51 0.75 0.89 0.51 0.65
MgO 0.02 0.03 0.02 0.02 0.05 0.01 0.02 0.05 0.02 0.03 0.06 0.02 0.04
CaO 34.46 35.03 34.14 34.64 34.84 34.17 34.58 34.88 33.62 34.31 34.7 34.12 34.46

Na2O b.d.l. b.d.l. b.d.l. b.d.l. 0.02 b.d.l. b.d.l. 0.02 0.01 0.01 0.01 b.d.l. b.d.l.
K2O 0.01 0.01 b.d.l. 0.01 0.01 b.d.l. b.d.l. 0.04 b.d.l. 0.02 0.02 b.d.l. 0.01
SnO2 0.16 0.35 0.2 0.27 0.55 0.18 0.36 0.27 0.01 0.15 0.43 0.19 0.28
Total 98.36 99.24 97.77 98.64 99.44 97.99 98.68 99.4 97.39 98.2 99.32 97.26 98.23
Spe 1.87 1.71 1.39 1.56 1.48 1.1 1.29 2.29 1.16 1.69 1.97 1.16 1.47
And 53.93 64.6 56.02 58.96 66.68 58.54 63.22 66.17 51.52 60.54 69.06 53.65 63.41
Gro 44.02 42.69 33.65 39.37 40.62 32.07 35.41 45.9 30.69 37.5 45.48 29.24 34.98

Note: b.d.l.—below detection limit.
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Figure 6. Triangular classification diagram of the garnets. Endmember abbreviations:
And—andradite; Gro—grossular; Spe—spessartine; Pyr—pyrope; Alm—almandine.

For Grt II, the SiO2 content ranged from 36.04 to 37.68 wt% (avg. 36.91 wt%); the
CaO content ranged from 33.62 to 35.03 wt% (avg. 34.51 wt%); the Al2O3 content ranged
from 7.91 to 11.53 wt% (avg. 9.53 wt%); the FeOT content ranged from 14.10 to 18.67 wt%
(avg. 16.40 wt%); and the MnO content ranged from 0.48 to 1.16 wt% (avg. 0.72 wt%)
(Figure 5). The data (based on 12 oxygen atoms) showed that Grt II was Fe-rich and
dominated by andradite (And48–69Gro29–49, avg. And59Gro39; Table 1, Figure 6).

Grt I lacked well-developed zoning (Figure 7a), and it showed homogeneity from the
core to the rim, with little variation in element content (Figure 7b). Grt II had significant
heterogeneity and well-developed oscillatory zoning (Figure 7c). From the core to the rim,
the CaO content showed limited variation, while the FeOT content increased and the Al2O3
content decreased. The variations in endmember compositions of andradite and grossular
were consistent with the contents of FeOT and Al2O3 (Figure 7d).
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The EPMA analysis results showed that the garnets contained a small amount of SnO2,
with that for Grt I ranging from below detection limit to 0.20 wt% (avg. 0.04 wt%) and that
for Grt II ranging from 0.01 to 0.55 wt% (avg. 0.26 wt%). The SnO2 content in Grt II was
significantly higher than that in Grt I.

5.3. LA-ICP-MS Analysis Results

The LA-ICP-MS analysis results of the two garnet generations are given in Table 2.
All garnets were strongly depleted in large ion lithophile elements (LILEs) compared to
the primitive mantle [26], with the contents of elements such as Rb, Cs, Ba, and K below
the detection limit. Grt I had 1.08–1.72 ppm Hf (avg. 1.50 ppm), 15.54–30.39 ppm Zr
(avg. 23.65 ppm), 2.51–6.15 ppm Nb (avg. 4.66 ppm), and 0.12–0.83 ppm Ta (avg. 0.36 ppm).
Grt II had 0.62–2.48 ppm Hf (avg. 1.62 ppm), 42.41–101.13 ppm Zr (avg. 68.58 ppm),
0.45–7.96 ppm Nb (avg. 4.90 ppm), 0.02–0.69 ppm Ta (avg. 0.32 ppm), 0.05–0.76 ppm Th
(avg. 0.20 ppm), and 0.19–0.84 ppm U (avg. 0.34 ppm).

Table 2. Trace element compositions (ppm) of the garnets.

Sample 1511-19-1 (N = 5) 1511-19-2 (N = 5) 1511-6-1 (N = 15) 1507-20-4 (N = 28)

Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg.

Generation Grt I Grt II

Sn 372.42 340.11 357.02 539.05 466.19 521.02 4137.47 2051.14 2828.50 3953.07 2051.14 2650.02
B 15.45 7.74 9.87 12.67 7.99 9.98 19.75 9.64 13.70 17.57 9.64 13.45
Cl 483.37 b.d.l. 244.25 b.d.l. b.d.l. b.d.l. 407.85 b.d.l. 130.67 407.85 b.d.l. 170.51
Sc 13.27 7.59 9.37 9.38 5.39 6.85 66.78 4.82 17.99 66.78 4.82 26.49
V 316.24 225.44 278.01 287.26 179.29 217.36 505.70 71.29 198.87 505.70 71.29 276.57
Cr 20.20 10.08 14.02 36.08 19.56 25.17 674.07 b.d.l. 92.07 674.07 15.36 140.35
Zn 9.14 6.96 7.86 10.04 8.21 8.93 16.50 1.95 3.29 16.50 1.95 3.22
Ga 32.47 30.27 31.68 31.52 30.12 30.58 43.08 20.26 26.27 26.71 20.26 22.66
Ge 4.65 2.60 3.35 4.10 2.56 3.09 23.60 4.24 10.00 10.62 4.24 7.68
As b.d.l. b.d.l. b.d.l. 0.71 b.d.l. 0.14 6.31 b.d.l. 0.92 6.31 b.d.l. 1.21
Sr 0.12 0.03 0.08 0.12 0.02 0.07 0.53 b.d.l. 0.07 0.53 b.d.l. 0.07
Zr 20.61 15.54 18.20 30.39 26.48 29.10 101.13 42.41 68.58 101.13 42.41 75.99
Nb 5.20 2.51 3.88 6.15 4.33 5.43 7.96 0.45 4.90 7.96 0.45 4.27
In 2.09 1.80 1.94 2.59 2.43 2.53 46.80 13.04 22.84 20.75 13.04 15.68
Sb b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.45 b.d.l. 0.16 0.38 b.d.l. 0.15
Hf 1.69 1.08 1.35 1.72 1.60 1.65 2.48 0.62 1.62 2.48 0.62 1.89
Ta 0.83 0.12 0.43 0.38 0.22 0.29 0.69 0.02 0.32 0.51 0.02 0.25
W 0.21 0.17 0.19 0.44 0.33 0.39 12.81 3.05 7.36 12.81 3.05 8.06
Th b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.76 0.05 0.20 0.76 0.05 0.29
U 0.01 b.d.l. b.d.l. 0.003 b.d.l. b.d.l. 0.84 0.19 0.34 0.84 0.19 0.39
La 0.003 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.22 0.02 0.04 0.22 0.02 0.05
Ce 0.01 b.d.l. 0.01 0.02 0.01 0.01 1.11 0.32 0.49 1.11 0.32 0.61
Pr 0.01 b.d.l. b.d.l. 0.01 b.d.l. 0.01 0.74 0.19 0.32 0.74 b.d.l. 0.39
Nd 0.11 0.01 0.07 0.11 0.04 0.07 9.69 3.00 4.49 9.69 3.00 5.31
Sm 0.10 b.d.l. 0.06 0.13 0.05 0.10 7.73 2.66 4.17 7.73 2.66 4.57
Eu 0.06 0.02 0.04 0.07 b.d.l. 0.04 0.67 0.32 0.44 0.67 0.32 0.49
Gd 0.32 0.22 0.27 0.50 0.39 0.44 11.29 3.74 6.78 11.29 3.74 7.53
Tb 0.13 0.08 0.10 0.15 0.12 0.13 1.82 0.56 1.14 1.82 0.56 1.31
Dy 1.44 1.10 1.29 1.66 1.39 1.51 13.09 3.15 7.55 13.09 3.15 9.02
Ho 0.47 0.39 0.43 0.51 0.41 0.46 3.35 0.65 1.58 3.35 0.65 1.97
Er 2.12 1.43 1.69 1.88 1.62 1.75 10.51 1.70 4.40 10.51 1.70 5.55
Tm 0.37 0.28 0.32 0.30 0.25 0.28 1.47 0.18 0.55 1.47 0.18 0.70
Yb 2.80 1.95 2.33 2.24 1.85 2.05 8.69 1.14 3.20 8.69 1.14 4.05
Lu 0.46 0.33 0.37 0.34 0.25 0.29 1.12 0.16 0.43 1.12 0.16 0.54
Y 15.91 13.04 14.44 15.83 14.89 15.22 130.60 23.65 57.59 130.60 23.65 71.53
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Table 2. Cont.

Sample 1511-19-1 (N = 5) 1511-19-2 (N = 5) 1511-6-1 (N = 15) 1507-20-4 (N = 28)

Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg.

Generation Grt I Grt II

ΣREE 8.01 6.02 6.98 7.53 6.78 7.13 59.30 18.84 35.58 59.30 18.84 42.08
LREE 0.25 0.10 0.18 0.27 0.17 0.22 19.94 7.14 9.95 19.94 7.14 11.42
HREE 7.91 5.84 6.81 7.26 6.62 6.91 48.82 11.29 25.63 48.82 11.29 30.66

LREE/HREE 0.03 0.01 0.02 0.04 0.03 0.03 0.67 0.17 0.41 0.67 0.17 0.40
δEu 0.94 0.47 0.67 0.89 b.d.l. 0.58 0.29 0.18 0.24 0.44 0.18 0.26
δCe 0.62 0.50 0.57 0.71 0.24 0.50 0.49 0.32 0.40 0.55 0.40 0.47

Note: b.d.l.—below detection limit.

Both generations of garnet contained ore-forming elements and trace elements, includ-
ing W, Sn, As, In, Ge, and Ga. For Grt I, the contents of W ranged from 0.17 to 0.44 ppm
(avg. 0.29 ppm); the Sn content ranged from 340.11 to 539.05 ppm (avg. 439.02 ppm); the
As content ranged from below detection limit to 0.71 ppm (avg. 0.07 ppm); the In content
ranged from 1.80 to 2.59 ppm (avg. 2.24 ppm); the Ge content ranged from 2.56 to 4.65 ppm
(avg. 3.22 ppm); and the Ga content ranged from 30.12 to 32.47 ppm (avg. 31.13 ppm).
For Grt II, the W content ranged from 3.05 to 12.81 ppm (avg. 7.36 ppm); the Sn con-
tent ranged from 2051.14 to 4137.47 ppm (avg. 2828.50 ppm); the As content ranged
from 0.57 to 6.31 ppm (avg. 0.92 ppm); the In content ranged from 13.04 to 46.80 ppm
(avg. 22.84 ppm); the Ge content ranged from 4.24 to 23.60 ppm (avg. 10.00 ppm); and the
Ga content ranged from 20.26 to 43.08 ppm (avg. 26.27 ppm). The concentrations of W, Sn,
As, In, and Ge in Grt II were higher than those in Grt I, while the Ga content was lower
than that in Grt I (Figure 8).

Minerals 2023, 13, x FOR PEER REVIEW 11 of 20 
 

 

HREE 7.91 5.84 6.81 7.26 6.62 6.91 48.82 11.29 25.63 48.82 11.29 30.66 

LREE/HREE 0.03 0.01 0.02 0.04 0.03 0.03 0.67 0.17 0.41 0.67 0.17 0.40 

δEu 0.94 0.47 0.67 0.89 b.d.l. 0.58 0.29 0.18 0.24 0.44 0.18 0.26 

δCe 0.62 0.50 0.57 0.71 0.24 0.50 0.49 0.32 0.40 0.55 0.40 0.47 

Note: b.d.l.—below detection limit. 

Both generations of garnet contained ore-forming elements and trace elements, in-

cluding W, Sn, As, In, Ge, and Ga. For Grt I, the contents of W ranged from 0.17 to 0.44 

ppm (avg. 0.29 ppm); the Sn content ranged from 340.11 to 539.05 ppm (avg. 439.02 ppm); 

the As content ranged from below detection limit to 0.71 ppm (avg. 0.07 ppm); the In con-

tent ranged from 1.80 to 2.59 ppm (avg. 2.24 ppm); the Ge content ranged from 2.56 to 4.65 

ppm (avg. 3.22 ppm); and the Ga content ranged from 30.12 to 32.47 ppm (avg. 31.13 ppm). 

For Grt Ⅱ, the W content ranged from 3.05 to 12.81 ppm (avg. 7.36 ppm); the Sn content 

ranged from 2051.14 to 4137.47 ppm (avg. 2828.50 ppm); the As content ranged from 0.57 

to 6.31 ppm (avg. 0.92 ppm); the In content ranged from 13.04 to 46.80 ppm (avg. 22.84 

ppm); the Ge content ranged from 4.24 to 23.60 ppm (avg. 10.00 ppm); and the Ga content 

ranged from 20.26 to 43.08 ppm (avg. 26.27 ppm). The concentrations of W, Sn, As, In, and 

Ge in Grt Ⅱ were higher than those in Grt І, while the Ga content was lower than that in 

Grt І (Figure 8). 

 

Figure 8. Plots of ΣREE content vs. W (a), Sn (b), As (c), In (d), Ge (e), and Ga (f) contents of the 

garnets. 

Both generations of garnet showed significant depletion in light rare earth elements 

(LREEs) and enrichment in heavy rare earth elements (HREEs; Figure 9). For Grt I, the 

total rare earth element (ΣREE) content ranged from 6.02 to 8.01 ppm (avg. 7.06 ppm); the 

ΣLREE/ΣHREE ratio ranged from 0.01 to 0.04, with weakly negative or no evident Eu 

anomalies (δEu = 0.47−0.94, avg. 0.67). For Grt II, the ΣREE content ranged from 18.84 to 

59.3 ppm (avg. 35.88 ppm); the ΣLREE/ΣHREE ratio ranged from 0.17 to 0.67, with a pro-

nounced negative Eu anomaly (δEu = 0.18−0.44, avg. 0.26). The ΣREE content and 

ΣLREE/ΣHREE ratio of Grt II were higher than those of Grt I, while δEu was lower than 

that of Grt I. 

Figure 8. Plots of ΣREE content vs. W (a), Sn (b), As (c), In (d), Ge (e), and Ga (f) contents of
the garnets.

Both generations of garnet showed significant depletion in light rare earth elements
(LREEs) and enrichment in heavy rare earth elements (HREEs; Figure 9). For Grt I, the
total rare earth element (ΣREE) content ranged from 6.02 to 8.01 ppm (avg. 7.06 ppm);
the ΣLREE/ΣHREE ratio ranged from 0.01 to 0.04, with weakly negative or no evident
Eu anomalies (δEu = 0.47–0.94, avg. 0.67). For Grt II, the ΣREE content ranged from
18.84 to 59.3 ppm (avg. 35.88 ppm); the ΣLREE/ΣHREE ratio ranged from 0.17 to 0.67,
with a pronounced negative Eu anomaly (δEu = 0.18–0.44, avg. 0.26). The ΣREE content
and ΣLREE/ΣHREE ratio of Grt II were higher than those of Grt I, while δEu was lower
than that of Grt I.
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6. Discussion
6.1. Composition of REEs in Garnet and Its Significance

The chemical formula of garnet is X3Y2[SiO4]3, where X represents divalent cations
(such as Ca2+, Mn2+, Mg2+, or Fe2+) in the dodecahedral site and Y represents trivalent
cations (such as Fe3+, Al3+, or Cr3+) in the octahedral site [27,28]. Incorporation of trace
elements, including REEs, into garnet crystals can occur in four ways: surface adsorp-
tion, occlusion, isomorphic substitution, and interstitial solid solution [29]. The first two
are mainly influenced by kinetic factors during crystal growth, while the latter two are
controlled by crystal chemistry [5,30].

Limited by ionic radius, REE3+ can only occupy octahedral positions to substitute
for X2+ through isomorphic substitution [1,5,31,32]. Possible isomorphic substitution
mechanisms include the following: 1. REE3+ + X+ ↔ 2Ca2+ [33,34]; 2. REE3+ + Z3+ ↔ Ca2+

+ Si4+ [4,29,30]; 3. REE3+ + Y2+ ↔ Ca2+ + Y3+ [35–37]; and 4. 2REE3+ + �↔ 3Ca2+ [38,39],
where X+ represents Na+; Z3+ is generally Al3+ and Fe3+; Y2+ is generally Mg2+, Fe2+; Y3+

mainly represents Al3+, and � represents a vacancy.
The Na2O content in Grt I was mostly below the detection limit (Table 1), suggesting

that REE3+ did not enter the garnet lattice via the first mechanism. Additionally, there was
no clear correlation between the ΣREE content and Al2O3 or MgO contents (Figure 10a,b),
indicating that the second and third mechanisms were not the main mechanisms for REE3+

incorporation. Thus, it was inferred that the main mechanism for REE3+ incorporation into
the Grt I lattice was the fourth mechanism. However, it was difficult to evaluate the fourth
mechanism, and the REE3+ content in the Grt I lattice may have been influenced by both
the crystal chemistry and the fluid’s physical and chemical conditions, such as pH and
f O2. Similarly, the Na2O content in Grt II was mostly below the detection limit (Table 1),
indicating that the first mechanism was not the main mechanism for REE3+ incorporation
into the Grt II lattice. The ΣREE content in Grt II showed a negative correlation with the
Al2O3 content and a positive correlation with the MgO content (Figure 10c,d), suggesting
that REE3+ may substitute for Ca2+ and Al3+ to enter the Grt II lattice with Mg2+ via the
third mechanism.
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Figure 10. Plots of Al (a,c) and MgO (b,d) contents vs. ΣREE content in the garnets.

Y and ΣREEs have similar geochemical behaviors, and the linear correlation between
the Y and ΣREE contents suggested that the garnets formed in a relatively closed system
without fluid mixing. Conversely, deviations from the linear trend may have indicated
changes in the fluid composition during garnet growth [5,40–45]. As shown in Figure 11,
there was a linear correlation between the Y and ΣREE contents in both garnet generations,
indicating that the compositions of the ore-forming fluids were stable. Some Grt II samples
deviated slightly from the trend line, suggesting slight changes in the compositions of the
ore-forming fluids in the late stage, but the ore-forming fluids were still dominated by
magmatic-hydrothermal fluids.
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REE fractionation in garnet is closely related to the pH of the hydrothermal fluid [46].
When the fluid is mildly acidic, the REE pattern of garnet typically exhibits LREE enrich-
ment, HREE depletion, and positive Eu anomalies [46–48]. In a neutral fluid, the REE
pattern of garnet is HREE-enriched and LREE-depleted, with negative or no evident Eu
anomalies [47]. As shown in Figure 9, both generations of garnet in the zinc–copper ore
bodies of the Changpo–Tongkeng deposit displayed significant HREE enrichment, LREE
depletion, and negative to no evident Eu anomalies, indicating that the two generations of
garnet were formed under near-neutral conditions.
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6.2. Characteristics of Ore Forming Based on Garnet Type

Garnets formed under different conditions have distinct chemical compositions, and
these compositions can provide insight into the physicochemical conditions during their
formation [3,49].

Due to the smaller ionic radius of Fe2+ compared to that of Ca2+, it is difficult for
Fe2+ to substitute for Ca2+ at the X-site in garnets through isomorphic substitution. As
a result, under relatively reducing conditions, grossular is mainly formed, while most
Fe2+ is transported in the hydrothermal fluids for long periods of time and over long
distances in the form of Na(FeCl)4 and other complexes [41,50]. In contrast, under relatively
oxidizing conditions, the Fe2+ in hydrothermal fluids oxidizes to Fe3+, substituting for Al3+

in garnet to form andradite, so the formation of andradite requires higher oxygen fugacity
than grossular formation [30,51–53]. Additionally, under high oxygen fugacity, garnet can
incorporate significant amounts of Sn, whereas Sn incorporation into garnet is difficult
under low oxygen fugacity conditions [54].

Grt I was mainly composed of Al-rich garnet (avg. Gro72And25), while Grt II was com-
posed of Fe-rich garnet (avg. Gro39And59). The average Sn content in Grt II (2377.65 ppm)
was significantly higher than that in Grt I (439.02 ppm), and there was a gradual increase
in the content of the andradite endmember from the core to the rim of Grt II (Figure 7d),
reflecting that the oxygen fugacity of the ore-forming fluids gradually increased. Previ-
ous studies have shown that the host rocks of zinc–copper ore bodies contain abundant
carbonaceous organic matter [8,9,55]. The ore-forming fluids exsolved from the magma
interacted with the host rock and experienced a significant decrease in oxygen fugacity. As
the carbonaceous organic matter in the host rock was gradually consumed, its impact on
the ore-forming fluids gradually decreased, and the oxygen fugacity of the ore-forming
fluids increased.

The absence of well-developed zoning in Grt I indicated a slow mineral crystal-
lization rate and low water/rock ratio (W/R) during the crystal growth process, sug-
gesting diffusion-controlled metasomatism and formation under relatively stable, closed
conditions. Conversely, Grt II contained well-developed oscillatory zoning, indicating
that it rapidly crystallized through infiltration-controlled metasomatism under high W/R
conditions [4,56].

6.3. The Occurrence State of Ore-Forming Elements and Metallogenic Implications

The trace element analysis showed that the Sn content in the garnets was relatively
high, with an average content of 439.02 ppm in Grt I and 2828.50 ppm in Grt II. The Sn
content tended to be positively correlated with the content of the andradite component
in garnet (Table 2). Previous studies have demonstrated that Sn4+ (0.069 nm) and Fe3+

(0.065 nm) have similar ionic radii, and Sn mainly enters garnet through isomorphic
substitution of Fe, that is, Sn4+ + Fe2+ = 2Fe3+ [57–61]. When the oxygen fugacity falls
within the MH (magnetite-hematite)–NNO (nickel-nickel oxide) range, Sn enters garnet
as Sn4+ substituting for Fe3+. However, when the oxygen fugacity is below the FMQ
(fayalite-magnetite-quartz) range, it is difficult for Sn to enter garnet as Sn2+; therefore, Sn
is enriched in the hydrothermal fluids [54].

In this paper, we collected the average Sn content in garnets from the Xianghualing,
Baiganhu, Gejiu, and Huangshaping skarn-type tin deposits, which were 4294.79 ppm [62],
964.75 ppm [63], 2020.00 ppm [64], and 2109.24 ppm [30], respectively. The average Sn
content in garnet from the zinc–copper ore bodies of the Changpo–Tongkeng deposit was
2377.65 ppm, which was comparable to that in the above mentioned tin deposits. Combined
with high Sn content in vesuviante (Sn = 688.09 ppm, [65]) and axinite (Sn = 280.56 ppm,
unpublished data) in this deposit, the results indicated that the ore-forming fluids were
significantly enriched in Sn.

To date, In has been found in garnets from various types of skarn deposits, but there
is limited research on In in garnet [39,63,66,67]. The average In content was 12.54 ppm
in garnets from the zinc–copper ore bodies of the Changpo–Tongkeng deposit, with an
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average content of 22.84 ppm in Grt II, which was 228 times higher than the Clark value [68].
There was a rough positive correlation between the Sn and In contents. Zhou J.H. et al. [63]
and Fei X.H. et al. [39] reported average In contents of 7.77 and 7.86 ppm, respectively, in
garnets from the Baiganhu and Cuihongshan deposits. The high In content in the garnets
from the Changpo–Tongkeng deposit indicated that there was a large amount of In in the
ore-forming fluids. In a study of the trace element In in the Dachang ore field, Wu Y.T. [69]
noted that the In content in the ore-bearing strata was relatively high (avg. 1.88 ppm), with
an average of 4.64 ppm in the Luofu Formation (D2

2l), especially in light-gray limestone
where In was highly enriched (avg. 30.62 ppm). This enrichment was believed to have
been influenced by the ore-forming fluids, and the study also revealed that the In content
increased as the ore bodies approached the granitic pluton, indicating that In was mainly
derived from magmatic-hydrothermal fluids.

The isotopic chronology showed that the metallogenic ages of the tin polymetallic
ore bodies and zinc–copper ore bodies were consistent with the diagenetic age of the
Longxianggai granitic pluton [8,10–15]. The δ66Zn value of sphalerite from the zinc–copper
ore bodies measured by Cai M.H. [17] was 0.24‰–0.34‰, while that of the tin polymetallic
ore bodies was 0.22‰–0.31‰. The zinc isotopic compositions of the two types of ore
bodies were quite consistent and were consistent with granitic pluton. In addition, the REE
patterns of sphalerites in the two types of ore bodies were consistent with granitic pluton,
which is characterized by LREE enrichment and HREE depletion [70]. Wu Y.T. [69] analyzed
the Sn content in the No. 96 and No. 95 zinc–copper ore bodies and No. 92 and No. 91 tin
polymetallic ore bodies and found that the average Sn content in different ore bodies did
not change significantly, with values of 114.18, 119.02, 134.58, and 113.4 ppm, respectively.
The above results indicated that the ore-forming material sources of zinc–copper ore bodies
and tin polymetallic ore bodies were the same and derived from the Longxianggai granitic
pluton. The high Sn content in garnet may be the main reason for the lack of tin ore bodies
in the skarn stage.

As previously mentioned, the strike of the concealed granitic pluton of the Changpo–
Tongkeng deposit is consistent with the strike of the Dachang fault. Both the granitic pluton
and the ore bodies occur on the gentle NE limb of the Dachang anticline. The zinc–copper
ore bodies occur in the contact zone between the granitic pluton and the marl and limestone
of the Luofu Formation (D2

2l). Tin polymetallic ore bodies are found in the siliceous rocks
of the Upper Devonian Liujian Formation (D1

3l), the limestone of the Wuzhishan Formation
(D2

3w), and the marl of the Tongchejiang Formation (D3
3t), which are far from the granitic

pluton. The zinc–copper ore bodies are located proximal to the granitic pluton in the lower
part, with a relatively closed, high-pressure and high-temperature ore-forming system [21].
Moreover, the ore-forming strata contain abundant carbonaceous organic matter and
sulfur [8,9,55], which leads to a decrease in the fluid’s oxygen fugacity and an increase
in its sulfur fugacity. These conditions are unfavorable for the precipitation of cassiterite
but cause sulfides to precipitate and form zinc–copper deposits. With the continuous
exsolution of magmatic-hydrothermal fluids, the ore-forming fluids migrated upwards
along the Dachang fault and fractured zones. As the fluid pressure decreased, fluid boiling
became likely, and the fluids could mix with atmospheric precipitation infiltrating along
the fault and fractured zones. Fluid water rock reactions were enhanced, leading to tin
precipitation [71–76]. Analysis of the fluid inclusions and the C, H, O, and Ar isotopes of
the minerals also suggested the addition of atmospheric precipitation and the boiling of
ore-forming fluids during tin precipitation [8,21].

In this study, we collected the trace element contents of garnets from skarn tin
(–tungsten) deposits and copper (–polymetallic) deposits in China (Figure 12). The Sn
content in garnet from the tin (–tungsten) deposits was 100–10,000 ppm, with δEu less than
1; the Sn content from the copper (–polymetallic) deposits was generally less than 1000
ppm (a high Sn content occurs in the Huangshaping and Haobugao deposits because the
deposits are accompanied by cassiterite), and δEu was typically greater than 1. As seen
from the above discussion, the trace element contents of garnet in skarn-type deposits,
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such as Sn, along with δEu and other indicators played a significant role in evaluating the
mineralization type and mineralization potential.

Minerals 2023, 13, x FOR PEER REVIEW 16 of 20 
 

 

the above discussion, the trace element contents of garnet in skarn-type deposits, such as 

Sn, along with δEu and other indicators played a significant role in evaluating the miner-

alization type and mineralization potential. 

 

Figure 12. Variation range diagrams of ore-forming element contents, ΣREE content, and δEu in 

garnets from different types of skarn deposits. Data source: This study and [2,30,35,62–64,77–80]. 

  

Figure 12. Variation range diagrams of ore-forming element contents, ΣREE content, and δEu in
garnets from different types of skarn deposits. Data source: This study and [2,30,35,62–64,77–80].



Minerals 2023, 13, 937 17 of 20

7. Conclusions

(1) Garnets in the zinc–copper ore bodies in the Changpo–Tongkeng deposit belong to the
grossular–andradite solid solution series, which can be divided into two generations:
an early generation (Grt I) and a late generation (Grt II). Grt I has uniform composition
and no zoning. It was mainly formed in a relatively closed, near-neutral metallogenic
system with low oxygen fugacity that was dominated by hydrothermal diffusion
metasomatism. Grt II is andradite with well-developed oscillatory zoning, which
was formed in a near-neutral system with relatively high oxygen fugacity that was
dominated by infiltration metasomatism.

(2) Both garnet generations are strongly depleted in LILEs and enriched in HFSEs such
as Hf, Zr, Nb, and Ta; the total contents of REEs in the two generations of garnet
are relatively low, showing LREE depletion and HREE enrichment patterns, and Grt
II has higher REE contents than Grt I. REE3+ enters Grt I through isomorphism by
replacing Ca2+ and may be influenced by both the crystal chemistry and the fluid’s
physical and chemical conditions (pH, f O2). REE3+ may substitute for Ca2+ and Al3+

and enter the Grt II lattice with Mg2+.
(3) The contents of Sn, As, W, In, and Ge in the garnets are relatively high and increase

with an increase in the andradite component. Sn in zinc–copper ore bodies mainly
exists in the form of isomorphic substitution in garnet, which may be the main reason
for the lack of tin ore bodies during the skarn stage.

(4) Based on the trace element analysis of garnets from domestic skarn tin (–tungsten)
deposits and copper (–polymetallic) deposits, the Sn content and δEu in garnet can be
used to evaluate the tin-forming potential of skarn deposits.
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