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Abstract:



Indium (In) is commonly hosted in Sn-rich deposits but rarely reported in Sn-poor deposits. However, an In-rich and Sn-poor skarn deposit, the Qibaoshan Cu-Zn-Pb deposit, has been identified in south China. Geochemical analyses were undertaken on 23 samples representing the following mineral assemblages: sphalerite-pyrite, pyrite-chalcopyrite, pyrite-sphalerite-galena-chalcopyrite, pyrite, magnetite-pyrite, and magnetite. The results show that In is richest in the sphalerite-pyrite ores, with concentrations of 28.9–203.0 ppm (average 122.8 ppm) and 1000 In/Zn values of 2.7–10.9 (average 7.0). Other ore types in the Qibaoshan deposit are In poor, whereas all are Sn poor (10 to 150 ppm), with most samples having Sn concentrations of ≤70 ppm. Indium is mainly hosted by sphalerite, as inferred from the strong correlation between In and Zn, and weak correlation between In and Sn. Mineral paragenetic relationships indicate sphalerite formed from late quartz-sulfide stage of mineralization processes. Indium in the Qibaoshan deposit is richer in vein-type orebodies than in lenticular-type orebodies occurring at contact zones between carbonate and quartz porphyry, or in carbonate xenoliths. Igneous intrusions that were Sn poor and emplaced at shallow depths formed the In-rich orebodies of the Qibaoshan deposit.
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1. Introduction


With indium (In) being widely used in high-technology applications, it is important for geologists to understand the development of In deposits [1,2,3]. Indium is hosted by many deposit types [1], and industrial In resources are generally associated with massive sulfide, granite-related vein, skarn, and disseminated deposits [2,4]. Although In occurs mainly in an isomorphic form in sphalerite, important resources are hosted in Sn-rich deposits. Examples include Sn-polymetallic deposits in south China [5,6,7], Bolivia [8], Japan [2,4], and some Sn-rich Cu-Zn deposits within the Iberian Pyrite Belt [9,10,11] and the Meng’entaolegai Ag-Pb-Zn deposit in north China [12]. Considering these associations with Sn-rich mineralization, could In-rich deposits also occur in Sn-poor environments?



According to limited geochemical and mineralogical data, the following ore deposits may be classified as Sn-poor but In-rich based on summaries of 104 In-bearing deposits by Schwarz-Schampera and Herzig (2002) [1]. Volcanogenic massive sulfide deposits at Brunswick No. 12 and Health Steele in New Brunswick, Canada, contain average values of 49–69 and 50 ppm In, respectively [1]. The Zulova polymetallic vein-type deposit in the Bohemian Massif of Czechoslovakia has an average value of 52 ppm In. The epithermal Prasolov deposit at Kunashir Island, Kuriles, Russia, and the Karamazar skarn deposit in Uzbekistan have average values of 20 and 35 ppm In, respectively. Active seafloor hydrothermal vent sites include the Southern Lau Basin in the South Pacific (average 78 ppm In) [1,13]; the Eastern Manus Basin (average 57 ppm In) at Manus-Kilinailau, Papua, New Guinea [14]; and Snake Pit (average 29 ppm In) on the Mid-Atlantic Ridge at 23° N [15]. In addition, the Kudryavy Volcano (average 20 ppm In) on Iturup Island, Russia, represents an active magmatic system [16,17]. These examples illustrate the existence of In-rich mineralization in Sn-poor deposits, but no detailed study has been conducted on this deposit type. Therefore, further research is required to document the geology, mineralogy, and geochemistry of In-rich and Sn-poor deposits.



South China contains significant In mineralization and important deposits occur in Yunnan, Guangxi, Guangdong and south Hunan provinces (Figure 1a). The In deposits of south China commonly occur within Sn belts [18] and include Dachang in the Nandan-Hechi Sn belt of northwest Guangxi [19], and Dulong [6] and Gejiu [20] in the southeastern Yunan Sn belt [21]. In contrast, In mineralization in the northeastern Hunan province (NEH) occurs within a Cu-Au belt. The Qibaoshan Cu-Zn-Pb deposit is the largest of these deposits in the NEH, with ~585 t In [22,23], and provides a type example to study In mineralization in a Sn-poor setting.


Figure 1. (a) Location map of In-bearing deposits in south China (after [24]). (b) Regional geological map of northeastern Hunan province (after [25,26,27]) showing Cu-Pb-Zn deposits related to Yangshanian stocks, southeast of the Changsha-Pingjiang Fault (CPF). Abbreviations: DC = Dongchong Cu-Co deposit; J = Jingchong Cu deposit; S = Shitangchong Cu deposit; C = Chengchong Cu deposit; B = Bieyushan Pb-Zn deposit; D = Donggangshan Cu deposit; and Q = Qibaoshan Cu-Zn-Pb deposit.
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Exploration of the Qibaoshan deposit occurred from 1958 to 1971, and the No. 402 Geological Team of the Hunan Bureau of Geology and Mineral Resources (HBGMR) identified 280,000 t Cu, 520,000 t Zn, 60,000 t Pb, and 40 Mt pyrite with associated Au-Ag-Ge-Ga-In-Cd [23]. This paper presents new geochemical and mineralogical data that are used to develop a genetic model for In mineralization in the Sn-poor Qibaoshan skarn deposit.




2. Regional and Local Geology


2.1. Regional Geology of Northeastern Hunan Province


The Qibaoshan deposit is located ~90 km east of Changsha City, southern China. In a tectonic sense, the NEH is located within the central part of the Jiangnan orogenic belt. Lithostratigraphic units in the NEH include Neoproterozoic low-grade metamorphic rocks of the Lengjiaxi Group, Mid-Devonian to Mid-Triassic shallow marine clastic-carbonate rocks, and Meso-Cenozoic red-bed sedimentary rocks (Figure 1b) [27]. The Lengjiaxi Group is widely distributed in the NEH and consists of sericite phyllite and quartz-sericite phyllite, with a thickness of ≥25,000 m [28]. Mid-Devonian to lower Carboniferous rocks are terrigenous clastic units, and upper Carboniferous to Permian rocks are carbonates. Structural basins separated by NNE-NE trending faults in the NEH contain Meso-Cenozoic red-bed sedimentary rocks (Figure 1b) [29].



The NEH experienced multiple periods of granitic magmatism from the Neoproterozoic to Early Cretaceous. Dominant periods are marked by Caledonian and Yanshanian granites [25,29,30,31,32,33], with early Yanshanian (160–140 Ma) granites [27,34,35] being most abundant in the NEH. These granites are subdivided into two types based on size and geochemical features [26]. The first type comprises large plutons (10–1000 km2) northwest of the Changsha-Pingjiang Fault (CPF; Figure 1b), which are S-type or fractionated S-type granites [33] (e.g., the Mufushan, Wangxiang, and Jinjing plutons). The second type comprises stocks and dykes (e.g., Qibaoshan and Bieyushan) that occur southeast of the CPF (Figure 1b). Fault intersections controlled the emplacement of these diorite-granite porphyry and quartz porphyry intrusions that measure ≤1 km2 to several km2 in surface area. Although geochemical and mineralogical data are limited, these igneous rocks are classified as I-type granites based on the assemblage of accessory minerals [25,26].



Numerous gold and base metal deposits occur throughout the NEH. Gold deposits hosted by the Lengjiaxi Group occur in quartz veins, altered slates, and breccia within ductile shear zones (e.g., the Wangu [36], Huangjindong, Yanlinshi, and Hongyuan gold deposits [27,37]). Base metal mineralization in vein, skarn, and porphyry-type deposits is associated with I-type granites south of the CPF (Figure 1b) [26], with copper being the dominant mineral resource. Deposits include the vein-type Zn-Pb-Cu Dongchong [26,38], vein-type Co-Cu Jingchong [39,40], and skarn-type Cu-Zn-Pb Qibaoshan [28]. Additional mineral occurrences were explored during the 1950s to 1980s (e.g., Shitangchong Pb-Zn-Cu vein, Bieyushan Pb-Zn-Cu porphyry, Zhangchong-Mazhichong Cu veins, and Dongmaoshan Cu-Mo veins [26,34,39]). However, the largest base metal deposit in the NEH is the Qibaoshan deposit, which contains skarn and vein-type mineralization.




2.2. Geology of the Qibaoshan Deposit


2.2.1. Stratigraphy


Rock units of the Qibaoshan deposit, as exposed in outcrop, include the Lengjiaxi Group, the Lower Nanhua Liantuo Formation, and Carboniferous and Quaternary sediments (Figure 2a) [28,41]. Sericite-phyllite and quartz-sericite-phyllite strata of the Lengjiaxi Group occur at the north and south of the deposit. An unconformity separates the Lengjiaxi Group from the underlying Liantuo Formation. North of the mine, a lower unit of quartzite and an upper unit of slate and metamorphosed siltstone make up the Liantuo Formation. Rocks of the lower Carboniferous Datang Formation consist of shale, siltstone, and conglomerate [28]. Mudstone, limestone and medium-grained dolomite make up the middle to upper Carboniferous Hutian Formation [28], which hosts the lenticular-type orebodies of the Qibaoshan deposit [22].


Figure 2. (a) Geologic map of the Qibaoshan deposit (after [28]). (b) Cross-section of the No. 11 prospecting line. (c) Cross-section of the No. 12 prospecting line. (d) Cross-section of the No. 34 prospecting line ((b–d) are after the No. 402 Geological Team, unpublished data). (e) Cross-section of the No. 62 prospecting line (after [45]). Abbreviations: LB = Laohukou Block; DB = Daqibaoshan Block; XB = Xiaoqibaoshan Block; JGB = Jigongwan Block; and JJB = Jiangjiawan Block.
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2.2.2. Intrusive Rocks


Mineralization in the Qibaoshan deposit is related to a complex of quartz porphyry stocks that comprise three phases [28,42,43]. The emplacement of this complex was controlled by the F1 and F2 faults (Figure 2a). The first phase, quartz porphyry 1 (Q1), is a mushroom-shape body measuring 6000 m long (E–W) and 10 to 1000 m wide (N–S), with a surface area of ~1.7 km2 [41]. In the southeast edge of the intrusion, breccias within the F2 Fault and suborder faults contain clasts of slate and limestone (Figure 2a). Dykes of Q1 extend from this northwest-trending intrusion at intersections with the F2 Fault and secondary faults. Texturally, Q1 contains phenocrysts of quartz (5–15 vol %), feldspar (10–20 vol %), and biotite (2–3 vol %) set in a microcrystalline groundmass containing sericite, clay minerals, and fine quartz [28]. Quartz porphyry 1 was intruded by a small body (~0.3 km2) of quartz porphyry 2 (Q2), near the mine’s center (Figure 2a), whereas to the east and west, Q2 occurs as dykes along the F2 Fault [44]. Although Q1 and Q2 have similar mineral assemblages, they differ as follows [28]: (1) quartz phenocrysts in Q2 (0.8–3.4 mm) are larger than those in Q1 (0.6–2.2 mm); (2) quartz grains in Q1 are white and opaque; (3) feldspar phenocrysts in Q2 (0.3–3.4 mm) are larger than those in Q1 (0.4–1.7 mm); and (4) clay minerals produced by weathering of Q2 and Q1 are montmorillonite and kaolinite, respectively.



The third phase, quartz porphyry 3 (Q3), occurs in the northern part of the mine and has a sub-round shape measuring 165 m × 120 m [28]. Phenocrysts consist of quartz, feldspar, biotite, and trace hornblende [45], which are smaller (<1 mm) than those in Q1 and Q2 [28]. Phenocrysts in Q3 occur in a groundmass of feldspar, cryptocrystalline quartz, and fine biotite. The mineralogy and geochemistry of the three phases indicate Q1 is pre-mineralization, Q2 is syn-mineralization, and Q3 is post-mineralization [41].



Zircon from Q1 yields an LA-ICP-MS U-Pb age of 155 Ma [46], indicating the Qibaoshan intrusion formed during an early stage of magmatism in the NEH [33]. Mineralogical and geochemical data, including A/NCK = 1.1–3.3 [47], Na2O (0.4–0.5 wt %) < K2O (1.5–6.8 wt %), and a CIPW normative corundum content of 5.4 wt % [48], indicate the Qibaoshan quartz porphyry is an S-type granite. However, slightly negative Eu anomalies [47] and magnetite > ilmenite are features of I-type granites [28]. Petrogeochemistry and Hf isotopes for zircons indicate the quartz porphyry magma originated from a crustal source, with mantle input [46,47].




2.2.3. Orebodies in the Qibaoshan Deposit


Mineralization occurs at the contact between the quartz porphyry intrusion and carbonate rocks, within a carbonate xenolith hosted by quartz porphyry, and along the unconformity between the Datang and Liantuo formations (Figure 2b–e) [42,45]. Exploration for Cu, S, and Fe occurred from 1950 through the 1960s, when 208 orebodies, including the six largest (e.g., Nos I-1, I-3, III-3, VII-20, VIII-30, and IX-1), were discovered Orebodies are divided into lenticular-type and vein-type based on shape, host rocks, and mineralogy. Lenticular-type orebodies occur at the contact between intrusions and carbonate rocks, in contrast to the vein-type orebodies that occur along faults. The Qibaoshan deposit is divided into five blocks relative to the location of quartz porphyry (Figure 2a) [28,49]. Northeast of the quartz porphyry are the Laohukou Block (LB), the Daqibaoshan Block (DB), and the Xiaoqibaoshan Block (XB), whereas the Jigongwan Block (JGB) and Jiangjiawan Block (JJB) occur southwest of the quartz porphyry.



The LB hosts seven orebodies north of the Qibaoshan quartz porphyry. These orebodies occur within the F2 Fault and along the unconformity separating the Hutian and Datang formations [28,45]. The LB is 1100 m long and extends to a depth >200 m downdip (Figure 2b), with the largest individual orebody (I-1) being 758 m long and <1 to 177 m (average 16 m) thick. Ore grades are ≤1.5 wt % Cu, 0.6–4.2 wt % Zn, and 0.2–0.9 wt % Pb [45].



East of the LB are the principal orebodies (e.g., VIII-20 and VIII-30) of the DB (Figure 2a,d), which are lenticular-type hosted by a limestone xenolith within quartz porphyry. The VIII-30 orebody occurs along the upper contact of the limestone xenolith and is 18–110 m long with an average thickness of 11.6 m. The VIII-20 orebody occurs along the lower contact and is 105–425 m long (average 267 m) with a thickness of ~10 m (Figure 2a). The two orebodies contain 0.3 to ~0.6 wt % Cu and 13.0 to ~24.0 wt % S.



The JGB has a central position in the mine and is located southeast of the LB (Figure 2a). A total of 69 orebodies make up the JGB, with the largest explored being I-1 and III-3. The I-1 orebody is 500 m long, dips to the southwest at 40° to 60°, and occurs at an unconformity between limestone and phyllite. Irregular lamellar and lenticular ores make up the III-3 orebody, which dips to the NE or SW at 45° to ~60°. This orebody trends 295°, is 350 m long, and occurs at the contact between the quartz porphyry and limestone (Figure 2c).



South of the DB is the JJB (Figure 2b), which consists mainly of the IX-1 orebody. This east-west trending orebody has an irregular, lamellar shape and dips to the south at 20° to ~80°. This 300 m long orebody thins with depth and contains 0.2 to ~0.6 wt % Cu and 13.4 to ~16.4 wt % S.



The XB consists of 16 orebodies, hosted by faults, and occurs in the eastern part of the mine. The largest orebody, I-3, trends 120° and has a length of 820 m and width of 70 to ~95 m. It extends to a depth of 400 m and dips at 60° to ~75°.




2.2.4. Ore Types and Mineral Paragenetic Sequence


Ore minerals of the Qibaoshan deposit are dominantly magnetite, pyrite, chalcopyrite, sphalerite, and galena [45,48,50]. However, gangue minerals in the lenticular- and vein-type orebodies are different. Skarn minerals such as garnet, diopside, wollastonite, tremolite, actinolite, and pistacite are common gangue in lenticular-type orebodies, whereas quartz and calcite occur in the vein-type orebodies.



Six ore types are distinguished based on the content and assemblages of the main ore minerals. Type-one magnetite ores (Mt ores) are fine-grained magnetite (Figure 3a), locally replaced by chalcopyrite (Figure 4a), with rare tetradymite and joseite-B [51,52]. This ore type occurs mainly in the JJB and DB, in the middle of the deposit, and grades into magnetite-pyrite ore. Type-two magnetite-pyrite ores (Mt-Py ores) have a similar distribution to the Mag ores and consist of magnetite and pyrite (Figure 3b), with magnetite replaced by pyrite (Figure 4b). Type-three pyrite ores (Py ores) are massive and represent vein-type orebodies (Figure 3c). Pyrite crystals are euhedral to anhedral (Figure 4c) and up to 0.1 mm in size [28]. Type-four pyrite-sphalerite-galena-chalcopyrite ores (Py-Sp-Gn-Ccp ores) are widely distributed in the deposit and occur mainly as vein-type orebodies. The ore is massive (Figure 3d) below −100 m sea level (s.l.) and poorly consolidated above this level due to the effects of groundwater. Pyrite is euhedral to subhedral, while other minerals are subhedral to anhedral. Arsenopyrite is a common mineral of type-four ores and is intergrown with sphalerite and pyrite. Type-five pyrite-chalcopyrite ores (Py-Ccp ores) occur in the LB as lenticular- and vein-type orebodies. Anhedral chalcopyrite (0.1–0.6 mm) and euhedral to subhedral pyrite are the ore minerals (Figure 3e), with trace pavonite (Figure 4d). Gangue minerals in lenticular orebodies are chlorite and forsterite (Figure 4e). The ore is poorly consolidated above −100 m s.l., similar to the Py-Sp-Gn-Ccp ores. Type-six sphalerite-pyrite ores (Sp-Py ores) occur in the XB and consist mainly of subhedral to anhedral pyrite and sphalerite (Figure 4f) ranging from 0.4 to 0.8 mm in size. Trace amounts of chalcopyrite with pyrrhotite occur as inclusions in pyrite (Figure 4g). Sphalerite showing chalcopyrite disease is common in the Sp-Py ores (Figure 4h). Arsenopyrite replaces pyrite, or occurs as euhedral crystals (Figure 4i), and is associated with a gangue of clay minerals and quartz. Type-six ores above −100 m s.l. are poorly consolidated and have a cavernous texture (Figure 3f) due to the effects of groundwater.


Figure 3. Representative specimens of ore types in the Qibaoshan deposit: (a) magnetite ore showing fine grained magnetite (Mag) cut by pyrite (Py) veins; (b) magnetite-pyrite ore with fillings of pyrite and serpentine (Srp); (c) pyrite ore with intergrowths of fine-grained pyrite and quartz (Qz); (d) pyrite-sphalerite-galena-chalcopyrite ore showing sphalerite around pyrite and chalcopyrite (Ccp); (e) pyrite-chalcopyrite ore with veins of pyrite and chalcopyrite cutting gangue minerals; and (f) sphalerite-pyrite ore showing cavernous texture.



[image: Minerals 07 00076 g003]





Figure 4. Photomicrographs showing minerals and textures in ores of the Qibaoshan deposit: (a) chalcopyrite (Ccp) replacing magnetite (Mag) with trace marcasite (Mrc) and limonite (Lm) in Mag ore; (b) pyrite (Py) replacing magnetite in Mag-Py ore; (c) euhedral pyrite in Py ore; (d) chalcopyrite with pavonite (Pav) filling pyrite in Py-Ccp ore; (e) chalcopyrite filling actinolite (Act) in Py-Ccp ore; (f) sphalerite replacing pyrite in Sp-Py ore; (g) pyrrhotite (Po) and chalcopyrite inclusions in pyrite of Sp-Py ore; (h) sphalerite with chalcopyrite disease in Sp-Py ore; and (i) arsenopyrite (Apy) replacing pyrite in Sp-Py ore.
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Different stages of mineralization are documented for the Qibaoshan deposit (Figure 5) [28,53,54]. Initial skarn mineralization is subdivided into early, late, and oxide stages. Subsequent mineralization is separated into early and late quartz-sulfide stages, followed by supergene alteration. Significant In was deposited with sphalerite during the late quartz-sulfide stage.


Figure 5. Paragenesis of mineralization in the Qibaoshan deposit (after [28]).
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3. Sampling and Analyses


3.1. Sample Sites


Orebodies in the JJB are deeper than those in the other blocks and have not been developed to date. Samples of ore were collected from underground workings of the LB, DB, XB, and JGB. The locations and types of samples are listed in Table 1.



Table 1. Location and descriptions of samples from the Qibaoshan deposit.







	
Sample No

	
Location

	
Ore Types

	
Description




	
Laohukou Block (LB)

	

	






	
1

	
L1

	
Level 40 m

	
Py-Ccp ores

	
Massive, coarse grained, Py > Ccp, Apy (10%)




	
2

	
L3

	
Level 12 m

	
Py-Ccp ores

	
Loose sulfides, fine grained, Py > Sp




	
3

	
L6

	
Level 12 m in No. 8-1 orebody

	
Py ores

	
Massive, medium-fine grained, Py (50%) > Ccp (10%)




	
4

	
L7

	
Same as above

	
Py ores

	
Same as above




	
5

	
L8

	
Level 19 m in No. I orebody

	
Py-Sp-Gn-Ccp ores

	
Massive, medium-fine grained, Py (20%) > Sp > Ccp (5%) > Gn




	
6

	
L9

	
Same as above

	
Py-Sp-Gn-Ccp ores

	
Loose sulfides, fine grained, Py > Sp > Ccp




	
7

	
L10

	
Same as above

	
Py-Ccp ores

	
Massive, medium-fine grained, Sp > Py




	
8

	
L12

	
Same as above,

	
Py-Sp-Gn-Ccp ores

	
Massive, medium-fine grained, Sp (30%) > Py > Ccp > Gn




	
9

	
L14

	
Level 12 m in No. I orebody

	
Py-Ccp ores

	
Massive, medium-fine grained, Py > Ccp




	
10

	
L17

	
Same as above

	
Py-Sp-Gn-Ccp ores

	
Disseminated, medium-fine grained, Sp > Py > Ccp > Gn




	
Daqibaoshan Block (DB)

	

	




	
11

	
D9

	
Level 116 m

	
Mag-Py ores

	
Massive, coarse grained, Py > Mag (10%), contained serpentine




	
12

	
D16

	
Same as above

	
Mag-Py ores

	
Massive, coarse grained, Mag > Py > Sp




	
Xiaoqibaoshan Block (XB)

	

	




	
13

	
X1

	
Level −29 m @ line 52

	
Py-Ccp ores

	
Disseminated, medium-fine grained, Py > Ccp > Sp




	
14

	
X6

	
Level −43 m @ line 58

	
Sp-Py ores

	
Disseminated, medium-fine grained, Py > Sp




	
15

	
X7

	
Level −43 m @ line 68

	
Sp-Py ores

	
Disseminated, medium-fine grained, Sp > Py




	
16

	
X8

	
Same as above

	
Sp-Py ores

	
Disseminated, medium-fine grained, Py > Sp




	
17

	
X9

	
Same as above

	
Sp-Py ores

	
Disseminated, medium-fine grained, Sp > Py




	
18

	
X10

	
Same as above

	
Sp-Py ores

	
Same as above




	
19

	
X11

	
Level −43 m @ line 70

	
Sp-Py ores

	
Same as above




	
20

	
X12

	
Level −45 m @ line 62

	
Sp-Py ores

	
Same as above




	
21

	
X13

	
Level −43 m @ line 58

	
Py-Ccp ores

	
Disseminated, medium-fine grained, Sp > Py




	
Jigongwan Block (JGB)

	

	




	
22

	
J5

	
Level 84m

	
Py-Ccp ores

	
Disseminated, medium-fine grained, Py > Ccp




	
23

	
J8

	
Same as above

	
Mag ores

	
Disseminated, medium-fine grained, Mag > Py








Abbreviations: Py = pyrite, Ccp = chalcopyrite, Sp = sphalerite, Gn = galena, Mag = magnetite, Apy = Arsenopyrite.









3.2. Whole-Rock Geochemical Analyses


Twenty-three representative ores samples from the LB, DB, XB, and JGB of the Qibaoshan deposit were analyzed at Australia Laboratory Services (ALS), ALS Chemex in Guangzhou, China. Bulk samples were processed using perchloric, nitric, hydrofluoric, and hydrochloric acids (four acids), digested, and then In contents were measured using inductively coupled plasma-mass spectrometry (ICP-MS), with detection limits of 0.005 to 500 ppm. Other elements, including P, S, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Ag, Cd, Sn, Sb, W, Pb, and Bi, were processed with four acids and sodium peroxide flux, and analyzed using inductively coupled plasma-atomic emission spectroscopy (ICP-AES).




3.3. Electron-Probe Microanalyses


Minerals were identified in polished thick sections using standard reflected-light microscopy techniques. The results of bulk-rock geochemistry were used to select In-rich samples for detailed mineralogical and in situ compositional studies. Electron-probe microanalysis (EPMA) were conducted using a Shimadzu EPMA-1720H electron microprobe housed at the School of Geosciences and Info-physics, Central South University, Changsha, China. Operating conditions of the electron microprobe were a 15 kV accelerating voltage, 10 nA beam current, and 1 μm diameter electron beam. The X-ray lines used to analyze different elements were as follows: S (Kα), Mn (Kα), Fe (Kα), Zn (Kα), Ge (Lα), Se (Lα), Cd (Lα), In (Lα), and Sn (Lα). Mineral and metal standards used for elemental calibration included pyrite (S and Fe), metallic Mn (Mn), sphalerite (Zn), germanium sulfide (Ge), bismuth selenide (Se), greenockite (Cd), indium antimonide (In), and herzenbergite (Sn). The resulting data were then ZAF corrected using proprietary Shimadzu software.





4. Indium Contents of Ores and Mineral Chemistry


4.1. Chemical Composition of Ores and Element Correlations


The results of chemical analyses of 23 samples from the Sp-Py, Py-Ccp, Py-Sp-Gn-Ccp, Py, Mag-Py, and Mag ores are listed in Table 2. Samples of Sp-Py ores contain 9.8–22.2 wt % Zn, 0.2–0.3 wt % Cu, 28.9–203.0 ppm (average 122.8 ppm) In, and 1000 In/Zn values of 2.6–8.8 (average 7.4). Samples of Py-Ccp ores contain 1.3–10.3 wt % Cu, 0.6–0.9 wt % Zn, 4.1–42.7 ppm (average 16.8 ppm) In, and 1000 In/Zn values of 5.8–74.9 (average 25.5). Samples of Py-Sp-Gn-Ccp ores contain 0.5–2.0 wt % Cu, 0.9–17.5 wt % Zn, 0.3–5.3 wt % Pb, 3.6–19.0 ppm (average 11.5 ppm) In, and 1000 In/Zn values of 1.1–8.4 (average 3.3). Differences between the ore types include lower grades of Cu, Zn, and In, and higher 1000 In/Zn ratios in the Py, Mag-Py, and Mag ores. Specifically, the average In contents of the Py, Mag-Py, and Mag ores are 6.6, 81.5, and 12.0 ppm, and the 1000 In/Zn values are 93.6, 33.7, and 185.0, respectively.



Table 2. Geochemical data for ore types of the Qibaoshan deposit.







	

	
1000 In/Zn

	
In

	
Sn

	
Cd

	
Zn

	
Pb

	
Cu

	
Fe

	
Mn

	
Ni

	
Co

	
W

	
Bi

	
As

	
Sb

	
Ag

	
Cr

	
P

	
V

	
S




	
Units

	

	
ppm

	
ppm

	
ppm

	
wt %

	
ppm

	
wt %

	
wt %

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
wt %




	
Detection limits

	

	
0.005

	
10

	
0.5

	
2

	
2

	
0.01

	
0.1

	
0.01

	
1

	
1

	
10

	
2

	
5

	
5

	
0.5

	
1

	
10

	
1

	
0.1






	
Sp-Py ores

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
X6

	
2.63

	
28.9

	
30

	
351

	
11.00

	
16,100

	
0.15

	
35

	
501

	
1

	
<1

	
10

	
35

	
2920

	
115

	
35.4

	
12

	
10

	
5

	
45.7




	
X7

	
7.48

	
135

	
50

	
535

	
18.05

	
2720

	
0.32

	
31.2

	
949

	
1

	
<1

	
40

	
59

	
1520

	
81

	
48.2

	
9

	
40

	
4

	
43.4




	
X8

	
7.12

	
121

	
20

	
497

	
17.00

	
494

	
0.27

	
25.4

	
799

	
12

	
4

	
10

	
81

	
603

	
72

	
34

	
19

	
50

	
7

	
36.2




	
X9

	
7.66

	
170

	
10

	
622

	
22.20

	
105

	
0.18

	
25.6

	
801

	
61

	
50

	
<10

	
20

	
255

	
105

	
9.1

	
7

	
20

	
2

	
38




	
X10

	
5.84

	
121.5

	
10

	
563

	
20.80

	
313

	
0.2

	
27.2

	
863

	
41

	
36

	
30

	
69

	
197

	
21

	
17.3

	
5

	
20

	
1

	
39.6




	
X11

	
10.89

	
106.5

	
30

	
315

	
9.78

	
6330

	
0.23

	
36.1

	
491

	
3

	
7

	
20

	
375

	
11,200

	
158

	
>100

	
7

	
20

	
3

	
45.6




	
X12

	
4.78

	
96.5

	
10

	
711

	
20.20

	
186

	
0.23

	
32.1

	
643

	
21

	
14

	
30

	
244

	
586

	
129

	
23.4

	
12

	
20

	
4

	
44.8




	
L10

	
9.95

	
203

	
20

	
645

	
20.40

	
890

	
0.32

	
32

	
2730

	
<1

	
<1

	
10

	
85

	
750

	
50

	
38.1

	
10

	
10

	
3

	
44.8




	
Mean (n = 8)

	
7.04

	
122.8

	
23

	
530

	
17.43

	
3392

	
0.24

	
30.6

	
972

	
18

	
14

	
19

	
121

	
2254

	
91

	
38.2

	
10

	
24

	
4

	
42.3




	
Py-Ccp ores

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
X13

	
11.51

	
8.52

	
120

	
4.3

	
0.74

	
290

	
1.3

	
31.7

	
<5

	
3

	
1

	
10

	
268

	
1100

	
30

	
72.2

	
9

	
20

	
3

	
36.9




	
X1

	
5.84

	
4.09

	
30

	
<0.5

	
0.7

	
16

	
1.15

	
32.7

	
41

	
10

	
<1

	
<10

	
896

	
130

	
400

	
24.9

	
19

	
70

	
10

	
37.5




	
L1

	
74.91

	
42.7

	
150

	
13.7

	
0.57

	
287

	
10.25

	
39.7

	
34

	
25

	
24

	
<10

	
2690

	
1320

	
59

	
>100

	
9

	
10

	
4

	
46.5




	
L3

	
14.68

	
13.65

	
40

	
24.4

	
0.93

	
1140

	
2.24

	
38.3

	
90

	
16

	
18

	
<10

	
586

	
2350

	
103

	
80.5

	
15

	
40

	
16

	
44.7




	
L14

	
20.75

	
15.15

	
70

	
10.6

	
0.73

	
398

	
6.69

	
41.8

	
29

	
14

	
22

	
<10

	
353

	
729

	
28

	
>100

	
9

	
10

	
3

	
48.8




	
Mean (n = 5)

	
25.54

	
16.82

	
82

	
10.6

	
0.73

	
426

	
4.33

	
36.8

	
39

	
14

	
13

	
10

	
959

	
1126

	
124

	
75.5

	
12

	
30

	
7

	
42.9




	
Py-Sp-Gn-Ccp ores

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
L8

	
2.21

	
3.61

	
30

	
13.7

	
1.63

	
2930

	
1.68

	
43

	
43

	
1

	
9

	
<10

	
410

	
368

	
49

	
>100

	
13

	
220

	
8

	
50.5




	
L9

	
8.36

	
7.61

	
20

	
29.2

	
0.91

	
2500

	
0.51

	
30.5

	
90

	
10

	
8

	
10

	
208

	
394

	
16

	
34.6

	
22

	
140

	
24

	
35.4




	
L12

	
1.48

	
15.7

	
60

	
303

	
10.6

	
34,300

	
1.53

	
34.9

	
752

	
5

	
3

	
50

	
901

	
1810

	
66

	
>100

	
14

	
10

	
3

	
45.6




	
L17

	
1.09

	
18.95

	
90

	
634

	
17.45

	
52,600

	
1.96

	
30.5

	
1340

	
3

	
<1

	
40

	
464

	
1230

	
98

	
>100

	
18

	
20

	
4

	
43.7




	
Mean (n = 4)

	
3.29

	
11.47

	
50

	
245.0

	
7.65

	
23,083

	
1.42

	
34.7

	
556

	
5

	
5

	
28

	
496

	
951

	
57

	
84.7

	
17

	
98

	
10

	
43.8




	
Py ores

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
L6

	
21.52

	
4.95

	
10

	
13.5

	
0.23

	
155

	
0.23

	
41.1

	
649

	
1

	
35

	
<10

	
100

	
204

	
<5

	
15

	
8

	
<10

	
13

	
41.3




	
L7

	
165.6

	
8.28

	
30

	
3.3

	
0.05

	
91

	
0.56

	
39.9

	
673

	
2

	
17

	
10

	
182

	
89

	
<5

	
24.9

	
13

	
30

	
22

	
39.1




	
Mean (n = 2)

	
93.56

	
6.62

	
20

	
8.4

	
0.14

	
123

	
0.40

	
40.5

	
661

	
1

	
26

	
10

	
141

	
147

	
<5

	
20.0

	
11

	
20

	
18

	
40.2




	
Mag-Py ores

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
D9

	
52.25

	
1.05

	
30

	
0.9

	
0.02

	
37

	
0.19

	
41.8

	
208

	
4

	
3

	
1130

	
35

	
45

	
<5

	
4

	
7

	
70

	
23

	
33.1




	
D16

	
15.07

	
162

	
20

	
340

	
10.75

	
38

	
0.49

	
35.6

	
196

	
1

	
<1

	
40

	
57

	
40

	
<5

	
8.2

	
20

	
80

	
12

	
33.8




	
Mean (n = 2)

	
33.66

	
81.53

	
25

	
170.5

	
5.39

	
38

	
0.34

	
38.7

	
202

	
3

	
2

	
585

	
46

	
43

	
<5

	
6.1

	
14

	
75

	
188

	
33.5




	
Mag ores

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
J5

	
324.29

	
22.7

	
40

	
5.5

	
0.07

	
71

	
2.06

	
24

	
1330

	
30

	
69

	
60

	
29

	
62

	
<5

	
43.3

	
40

	
320

	
63

	
24.7




	
J8

	
45.67

	
1.37

	
10

	
2.1

	
0.03

	
8

	
0.43

	
61.6

	
801

	
6

	
45

	
30

	
18

	
6

	
<5

	
8.9

	
13

	
40

	
52

	
5.8




	
Mean (n = 2)

	
184.98

	
12.04

	
25

	
3.8

	
0.05

	
40

	
1.25

	
42.8

	
1066

	
18

	
57

	
45

	
24

	
34

	
<5

	
26.1

	
26.50

	
180

	
58

	
15.3










Based on the results of cluster analysis (Figure 6), element correlations in the Qibaoshan ores are divided into three groups. The first group contains the elements Zn, Cd, In, Fe, Mn, Ni, and Sb. Indium and Cd are strongly correlated with Zn, indicating In and Cd are hosted mainly by sphalerite. Some samples (e.g., L1) with high In/Zn ratios and Cu concentrations may indicate that chalcopyrite hosts In, similar to the Yejiwei deposit and In-rich deposits in SW England [55,56]. The second group contains the elements Cu, Bi, Sn, and Pb, of which Cu and Bi are strongly correlated. The third group contains the elements S, V, Cr, P, As, V and S. Correlation coefficients for the major elements in ores are listed in Table 3. The highest correlation coefficient (0.99) is between Cd and Zn. Notable correlation coefficients also exist for In and Zn (0.81), Cu and Bi (0.81), S and V (0.80), Cd and In (0.77), Cr and P (0.76), and Sn and Cu (0.76). Correlations are weaker between In and the following elements: Mn (0.52), Fe (0.45), and V (0.38). In addition, the weak correlation between In and Sn (0.12), and high arsenic content of In-rich ores are similar to the Toyoha mine [57].


Figure 6. R-type cluster analysis dendrogram of elements in the Qibaoshan deposit.
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Table 3. Correlation coefficients for select elements in ores of the Qibaoshan deposit.







	

	
Zn

	
Cu

	
Fe

	
S

	
In

	
As

	
Bi

	
Cd

	
Cr

	
Mn

	
Ni

	
P

	
Pb

	
Sb

	
Sn

	
V






	
Zn

	
1.00

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Cu

	
0.35

	
1.00

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Fe

	
0.54

	
0.17

	
1.00

	

	

	

	

	

	

	

	

	

	

	

	

	




	
S

	
0.25

	
0.27

	
0.33

	
1.00

	

	

	

	

	

	

	

	

	

	

	

	




	
In

	
0.81

	
0.25

	
0.45

	
0.13

	
1.00

	

	

	

	

	

	

	

	

	

	

	




	
As

	
0.09

	
0.04

	
0.01

	
0.30

	
0.12

	
1.00

	

	

	

	

	

	

	

	

	

	




	
Bi

	
0.26

	
0.81

	
0.11

	
0.32

	
0.22

	
0.10

	
1.00

	

	

	

	

	

	

	

	

	




	
Cd

	
0.99

	
0.35

	
0.52

	
0.26

	
0.77

	
0.10

	
0.25

	
1.00

	

	

	

	

	

	

	

	




	
Cr

	
0.23

	
0.03

	
0.30

	
0.37

	
0.20

	
0.23

	
0.09

	
0.20

	
1.00

	

	

	

	

	

	

	




	
Mn

	
0.57

	
0.30

	
0.27

	
0.09

	
0.52

	
0.05

	
0.31

	
0.59

	
0.11

	
1.00

	

	

	

	

	

	




	
Ni

	
0.31

	
0.16

	
0.41

	
0.08

	
0.30

	
0.18

	
0.09

	
0.25

	
0.01

	
0.02

	
1.00

	

	

	

	

	




	
P

	
0.34

	
0.05

	
0.16

	
0.28

	
0.22

	
0.21

	
0.15

	
0.35

	
0.76

	
0.04

	
0.08

	
1.00

	

	

	

	




	
Pb

	
0.26

	
0.00

	
0.12

	
0.24

	
0.19

	
0.16

	
0.12

	
0.32

	
0.09

	
0.23

	
0.23

	
0.18

	
1.00

	

	

	




	
Sb

	
0.13

	
0.05

	
0.22

	
0.24

	
0.02

	
0.27

	
0.25

	
0.13

	
0.00

	
0.14

	
0.05

	
0.15

	
0.10

	
1.00

	

	




	
Sn

	
0.26

	
0.76

	
0.01

	
0.27

	
0.29

	
0.07

	
0.71

	
0.24

	
0.06

	
0.24

	
0.08

	
0.15

	
0.29

	
0.02

	
1.00

	




	
V

	
0.51

	
0.10

	
0.30

	
0.80

	
0.38

	
0.25

	
0.23

	
0.49

	
0.65

	
0.08

	
0.02

	
0.64

	
0.22

	
0.32

	
0.22

	
1.00










Binary diagrams incorporating data for major elements highlight differences between the ore types. Data for In and Sn define In/Sn values of 0.01–10 (Figure 7a) and have a correlation coefficient of 0.29. The highest In/Sn values of 1–10 are obtained for Sp-Py ores (Figure 7a). Values of In/Cu are 0.0001–0.1 (Figure 7b), with a correlation coefficient of 0.25. The lowest In/Cu values are for Sp-Py ores. Values of In/Zn span a range of 0.0001 to 0.1 (Figure 7c). Data for Sp-Py ores plot in a tight cluster around In/Zn values of 0.001 (Figure 7c). Zinc and cadmium have the highest correlation coefficient (0.99) and Cd/Zn values range from 0.0005 to 0.05 (Figure 7d).


Figure 7. (a) In-Sn; (b) In-Cu; (c) In-Zn; and (d) Cd-Zn binary diagrams for the Qibaoshan deposit.
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4.2. Chemistry of Sphalerite


Indium is closely associated with sphalerite in ore deposits, which serves as an important relationship for exploration. Geochemical data for the Qibaoshan deposit (Table 2) indicate a positive correlation between In grade and Zn concentrations in ores. Sphalerite in samples of Sp-Py ores was analyzed by EPMA, together with two samples of Mag ores and Py-Ccp ores (Table 4). Sphalerite contains 51.8 to ~56.8 wt % Zn, 8.7 to ~12.2 wt % Fe (average 11.2 wt %), 31.3 to ~35.4 wt % S (average 33.8 wt %), and trace amounts of Mn (0.1 to ~0.7 wt %) and Cd (0.1 to ~0.4 wt %; average 0.16 wt %). More than half of the spot analyses detected In, with concentrations up to 0.1 wt %. These data show how sphalerite in the Qibaoshan deposit contains low concentrations of Cd, in contrast to the sphalerite in Sn-rich deposits such as Dulong (average 0.2 wt % Cd), Toyoha (average 0.4 wt % Cd), Dachang (average 0.4 wt % Cd), and Bolivar (average 0.8 wt % Cd; [58]).



Table 4. EPMA data for sphalerite from the Qibaoshan deposit (wt %).







	
Sample Nos

	
Zn

	
Fe

	
Mn

	
Cd

	
Sn

	
In

	
Ge

	
S

	
Se

	
Total






	
X6-sp01

	
51.75

	
11.54

	
0.21

	
0.13

	
0.00

	
0.00

	
0.00

	
35.37

	
0.00

	
98.99




	
X6-sp02

	
52.35

	
11.73

	
0.17

	
0.21

	
0.00

	
0.04

	
0.00

	
34.91

	
0.01

	
99.42




	
X6-sp03

	
53.34

	
11.79

	
0.13

	
0.18

	
0.00

	
0.07

	
0.04

	
34.03

	
0.00

	
99.57




	
X7-sp01

	
52.22

	
11.78

	
0.33

	
0.17

	
0.00

	
0.06

	
0.01

	
34.19

	
0.02

	
98.77




	
X7-sp02

	
53.03

	
11.91

	
0.18

	
0.19

	
0.00

	
0.06

	
0.00

	
34.44

	
0.02

	
99.82




	
X7-sp03

	
53.90

	
10.95

	
0.33

	
0.13

	
0.00

	
0.06

	
0.01

	
33.63

	
0.00

	
99.00




	
X7-sp04

	
52.42

	
11.51

	
0.45

	
0.15

	
0.00

	
0.04

	
0.00

	
34.30

	
0.00

	
98.86




	
X7-sp05

	
54.51

	
11.46

	
0.31

	
0.16

	
0.00

	
0.02

	
0.00

	
34.00

	
0.00

	
100.47




	
X7-sp06

	
52.78

	
11.16

	
0.40

	
0.16

	
0.00

	
0.10

	
0.02

	
34.02

	
0.00

	
98.63




	
X8-sp01

	
52.98

	
11.54

	
0.32

	
0.13

	
0.00

	
0.00

	
0.02

	
34.44

	
0.00

	
99.43




	
X8-sp02

	
53.74

	
11.61

	
0.31

	
0.16

	
0.00

	
0.00

	
0.00

	
34.04

	
0.00

	
99.85




	
X8-sp03

	
52.27

	
11.86

	
0.20

	
0.19

	
0.00

	
0.07

	
0.00

	
34.24

	
0.01

	
98.84




	
X10-sp01

	
53.97

	
11.60

	
0.17

	
0.16

	
0.00

	
0.00

	
0.02

	
34.21

	
0.00

	
100.14




	
X10-sp03

	
52.41

	
12.23

	
0.23

	
0.15

	
0.00

	
0.09

	
0.02

	
34.08

	
0.00

	
99.20




	
X11-sp02

	
53.19

	
11.24

	
0.14

	
0.17

	
0.00

	
0.02

	
0.00

	
34.71

	
0.03

	
99.51




	
X11-sp03

	
54.09

	
10.34

	
0.66

	
0.17

	
0.00

	
0.04

	
0.00

	
34.29

	
0.00

	
99.59




	
X11-sp04

	
53.47

	
11.11

	
0.18

	
0.12

	
0.04

	
0.01

	
0.02

	
34.32

	
0.00

	
99.28




	
X11-sp05

	
53.84

	
11.37

	
0.16

	
0.18

	
0.00

	
0.00

	
0.00

	
33.54

	
0.00

	
99.09




	
X12-sp02

	
53.41

	
11.03

	
0.21

	
0.17

	
0.02

	
0.05

	
0.00

	
34.19

	
0.00

	
99.09




	
L10-sp01

	
56.10

	
11.55

	
0.32

	
0.12

	
0.00

	
0.00

	
0.00

	
33.57

	
0.00

	
101.66




	
L10-sp02

	
53.69

	
12.07

	
0.36

	
0.12

	
0.00

	
0.00

	
0.00

	
33.07

	
0.00

	
99.31




	
L10-sp05

	
53.31

	
11.52

	
0.34

	
0.12

	
0.00

	
0.00

	
0.00

	
33.61

	
0.00

	
98.90




	
L10-sp06

	
55.76

	
11.46

	
0.30

	
0.08

	
0.00

	
0.00

	
0.00

	
33.84

	
0.00

	
101.44




	
L14-sp02

	
56.00

	
8.78

	
0.64

	
0.21

	
0.00

	
0.00

	
0.00

	
32.89

	
0.00

	
98.51




	
J7-sp06

	
54.73

	
11.57

	
0.25

	
0.34

	
0.00

	
0.00

	
0.00

	
33.60

	
0.00

	
100.50












5. Discussion


5.1. Correlation of Indium with Other Elements


The correlation coefficients determined for six ore types in the Qibaoshan deposit indicate In is strongly correlated with Cd and Zn (Table 3), but poorly correlated with Sn. Cluster analysis also indicates In, Cd, and Zn belong to the same element group (Figure 6). In/Sn values for the Qibaoshan deposit are greater than for Bolivian Sn-rich In deposits [8] and for the Dachang and Dulong Sn-rich In deposits [6]. Geochemical data for the Qibaoshan deposit indicate the ores are Sn poor, and electron microprobe and reflected-light petrographic studies did not identify any Sn minerals. Therefore, Sn was not an important component of the ore-forming fluids. The formation of the In-rich and Sn-poor Qibaoshan deposit did not involve simultaneous enrichment and depletion of these two elements, as has been reported for ore fluids forming both In-rich and In-poor deposits [59]. Excluding Sn, In has similar geochemical properties to base metal groups I-B (Cu, Ag), II-B (Zn, Cd), IV-A (Pb), and V-A (Bi) in the Periodic Table. As In strongly correlates with Cd and Zn in the Qibaoshan deposit, these elements are inferred to behave similarly during magmatic and ore-forming processes in a Sn-poor environment.




5.2. Indium Distribution in the Qibaoshan Deposit


The distribution of In can vary significantly within a deposit. At the Mount Pleasant mine (Fredericton, NB, Canada), In-bearing orebodies are best developed in the Upper Deep Tin Zone [60]. In contrast, skarn ores of the No. 31 and No. 32 orebodies dominantly host In at the Yejiwei deposit, Hunan province, China (Figure 1a) [55]. Important ore zones at the Qibaoshan deposit occur in the LB and XB, which contain Type-6 Sp-Py ores in vein-type orebodies. As bulk geochemical data indicate In grades are highest for Sp-Py ores (Table 2), lenticular-type orebodies in the DB and JJB that do not contain Sp are lower grade. The concentration of In increases outward from lower-grade mineralization of Types 1–5 in contact zones and the carbonate xenolith. This variation reflects changing physio-chemical conditions from early skarn to later stage hydrothermal mineralization that affected the precipitation of In at the Qibaoshan deposit. Indium is difficult to substitute into magnetite and typical skarn minerals (Figure 5), but appropriate temperatures during the hydrothermal stage allowed for the substitution of In into sphalerite or chalcopyrite of the Type-6 ores.




5.3. Indium Mineralization in Sn-Poor deposits


Indium-rich deposits in southern China are related to igneous rocks, yet little geochemical data exist to support a direct connection between the two. As In is a highly volatile chalcophile element, the source for both In and Cu in magmatic-hydrothermal deposits is likely to be igneous rocks [61,62,63]. The Qibaoshan deposit is a skarn deposit related to quartz porphyry intrusions, and geochemical data indicate ore-forming components had a magmatic source. It is inferred that In was derived from the quartz porphyry. Therefore, In-enriched magma is a critical element in a genetic model of the In-rich and Sn-poor Qibaoshan deposit.



Magmatic processes that concentrate In are more effective in the case of shallow-level intrusions [6]. This is recognized in south China at the Dachang and Yejiwei In-rich deposits (Figure 1a), which formed in a shallow environment [6,55]. Hundreds of small and shallow intrusions, including the Qibaoshan quartz porphyry, are exposed within the NEH (Figure 1b). At the Qibaoshan deposit, In mineralization is closely associated with a shallow-level intrusive complex. Therefore, important elements in the genesis of the Qibaoshan Sn-poor but In-rich orebodies include an In-enriched magma, shallow emplacement of intrusions, and a structural control on mineralization.





6. Conclusions


The Qibaoshan is a Sn-poor, In-rich skarn deposit in NEH of China. Salient points concerning In mineralization at the Qibaoshan deposit, based on geologic relationships and ore geochemistry, are as follows:



(1) Indium contents of Sp-Py ores in vein-type orebodies of the LB and XB range from 28.9 to 203.0 ppm (average 122.8 ppm) which is higher than other ore types in lenticular-type orebodies of the LB, DB, and JGB. Tin concentrations of 10–150 ppm are characteristic of all ore types, with most samples containing <70 ppm Sn.



(2) The strong correlation between In and each of Zn and Cd, but poor correlation with Sn, indicates In is hosted mainly in sphalerite. Paragenetic relationships for ore minerals record how sphalerite formed from late quartz-sulfide stage. The distribution of In at the Qibaoshan deposit shows that vein-type orebodies are richer than lenticular-type orebodies occurring at contact zones or within the carbonate xenoliths.



(3) Magmatic processes occurring at a shallow depth that concentrated In in quartz porphyry and structural controls on mineralization were important factors in the formation of Sn-poor and In-rich orebodies of the Qibaoshan deposit.
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