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Abstract: All the indium-rich deposits with indium contents in ores more than 100x10~° seems to be of
cassiterite-sulfide deposits or Sn-bearing Pb-Zn deposits, e.g., in the Dachang Sn deposit in Guangxi,
the Dulong Sn-Zn deposit in Yunnan, and the Meng’entaolegai Ag-Pb-Zn deposit in Inner Mongolia,
the indium contents in ores range from 98x107° to 236x10°° and show a good positive correlation with
contents of zinc and tin, and their correlation coefficients are 0.8781 and 0.7430, respectively. The
indium contents from such Sn-poor deposits as the Fozichong Pb-Zn deposit in Guangxi and the
Huanren Pb-Zn deposit in Liaoning are generally lower than 10x107%, i.e., whether tin is present or not
in a deposit implies the enrichment extent of indium in ores. Whether the In enrichment itself in the ore
-forming fluids or the ore-forming conditions has actually caused the enrichment/depletion of indium in
the deposits? After studying the fluid inclusions in quartz crystallized at the main stage of
mineralization of several In-rich and In-poor deposits in China, this paper analyzed the contents and
studied the variation trend of In, Sn, Pb and Zn in the ore-forming fluids. The results show that the
contents of lead and zinc in the ore-forming fluids of In-rich and -poor deposits are at the same level,
and the lead contents range from 22x107® to 81x107® and zinc from 164x107° to 309x10~%, while the
contents of indium and tin in the ore-forming fluids of In-rich deposits are far higher than those of In-
poor deposits, with a difference of 1-2 orders of magnitude. Indium and tin contents in ore-forming
fluid of In-rich deposits are 1.9x10°~4.1x107® and 7x107°-55x107%, and there is a very good positive
correlation between the two elements, with a correlation coefficient of 0.9552. Indium and tin contents
in ore-forming fluid of In-poor deposits are 0.03x107°-0.09x107® and 0.4x10°-2.0x107°, respectively,
and there is no apparent correlation between them. This indicates, on one hand, that In-rich ore-
forming fluids are the material basis for the formation of In-rich deposits, and, on the other hand, tin
probably played a very important role in the transport and enrichment of indium.
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1 Introduction

As viewed from the data available all over the world, In-
rich ore deposits (The ores generally contain >100x107°
In.) are dominated by cassiterite-sulfide and Sn-bearing Pb-
Zn deposits, and indium is present largely in sphalerite
(Anderson, 1953; Ivanov et al., 1963; Greta, 1980; Murao
et al,, 1991; Zhang et al., 1998; Tsushima et al., 1999;
Benzaazoua et al., 2003). This feature is referred to as
specialities of In-enrichment mineralization type and In-
enrichment mineral (Zhang et al., 2003). In-rich deposits
have generally higher ore-forming temperatures, and are,

more or less, associated with intermediate-acidic magmatic
activities, for example, cassiterite-sulfide deposits in the
Dachang orefield of Guangxi, the Dulong orefield and
Gejiu orefield of Yunnan, the Meng’entaolegai orefield of
Inner Mongolia in China. Those Sn-barren Pb-Zn deposits
that have high temperature and are related genetically to
magmatism have very low contents of indium (The ore
generally contains less than 10x107° In.) such as the
Fozichong orefield of Guangxi, the Huanren orefield of
Liaoning, the Shuikoushan orefield and Huangshaping
orefield of Hunan. A typical example is that in the Dachang
orefield, e.g., ores from the Sn-poor Lamo Cu-Zn deposit
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50" while the Fozichong Pb-Zn deposit in Guangxi
and the Huanren Pb-Zn deposit in Liaoning are
selected as typical In-poor deposits. The
distribution of these deposits is shown in Fig. 1.

40°
2.1 Orebodies-91 and -92 in the Changpo-
Tongkeng deposit

The Dachang Sn orefield is located at the

joint of the NW tectonic zone and E-W tectonic

30° zone on the southern margin of the Jiangnan
Block, which consists of the Changpo-
Tongkeng, Bali, Longtoushan, Dafulou,
Maopingchong, Makeng, Lajiapo and Lamo

5o deposits. With the exception of Lamo, all the
other deposits are enriched in indium and the
reserves reach more than 6000 t. The Changpo-

L

Fig. 1. Sketch map showing the distribution of some In-rich and In-poor
deposits in China (Based on the 1/400 Geological Map of China by

SinoMaps Press in 1989).

1. Dachang orefield in Guangxi; 2. Dulong Sn-Zn deposit in Yunnan; 3. Meng’entaolegai Ag
-Pb-Zn deposit in Inner Mongolia; 4. Fozichong Pb-Zn orefield in Guangxi; 5. Huanren Pb-

contain only 10x107°~15x107® In, while those from the Sn-
rich Changpo-Tongkeng, Longtoushan, Dafulou and
Baotan deposits have high contents of more than 100107
In, of which Orebody 100 in the Longtoushan deposit
contains 310x107° In averagely. Zhang et al. (2003)
deduced that (a) tin may play an important role in indium
enrichment; (b) in the presence of tin, indium would be
easily concentrated together in ore-forming fluids and
transported together with tin, but in the process of
precipitation and mineralization the two would be
separated from each other, and tin often form tin minerals
and indium entered mainly sphalerite. In order to attest
these points of view, we analyzed the contents of indium
and tin (including Pb and Zn) in ore-forming fluids of some
In-rich and In-poor ore deposits in China and studied the
relationship between these elements.

2 Geology of In-rich and In-poor Ore
Deposits and Sample Selection

Ore deposits involved in this study mainly include Sn-
rich sulfide deposits and Sn-poor Pb-Zn deposits. The
former is enriched in indium, and the ores generally contain
indium as much as 100107 or more; the latter is depleted
in indium, and the indium contents in ores are usually less
than 10x107° (Zhang et al., 1998). Orebodies-91 and -92 in
the Changpo-Tongkeng deposit of the Dachang orefield in
Guangxi, the Meng’entaolegai Sn-bearing Ag-Pb-Zn
deposit in Inner Mongolia, and the Dulong Sn-Zn deposit in

Tongkeng deposit is the largest in scale with tin
reserves accounting approximately for more
than 50% of the total in the Dachang Sn orefield.
The main ore-bearing rock series are the Middle
-Upper Devonian series (Fig. 2a), and the
orebodies are controlled by the NW-extending
Dachang anticline. In the mining district, S-N-extending
granite-porphyry dykes are developed.

Orebody-91 occurs in siliceous limestone of bed b in the
second member of the Upper Devonian Series, extending
about 500 m in the striking direction and about 1000 m in
the dipping direction, with a thickness of 15 m on average.
Orebody-92 occurs in siliceous rocks in the first member of
the Upper Devonian Series, and its size is twice as large as
that of orebody-91, with the maximum thickness reaching
86 m (Fig. 2a). Sn, Zn and Pb ores are dominant, associated
with large amounts of useful elements such as Sb, In, Cd,
Ag. By our analysis, the indium content in ore from the two
orebodies is between 50x107°-160x107% and the In
element exists mainly in sphalerite, with the In contents
reaching 350x107® to 2200x107°.

Orebodies are composed predominantly of mineralized
lamellar bands and veinlets (network veins), and the former
is usually penetrated by the latter. In addition, there was
developed a small amount of nodular and interlayered
veined mineralization. Lamellar banded mineralization is
composed of alternative lamellar bands differing in
composition, constituting a typical lamellar structure. The
lamellar bands are generally 0.1 mm to 10 mm thick,
parallel to one another, and folded along with the strata.
Sulfide-quartz lamellae, sulfide-tourmaline lamellae,
carbonaceous muddy lamellae and siliceous lamellae can
be distinguished, of which siliceous lamellae occupy the
biggest proportion. The forms of mineralization within the
orebodies are dominated by veinlet replacement (e.g.
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Fig. 2. Geological sketch map of In-rich deposits

(a) Orebodies-91 and -92 in the Dachang orefield (Based on Huang and Tang, 1988): 1. clay ironstone of bed a in the third member of the
Upper Devinian Series; 2. large lenticular limestone of bed d in the second member of the Upper Devinian Series; 3. small lenticular
limestone of bed ¢ in the second member of the Upper Devinian Series; 4. narrow banded limestone of bed b in the second member of the
Upper Devinian Series; 5. wide banded limestone of bed a in the second member of the Upper Devinian Series; 6. chert in the first member
of the Upper Devonian Series; 7. geological boundary; 8. fault; 9. orebody No.; 10. stratoid veinlet disseminated-metasomatic-type

orebodies; 11. veinlet orebody.

(b) Dulong Sn-Zn deposit (Based on Liu et al., 1999): 1. mica-quartz schist intercalated with marble of the fifth member in the Middle
Cambrian Tianpeng Formation; 2. marble intercalated with schist of the fourth member in the Tianpeng Formation; 3. mica-quartz schist
intercalated with marble and skarn lenses of the third member in the Tianpeng Formation; 4. marble intercalated with schist and stratiform
skarn of the second member in the Tianpeng Formation; 5. granulite and gneiss of the first member in the Tianpeng Formation; 6. two-mica

granite; 7. granoporphyry; 8. fault; 9. geological boundary; 10. orebody.

(c) Meng’entaolegai Ag-Pb-Zn deposit (Based on Zhu et al., 2004): 1. biotite granite; 2. muscovite granite; 3. post-stage lamprophyre dyke;

4. geological boundary of lithological character; 5. fault; 6. orebody.

Orebody-91) and network dissemination replacement (e.g.,
Orebody-92). As the mineralization is bond within
siliceous limestones and siliceous rocks, the orebodies are
generally distributed in the stratoid form. Veinlets and
network veins are closely spaced, with the most spaced
location containing 18 veins per meter. The veins are
generally 0.3-5 cm wide.

The metallic minerals are mainly cassiterite, pyrrhotite,
marmatite, pyrite, arsenopyrite, jamesonite; the subordinate
minerals are galena, siderite, stibnite, chalcopyrite, stannite,
marcasite, boulangerite, freibergite, matildite, scheelite,

native bismuth, etc. The non-metallic minerals include
quartz, calcite, tourmaline, K-feldpar, muscovite, chlorite,
etc. Ore textures are represented by euhedral, subhedral and
euhedral-granular crystals. In addition, there are ring
texture, filling texture, solid solution texture,
porphyroblastic texture, grating texture, sub-graphic
texture, relict texture, crushed texture, etc. Ore structures
include veined, banded, miarolitic, boudinage, networked,
massive, disseminated, mottled, lump, lamellar and
brecciaed structures.

Han and Shen (1994), Li and Lei (1994), Jiang et al.
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(1999), Ye et al. (1999) and Fan et al. (2004) described
geological and geochemical characteristics of the Dachang
orefield and considered that this deposit was formed by sea
-floor hydrothermal exhalative sedimentary-metallogenesis
in the early stage and superimposed by Yanshanian
magmatism in the late stage.

2.2 Dulong Sn-Zn deposit

This deposit is located in the western part of the Nanling
fold zone and at the joint of the Yangtze block and the
Ailaoshan fold zone. The exposed strata in the mining
district are the Middle Cambrian Tianpeng Formation, its
rocks on top part are mainly muddy dolomitic limestone
and schist; and going downwards, the metamorphic degree
is enhanced, which is characterized by the occurrence of
granulitite, biotite-plagioclase gneiss and granogneiss (Fig.
2b). The major orebodies occur in the schist-interbedded
marble and layered skarn of the second member of the
Tianpeng Formation. Regional magmatic activities were
strong, and there is exposed the Laojunshan granite, 150
km’, in the northeastern part of the mining district, which
yielded Rb-Sr isotopic ages ranging from 90 Ma to 118 Ma.
Intruding along the SN-extending fault is a small
granoporphyry massif, whose muscovite K-Ar age is 76 Ma
(Liu et al., 1999). The main ore-controlling fault system in
the mining district is a set of S-N-extending faults and the
main orebodies are distributed along the F; fault.

The ore-hosting skarn bodies are stratoid, lenticular and
tubular in shape and mostly distributed in the marble on
both sides of the fault system. The skarn minerals are
dominated by actinolite, diopside, hedenbergite, tremolite,
garnet, epidote, chlorite, etc. Skarnization is accompanied
with varying-degree Sn-Zn mineralization and skarnization
along both sides of the F, fault usually leading to the
formation of industrial orebodies, which are consistent with
the skarn rocks with respect to their shape (Fig. 2b). The
proven tin reverses have reached 33x 10* t,and Zn, 302x 10*
t, associated with a variety of elements such as Cu, Pb, Cd
and In. The indium reserves is more than 5000 t, with the
indium contents of 62x107°~145x107° in ores and 280x107°
—1430%107° in sphalerite.

The main metallic minerals are marmatite, pyrrhotite,
cassiterite, pyrite; and coming next are galena, magnetite,
chalcopyrite, arsenopyrite, stibnite, stannine, etc. Non-
metallic minerals include quartz, calcite and minor fluorite,
plagioclase, etc. in addition to the skarn minerals
mentioned above. The ore textures are mainly metablastic
texture, relict texture, subhedral texture and anhedral-
granular  texture, = metasomatic-resorption  texture,
metasomatic-relict texture, etc.; the ore structures include
massive, disseminated, lamellar-banded, mottled, veined-
networked and brecciaed structures. In addition to

skarnization, silicification and carbonatization occurred at
the hydrothermal stage.

Liu et al. (2000a, b) described the geological and
geochemical characteristics of the Dulong deposit and they
considered that the formation of this deposit experienced
three stages, i.e., sea-floor hot-water sedimentation,
regional metamorphism and magmatic hydrothermal
superimposition. As the sphalerite Rb-Sr age of 76 Ma for
this deposit (Liu et al., 1999) is consistent with that of the
granite-porphyry (79 Ma), and skarnization is closely
related to mineralization, we suggest that magmatism
played a more important role than sea-floor hot-water
sedimentation and metamorphism in the formation of this
deposit. The formation of the Furong Sn deposit in Hunan
is also related to the acidic magmatism (Mao et al., 2004).

2.3 Meng’entaolegai Ag-Pb-Zn deposit

The Meng’entaolegai Ag-Pb-Zn deposit is located at the
juncture of the Da Hinggan Uplift Zone and the Songliao
Subsidence Zone in the east of Inner Mongolia. The deposit
occurs in a set of E-W-extending faults at the center of a
Hercynian granite batholith (Fig. 2¢). The granite batholith
is composed mainly of biotite-plagioclase granite and
muscovite-plagioclase granite. The biotite-plagioclase
granite is the main portion of the Meng’entaolegai granite
massif, yielding a biotite K-Ar age of 281 Ma and a Rb-Sr
isochron age of 246 Ma (Sheng et al., 1999). The muscovite
-plagioclase granite intruded the biotite-plagioclase granite,
with the muscovite K-Ar ages of 212-251 Ma (Sheng et al.,
1999).

There are more than 40 orebodies in the whole mining
district distributed in the western, middle and eastern ore
runs. The individual orebodies are measured at 400-2000
m in length. The orebodies are veined in shape and their
attitudes are consistent with those of fault structures (Fig.
2¢). In the western segment of the mining district the Vg
orebody is dominant. The main metallic minerals are
sphalerite, pyrite and minor amounts of galena and
chalcopyrite. In the middle segment the V; orebody is
dominated by Zn-Pb mineralization, which is enriched in
Ag and the main metallic minerals are sphalerite and galena.
Orebodies in the western and middle segments are enriched
in indium and tin, with indium present largely in sphalerite
and tin mainly in stannite. In the eastern segment the V;
orebody is dominant, which is characterized by Pb-Ag
mineralization. The reserves of Zn in the deposit amount of
about 30x10*t or more, 15x10*t Pb, >2000 t Sn; 500 t In
and 1800 t Ag. Indium contents in sphalerite are 300x107°
to 2600x107°.

The main metallic minerals are galena, sphalerite, and
large amounts of silver minerals, such as native silver,
electrum, acanthite, pyrargyrite, proustite, dyscrasite,
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Fig. 3. Geological map of the Fozichong Pb-Zn orefield (Based on Zhang, 1992).
(a) Distribution of the ore deposits in the Fozichong orefield; (b) Section map of the No.35 line
of the Fozichong deposit; 1-3. Silurian strata: 1. sandstone; 2. shale (slate); 3. limestone; 4.
dacite liparite; 5. Yanshanian granodiorite; 6. Late Yanshanian granoporphyry; 7. Hercynian

granite; 8. fault; 9. geological boundary; 10. orebody; 11. ore deposit.

pyrostilpnite, stephanite, diaphorite, freibergite, etc. The
non-metallic minerals are dominated by quartz and
subordinated by calcite, siderite, sericite and chlorite.

Ore textures are mainly euhedral-subhedral-anhedral-
granular metasomatic  resorption  texture,
metasomatic-relict texture and graphic texture; ore
structures are dominated by massive and disseminated
structures, banded structure, veined and networked
structures, brecciaed structure, and crushed structure. Wall-
rock alterations are mainly silicification, sericitization,
chloritization, carbonatization and Mn-carbonatization.
The alterations were developed mainly along the fault
structure, generally within the bounds of 1-15 m on both
sides of a fault.

According to Zhu et al. (2004, 2006), the
Meng’entaolegai deposit is a magmatic hydrothermal
deposit genetically connected with Early Yanshanian
magmatic activities.

textures,

2.4 Fozichong Pb-Zn deposit

The Fozichong orefield is located within the Yunkai
Caledonian Uplift Zone on the southern margin of the E-
W-extending folded zone in the Nanling region. The strata
are mainly Silurian sandstone and shale intercalated with
limestone. In the northeast of the orefield, there is a
Hercynian granite, whose whole-rock Rb-Sr age is 326
Ma; a Jurassic andesitic rhyolite is developed in the south,
with a Rb-Sr age of 129 Ma. The granoporphyry that

intruded the rhyolite was dated at 75 Ma.
The granodiorite distributed along the
Niuwei fault was dated at 150 Ma (Zhang,
1993; Lei, 1995).

Two types of orebodies are developed in
the orefield (Xu, 1995), i.e., the Fozichong-
type skarn orebodies (including the
Fozichong, Liutang, Longwan,
Fenghuangchong, Huofen, etc.) and the
Niuwei-type filling-replacement orebodies
(including the Niuwei, Leizhai,
Wulonggang, Shuidi, etc.), and the
Fozichong-type orebodies are the dominant
ones in the orefield. The orebodies are
stratiform, stratoid and tubular in shape.

Wall-rock  alterations are  intense,
including  skarnization, diopsidization,
hornblenization, silicification, chloritization,
epidotization, etc. The ore deposits are
closely related to the granoporphyry and
granodiorite space, and are mostly
distributed near the contact zone of these
magmatic rocks (Fig. 3). Individual
orebodies generally extend as long as 200—
500 m, with the maximum up to 700 m, and they extend
downwards 200400 m and 1-4 m thick with the
maximum value of 17 m.

The Niuwei-type orebodies occur in the foot-wall of the
Niuwei fault and by the sides of the second-order fault.
The country rocks are the Silurian sandstone and shale.
The orebodies are veined, lenticular, chambered and
irregular in shape, which generally measured at 10-15 m
in thickness, 50-100 m in length and extend downwards
50-300 m. Wall-rock alterations are weak, e.g.,
diopsidization, chloritization, epidotization, silicification
and marblization.

The two types of ore deposits are generally consistent in
composition, predominated by Pb and Zn, associated with
Ag and Cu. The deposits contain no Sn and are depleted in
indium, and its contents are lower than 10x10° in ores
and 4010 in sphalerite. Metallic minerals in the ores are
galena, sphalerite, marmatite, pyrite, pyrrhotite,
chalcopyrite, arsenopyrite, magnetite, marcasite, etc. Non-
metallic minerals are diospside, tremolite, quartz, calcite,
chlorite, actinolite, garnet, etc. In addition to veined and
brecciaed structures, banded, disseminated and massive
structures are commonly seen; ore textures are dominated
by euhedral and anhedral textures, metasomatic-relict
texture, solid solution separated texture, crushed texture,
etc.

The two types of orebodies are genetically connected
with Yanshanian magmatic activities (Zhang, 1993; Lei et
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Fig. 4. Geological map of Huanren Pb-Zn deposit in
Liaoning (Based on Zhang, 1993).

1. Quaternary; 2. Jurassic andesite; 3. Cambrian limestone; 4. Liiliangian
migmatitic granite; 5. Yanshanian pyroxene diorite; 6. fault; 7. geological
boundary; 8. orebody.
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al., 2002).

2.5 Huanren Pb-Zn deposit

The Huanren Pb-Zn deposit is a skarn deposit closely
associated with pyroxene diorite (Zhang, 1992). It is
located at the terminal of the Yan-liao Subsidence Zone in
the hanging wall of the subduction zone on the western
bank of the Pacific Plate. The strata exposed in the mining
district are mainly Jurassic andesite and Cambrian
carbonate rocks. Magmatic activities include those
represented by Precambrian (Liiliangian) migmatic
granites, Jurassic andesitic volcanic activities and those
marked by the intrusion of pyroxene diorite in addition to
the intrusion of some granoporphyritic veins. At the
contact of the pyroxene diorite with the Cambrian
limestone, strong skarnization is observed, resulting in
large-scale skarn massifs (Fig. 4). From the skarn massifs
to the country rocks there can be distinguished skarnized
diorite, epidote skarn, epidote-garnet skarn, diopside-
garnet skarn and skarnized marble. The form of the skarn
massifs is in consistency with the attitude of the contact
zone. The orebodies are mostly veined, lenticular,
chambered and stratoid in shape, generally several
hundred meters long, 2-6 m wide and 100-300 m deep,
which occur mainly within the skarn massifs, and their
forms are controlled by the skarn massifs.

The useful elements contained in the Huanren deposit
are Pb, Zn, Ag, Cu and Fe (magnetite), showing an
obvious zonation. The Pb-Zn-Ag orebody is located in the
upper part or in the exocontact zone, the Cu-Zn orebody is
located in the middle part or in the contact zone, and the
Fe-Cu orebody is located in the deep part or in the
endocontact zone. The ores contain no tin and less than
10x10°° indium. The main metallic minerals include

magnetite, chalcopyrite, galena, sphalerite and pyrite.
Coming next are pyrrhotite, bornite, chalcocite, hematite,
tetrahedrite, native silver, acanthite, etc. The main gangue
minerals are garnet, diopside, actinolite, calcite, quartz,
epidote, chlorite, sericite, etc. Ore textures are dominated
by granular texture, metasomatic-resorption texture,
metasomatic-relict texture; ore structures are dominated by
massive, disseminated, banded, veined, networked,
mottled, and brecciated structures. Wall-rock alterations
include silicification, chloritization, carbonatization and
sericitization at the hydrothermal stage. All the alterations
are closely related to mineralization.

3 Analytical Method and Results

3.1 Sample

The seventeen ore samples were collected from the
main orebodies of the selected deposits, and their
characteristics and In, Sn, Pb, Zn contents measured by
ICP-MS are listed in Table 1. As indium is present mainly
in sphalerite, coexisting quartz is selected for the analysis
of the ore-forming elements in fluid inclusions in order to
prevent pollution of indium and the other ore-forming
elements in the sphalerite from being leached out in the
process of sample pre-treatment.

Samples were all examined under microscope prior to
ore dressing so as to determine their mineral compositions,
textures, structures, and mineral cogenetic relations and
confirm that the quartz and metallic sulfides are of
cogenesis. On this basis, the samples were prepared as
polished fluid inclusion slices to study the types of fluid
inclusions so as to determine their size, quantity and type,
distinguish primary fluid inclusions and measure the
homogenization temperatures. The results showed that
quartz fluid inclusions in these deposits are large in
amount and big in size (generally within the range of 5-30
pm). V-L two phase fluid inclusions are dominant and
their homogenization temperatures are relatively high,
generally higher than 250 °C, with the maximum value
even up to 400450 °C (Table 2). A minor amount of
secondary fluid inclusions can be seen locally in quartz
from the Dachang, Dulong, Meng’entaolegai and
Fozichong deposits (generally less than 10 pm in size,
mostly between 1-5 um, linearly arrayed, homogenization
temperatures lower than 200 °C).

3.2 Sample treatment

Su et al. (2001) successfully measured the contents of
REE and ore-forming elements in fluids from quartz fluid
inclusions in Carlin-type gold deposits of Guizhou
Province, and established a complete set of sample
treatment and analytical procedures. So in this study
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Table 1 Characteristics and major element contents of ore samples from indium-rich and -poor ore deposits

Deposit Deposit Sample Occurrence Sample characteristics In Sn Zn Pb Zn/Pb
type No.
Changpo-Tongkeng ~ GD-10 Orebody 92 Sph-Py-Cas-Qtz massive ore 132 0.46 14.84 1.66 8.94
deposit in Dachang, ~ GD-14 Orebody 91 Py-Sph-Cas-Qtz ore 185 0.74 16.23 0.82 19.79
Guangxi GD-21 Orebody 91 Py-Sph-Cas-Qtz ore 194 0.67 15.99 1.2 13.33
GD-31 Orebody 91 Py-Sph-Cas-Qtz ore 236 0.63  21.05 2.11 9.98
Meng entaolegai, M-8 Orebody V8 Sph-Gal-Qtz massive ore 123 0.31 9.54 4.43 2.15
In-rich Inner Mongolia M-20 Orebody V8 Sph-Gal-Py-Qtz massive ore 179 0.42 17.68 3.29 5.37
. M-21 Orebody V1 Sph-Gal-Qtz ore 123 0.39 15.22 3.18 4.79
deposits M-25 Orebody V1 Sid-Sph-Gal-Qtz ore 149 0.18  11.01 5.79 1.90
M-34 Orebody V11 Sph-Gal-Py-Qtz ore 98 0.13  12.6 3.89 3.24
Dulong Sn-Zn My-s  Openminingyard o o cas-Cp ore 138 048  14.63 1.68 8.71
deposit, Yunnan at Manjiazai
Open mining yard .
MJ-58 at Manjiazai Qtz-Sph-Cas massive ore 147 0.29 15.16 0.37 40.97
Fozichong Pb-Zn F-9 Niuwei Qtz-Sph-Gal disseminated ore 11 0.006 17.31 3.94 439
deposit, Guangxi F-23 Daozhikou Qtz-Sph-Gal disseminated ore 8 0.002 13.56 3.25 4.17
In-poor F-26 Daozhikou Qtz-Sph-Gal disseminated ore 12 0.005 21.04 422 4.99
deposits F-33 Daozhikou Qtz-Sph-Gal disseminated ore 4 0.001 23.97 3.01 7.96
Huanren Pb-Zn LW-12 Main orebody Gal-Sph-Qtz ore 5 0.001  8.55 7.09 1.21
deposit, Liaoning ~ LW-24  Main orebody Gal-Sph-Qtz ore 3 0.003  6.94 5.96 1.16

Sph-sphalerite; Gal-galena; Py-pyrite; Cas-cassiterite; Qtz-quartz; Cp-chalcopyrite; Sid-siderite. Analytical method: In, by ICP-MS; Sn, by polarography; Pb

and Zn, by routine chemical methods. Unit: In (x10°%); Sn, Pb and Zn (%).

Table 2 Characteristics and homogenization temperatures of quartz fluid inclusions in both In-rich and In-poor deposits

Characteristics and types of

. . N o
Deposit Sample No. fluid inclusions Shape Size (um)  V/L ratio (%) Tu (°C)
GD-10, GD-14, Randomly occurring within . .
Changpo-Tongkeng GD21 quartz, in large amounts Elliptic, rounded irregular 3-15 10-20 250-405
M-8, M-20, M-25, In th ter of quart: i Rounded-ellipti
Meng’entaolegai P VD S, TS cerrer OF quartz grams, oundec=¢ Ipuc, 5-20 10-30 255-420
etc. distributed in groups elongated, irregular
L+V, Distributed randomly, i
Dulong MJ-56, MJ-58 » DISrbULed rancomey, - gyytic, irregular 5-15 15-20 263-390
large amounts
L+V, Distributed i El ted ellipti
Fozichong F-9, F-23, F-33 » DIStribuied I Eroups of onsated € Apic, 10-20 10-20 248-451
scatters, in large amounts rounded and irregular
4 . -
Huanren LW-12, LW-24 L+V, Occurring randomly, Rounded, elliptic and 1095 1530 280-440

scattered locally

irregular

Fluid inclusion types in these deposits include pure liquid phase inclusions in addition to vapor/liquid double-phase inclusions. Daughter mineral fluid
inclusions are occasionally seen. The Huanren deposit also contains methane inclusions. As fluid inclusions in most of the deposits have been specially
investigated, this study is focused only on the size, type, quantity and homogenization temperature and genesis of fluid inclusions in the collected samples.

similar methods were employed.

The ore samples were first crushed and quartz grains
were handpicked. Selected quartz was crushed as fine as
8040 mesh (0.2-0.4 mm) and washed to remove most
sulfides. Then, 6 g of pure quartz was picked out under the
microscope, of which 3 g was used for analysis and the
other 3 g for standby. The quartz minerals reached the
purity of 99%.

3 g of the selected quartz was boiled with highly pure
HNO; for 5-10 hours at the temperature of 200 °C so as to
dissolve the impurities on the surface or in the fissures of
quartz to remove part of the secondary fluid inclusions in
it. Then, twice deionized water was used to wash the
quartz samples times till the electric conductivity of the
washing liquid reached that of twice deionized water.
After that, the quartz sample was baked for 12 hours till
dryness at low temperature to completely eliminate the
moisture on the surface of quartz grain.

3.3 Extracted fluid

Su et al. (2001) made comparisons of advantages and
disadvantages for the different ways of opening fluid
inclusions, and considered that the decrepitating method
was the best choice. As the ore-forming temperatures for
the selected deposits are generally within the range of
250-400 °C and a few secondary fluid inclusions were
formed below 200 °C, two steps were involved in the
opening of fluid inclusions. Firstly, quartz sample was put
into a high-temperature U-shaped quartz tube and
decrepitated for 3—5 min at 250 °C. The quartz sample was
then taken out, washed with 5% HNO; till it was clean
enough and baked till dryness at low temperature. The aim
of this step is to remove low-temperature secondary fluid
inclusions as thoroughly as possible. Secondly, the baked
quartz sample was put into a new Ne-filled high-
temperature U-shaped quartz tube and decrepitated for 5
min at 650 °C. Then the quartz fluid inclusions were
opened for precision gas chromatographic analysis of the
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Table 3 ICP-MS operating parameters
Function Parameter Function Parameter Function Parameter
Ignition capability 1.2 kW Sample input speed rate 1.0 mL/min Scanning mode Peak jump
Reflection capability 2w Fore vacuum 231 cPa Mass range 7-250
Ar gas speed rate of atomizer 0.64 L/min High vacuum 10-90 pPa Scanning time 20
rS;gplementary Ar gas speed 0.60 L/min iemta;iiliglggstiitrge at the 0.001 s itr}?zee; l(:f sampling localities for 10
Cooling gas speed rate 14.0 L/min Resolution power 300 Integrated time for each mass 50 ms
Table 4 Contents of the major metallic elements in quartz fluid inclusions (x107°)
Deposit type Deposit Sample No. Mineral In Sn Zn Pb Zn/Pb
GD-10 Quartz 3.6 37 208 35 5.94
) GD-14 Quartz 33 39 221 33 6.70
Changpo-Tongleeng deposit GD-21 Quartz 2.7 19 216 48 4.50
GD-31 Quartz 41 55 309 52 5.94
M-8 Quartz 238 21 195 62 3.15
In-rich deposit M-20 Quartz 35 36 294 58 5.07
Meng’entaolegai deposit M-21 Quartz 2.4 14 268 66 4.06
M-25 Quartz 29 15 194 73 2.66
M-34 Quartz 1.9 7 211 54 391
MJ-56 Quartz 25 17 211 43 491
Dulong deposit
MJ-58 Quartz 3.1 28 234 22 10.64
F-9 Quartz 0.03 2 217 49 443
F-23 Quartz 0.03 0.9 188 31 6.06
Fozichong Pb-Zn deposit
) F-26 Quartz 0.05 1.1 229 58 3.95
tr-poor deposit F-33 Quartz 0.08 14 257 47 5.47
Huanren Pb-Zn deposit Lw-12 Quartz 0.09 0.4 164 74 222
Lw-24 Quartz 0.06 0.6 179 81 221

Characteristics of samples see the Table 1.

contents of H,O in fluid inclusions. 5 mL of highly pure
5% HNO; leaching solution was added in the decrepitated
sample, followed by the extraction of fluids from fluid
via ultrasonic vibration and centrifugal
separation for analysis.

inclusions

3.4 Analytical conditions and results

Employed analytical instrument in this study was an
ELEMENT-type high-resolution Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) made by the
Finnigan MAT Company. The instrumental conditions are
consistent with the parameters used in determining the
contents of trace elements in quartz fluid inclusions from
the Carlin-type gold ores in Guizhou by Su et al. (2001)
(Table 3). The concentration value limit corresponding to
the tri-folded standard deviation obtained by ten times of
continuous determination of the blank solution in the
whole experimental procedure is taken as the
determination limit of the instrument. The determination
limits of In, Sn, Pb and Zn are taken as 0.02 ng/g, 0.08 ng/

g, 0.2 ng/g and 0.45 ng/g, respectively; and the blank
value of the leaching solution refers to the contents of the
elements mentioned above in the 5% HNO; solution used
to soak fluid inclusions. The average values for 5 times of
analysis are In 0.04 ng/g, Sn 0.11 ng/g, Pb 0.03 ng/g and
Zn 0.51 ng/g, respectively. It can be seen that the blank
values of the leaching solution and the instrumental
determination limits are lower than 1x10°, which are far
lower than their contents in fluid inclusion.

Under the above conditions, ICP-MS is used to analyze
the contents of In, Sn, Pb and Zn in the prepared samples.
The analytical results were converted to their contents in
H,O0 in fluid inclusion determined by gas chromatographic
analysis. The results of continuous 3 times of analysis for
every sample are of well consistent and far higher than the
blank values of the leaching solution and the instrumental
determination limits. This indicates that the experiment is
successful and the analytical result is credible. The
average element contents are listed in Table 4. For the
convenience of comparison with their contents in ores
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Fig. 5. Plots showing the relationship between In and Sn (a), Zn (b) and Pb (c) in the ores.
Solid circles indicate In-rich deposits; open circles stand for In-poor deposits.
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Fig. 6. Plots showing the relationships between In and Sn(a), Zn(b) and Pb (c) in ore-forming fluids.

Solid circles indicate In-rich deposits; open circles stand for In-poor deposits.

listed in Table 1, the units of elements in Table 4 are
expressed in x10°°.

4 Results and Discussion

4.1 Contents of In, Pb and Zn and their
relationships in ores

Table 1 shows that although the two types of ore
deposits are different in the contents of Sn and In, both Pb
and Zn are their major components. It is not hard to see
that ores from the In-rich deposits contain indium of
132x107°-236x10° for the Changpo-Tongkeng deposit,
98x107°-179x10°° for the Meng’entaolegai deposit and
138x10°~147x10°° for the Dulong deposit, while those
from the In-poor deposits contain less than 10x107° In.
Another outstanding feature is that ores from the In-rich
deposits are obviously enriched in tin, while the contents
of tin in ores from the In-poor deposit are two orders of
magnitude lower than those of the former.

As can be seen from Fig. 5, indium contents of ores
from In-rich deposits show positive correlations with Sn
and Zn, and the correlative coefficients are 0.7430 and
0.8781, respectively (Fig. 5a, 5b), but there is no such
synchronous variation trend between In and Pb (Fig. 5c¢),
which indicates that In is related mainly to Sn and Zn.

Sn,

4.2 Contents of In, Sn, Pb and Zn and their
relationships in ore-forming fluids
According to Table 4, lead and zinc are enriched in ore-

forming fluids from either In-rich or In-poor deposits and
have no large variation between two types of deposits,
with 22x10°-81x10° Pb and 164x10°-309x10° Zn.
This is in good consistency with the fact that ores of the
two types of deposits are enriched in lead and zinc.

Ore-forming fluids from the In-rich and In-poor
deposits are distinctively different in the contents of
indium and tin. The contents of tin in the ore-forming
fluids from In-rich deposits are within the range of
7x107°-55x10°, while those in In-poor deposits, only
0.4x107°-2x107°, and the latter’s tin contents are higher
than the former’s by 1-2 orders of magnitude. This
difference is in accord with that in tin contents for the two
types of ore deposits as listed in Table 1.

Table 4 shows that ore-forming fluids from In-rich
deposits contain indium as much as 1.9x107°4.1x10°°.
This content range is higher than the Clarke value
(0.01x10°® by two orders of magnitude. While ore-
forming fluids from In-poor deposits contain almost no
indium (0.0nx10"°), the contents of indium are close to the
Clarke value of the earth’s crust and lower than those of
indium in ore-forming fluids from In-rich deposits by two
orders of magnitude. That is to say, ore-forming fluids
from In-rich deposits are highly enriched in indium by a
factor of >100 times as compared with those from In-poor
deposits.

In the ore-forming fluids indium and tin show very good
linear variations, and the correlation coefficient reaches
0.9552 for In-rich deposits (Fig. 6a). There is a better
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Fig. 7. The correspondence relationships between In (a), Sn (b), Zn (c) and Pb (d) in ore-forming fluids and ores.

Solid circles indicate In-rich deposits; open circles stand for In-poor deposits.

correlation between indium and zinc, with the correlation
coefficient of 0.5120 (Fig. 6b), but no correlation between
indium and lead (Fig. 6¢). The correlation coefficient
between indium and tin in ore-forming fluid is larger than
that in ores, while two coefficients between indium and
zinc in ore-forming fluid and in ores show itself the
contrary tendency with indium and tin, indicating that
indium has the affinity with tin in fluid and it is related to
zinc in ores.

The ore-forming fluids for In-poor deposits are depleted
in both indium and tin, with no obvious correlation between
the two elements (Fig. 6a).

The geological fact that when the contents of tin in the In
-rich deposits and the related ore-forming fluids are high,
the contents of indium are also high, seems to indicate that
in the case of the existence of tin in large amounts, indium
would be possible to enter the ore-forming fluids in large
amounts to lay down the foundation for the enrichment and
ore formation of indium. This is just in consistency with the
deduction of Zhang et al. (2003) that the enrichment and
ore formation of indium is closely related to tin.

4.3 Corresponding relations of In, Sn, Pb and Zn
between ore-forming fluids and ores

It is obvious that the elements not present in the ore-
forming fluids can not appear in the ores, whereas those
appear in the ore-forming fluids would not necessarily
gathered as ores in the deposits. This problem can be
deciphered by comparing the contents of ore-forming

elements in the fluids with those in the ores. From Fig. 7,
the contents of ore-forming elements in the ores always
depend on these in the ore-forming fluids. Either in In-rich
deposits or in In-poor deposits, both Pb and Zn are the
useful metallic elements in the ores; in case the contents of
lead and zinc are high in the ore-forming fluids, they will be
high in the ores, both showing a very good synchronously
increasing trend. Either on the whole, or individually, these
two types of ore deposits display the same variation trend
(Fig. 7c, d).

From Fig. 7a and 7b, the simultaneous enrichment of
indium and tin and their simultaneous depletion in the ore-
forming fluids and ores from In-rich and In-poor deposits
can distinctively separate these two types of deposits from
each other. This indicates probably that the enrichment of
indium and tin in the ores depends remarkably on whether
the two metallic elements are present or not in the ore-
forming fluids and their quantities. What is different is that
indium in the ore-forming fluids for In-rich deposits shows
a linear positive correlation with indium in the ores, with
the correlation coefficient of 0.7327 (Fig. 7a), while the
correlation of tin in the ore-forming fluids and in ores is
poorer than that of indium in two phases, with the
correlation coefficient of 0.6168 (Fig. 7b).

4.4 Role of tin in the process of indium enrichment

A hard fact is that all In-rich deposits are Sn-rich deposits
as well (Murao et al., 1991; Zhang et al., 1998). In China
some In-rich deposits are all cassiterite-sulfide deposits,
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e.g., the Dachang orefield of Guangxi, the Dulong orefield
and Gejiu orefield of Yunnan, the Meng’entaolegai orefield
of Inner Mongolia, the Xitieshan orefield of Qinghai and
the Yinshan orefield of Jiangxi. (Huang et al., 1998; Zhang
et al., 1998). According to the research of Greta (1980), in
some coal mines of Bulgaria, the indium contents of coal
are up to 20x107°~167x10°, with the maximum value of
1000x107°, and some cassiterite-sulfide deposits are also
enriched in indium. Sphalerite and Cu-Fe-Sn-S-containing
sulfide minerals in the Nakakoshi cassiterite-sulfide deposit
of Japan contain 1.8%—16.3% indium, and the ores contain
0.02% In on average, which is thus a typical In-rich deposit
(Tsushima et al., 1999). The presence of In-bearing
sphalerite in the ore deposits in the Gasborn region of
central Switzerland make the deposits enriched in indium
(Kieft and Damman, 1990), etc. In these In-rich deposits
the most common metallic elements associated with Sn are
Cu, Zn, Pb and Sb. But there has been no report about the

presence of indium in Sn-barren Cu, Zn, Pb and Sb deposits.

The simultaneous enrichment and depletion of indium and
tin in the ores and ore-forming fluids from both In-rich and
In-poor deposits indicate that tin has played a very
important role in the enrichment and migration of indium.

Seward et al. (2000) described the properties of the
complexes of indium chloride in hydrothermal solutions at
25-350 °C and under saturated vapor pressure conditions,
as well as the variation characteristics of In-Cl and In-O
bonds with respect to their length and pointed out that the
hydrates of chlorides of indium [In(ClO4)(H,0)*'s and
InCl(H,0)*".n] played an important role in the migration
of indium in the hydrothermal system. However, in fact, in
the geological processes the environment of indium is more
complicated than that of pure indium-chloride systems. If
indium migrates merely in the form of simple In-chloride, it
could be enriched in the deposits of any element
assemblage. The contents of indium and other ore-forming
elements in ore-forming fluids and their relationships
indicate that the existence of In-rich ore-forming fluids is
the materials basis for the formation of In-rich deposits. As
deduced from the data available, In-rich ore-forming fluids
appear to be able to form only in case that tin is present in
large amounts in fluids.

In oxidation state, indium seems to be a siderophile
element. Based on our analytical results, it is often enriched
in Fe-bearing rock-forming minerals such as biotite,
hornblende and sometimes in limonite. They have the
similar geochemical character under oxidation condition
and In-Sn alloy is manufactured in the material industry
based on their similar chemical property. Indium is usually
modified and transferred under oxidation state in the
geological process. Therefore, we infer that when tin exists
in a hydrothermal system, indium and tin jointly form a

certain complex compound and transferred together; and
this compound is indispensable to the enrichment of indium.
However, their idiographic migratory form, medium
property and type of complex compound need further
research. It is incontrovertible that the key of answering this
question depends on the experiment of indium-tin-related
elements coexisting system and determination of their
complex compound types.

In the hydrothermal system, indium is a strongly
chalcophile (sulphophile) element. It seldom forms indium
minerals and usually replaces other elements in Zn-Cu-Sn-
bearing minerals, which are similar in ionic radium to that
of indium (Yi et al., 1995). Trivalent indium (In*"), when 6-
coordinated, has an ionic radium of 0.081 nm, close to the
jonic radium of Zn*". When indium is precipitated, it is
usually enriched in sulfides of zinc. Tin is considered a
siderophile element and is usually present in the form of
cassiterite in the sulfide deposits. In most cases, cassiterite
contains a lower amount of indium (Yang, 1990), but in
some complex tin-bearing sulphide minerals, the contents
of indium could be relatively high. This indicates that the
foremost sulphophile property of indium is prominent in
the reductive hydrothermal condition. Though indium has
intimate relation with tin in fluids, it mainly enters sulfur-
bearing minerals when it precipitates in the reductive
condition. According to Liu et al. (1984), indium has very
strong selectivity to its carrier minerals and then it
preferentially enters a few of sulfide minerals that have
hexahedron structure. Therefore, the well-known In-rich
deposits over the world are those of Sn-Pb-Zn-Cu-Sb-Ag
coexistence, and no matter what element assemblage exists,
tin in the deposit is indispensable (Yi et al., 1995; Anderson,
1953; Ivanov et al., 1963; Radkevich et al., 1963; Pearce et
al., 1984; Johan, 1988; Pattrick et al., 1993; Botelho and
Moura, 1998; Benzaazoua et al., 2003; Zhang et al., 2003).

5 Conclusions

The most significant difference between In-rich and In-
poor ore deposits is whether there exists tin or not. The In-
rich ore deposits are dominated by -cassiterite-sulfide
deposits and Sn-bearing Pb-Zn deposits. Indium contents in
ores of this type of deposits are more than 100x10°, and
there is a positive correlation between indium and zinc, and
also between indium and tin, with correlation coefficients
of 0.8781 and 0.7430, respectively. In-poor ore deposits are
characterized by a trace amount of tin, and ores contain
indium less than 10x10°°.

The two types of deposits also show differences in
contents of indium and tin in their ore-forming fluids, i.e.,
the contents of indium and tin in the ore-forming fluids for
In-rich deposits are obviously higher than those in the ore-
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forming fluids for In-poor deposits, with a difference by
1-2 orders of magnitude; there is a very good correlation
between indium and tin in the former, with a correlation
coefficient of 0.9552. This indicates that (1) the existence
of the In-rich ore-forming fluid can provide the material
foundation for the formation of the In-rich deposits, and (2)
simultaneous enrichment of indium and tin in the ore-
forming fluid of the In-rich deposit, and simultaneous
indigence of them in that of the In-poor deposit indicate
that tin plays a very important role in the migration and
enrichment of indium. It is deduced that the presence of tin
is more favorable to the incorporation of indium into fluids
to form In- and Sn-bearing ore-forming fluids. The two
metallic elements are transported together; but in the
process of precipitation indium is incorporated mainly into
sphalerite or sulphide minerals of tin; and only in a few
cases (e.g., in the case of pressure and temperature drop), a
part of indium would be incorporated into cassiterite.

Seward et al. (2000) held that indium migrates mainly in
the form of chlorides of indium, but In-rich deposits usually
have very complex element associations (e.g., Cu, Pb, Zn,
Ag and Sb), especially the close relationship between
indium and tin. So, more experiments are necessary before
the occurrence and the migration of indium in ore-forming
fluids can be further verified.
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