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Abstract

The Furong tin deposit in the central Nanling region, South China, consists of three main types of miner-
alization ores, i.e. skarn-, altered granite- and greisen-type ores, hosted in Carboniferous and Permian strata
and Mesozoic granitic intrusions. Calcite is the dominant gangue mineral intergrown with ore bodies in
the orefield. We have carried out REE, Mn, Fe, and Mg geochemical and C, and O isotopic studies on calcites
to constrain the source and evolution of the ore-forming fluids. The calcites from the Furong deposit exhibit
middle negative Eu anomaly (Eu/Eu* = 0.311-0.921), except for one which has an Eu/Eu* of 1.10, with the
total REE content of 5.49-133 ppm. The results show that the calcites are characterized by two types of
REE distribution patterns: a LREE-enriched pattern and a flat REE pattern. The LREE-enriched pattern of
calcites accompanying greisen-type ore and skarn-type ore are similar to those of Qitianling granite. The
REE, Mn, Fe, and Mg abundances of calcites exhibit a decreasing tendency from granite rock mass to wall
rock, i.e. these abundances of calcites associated with altered granite-type and greisen-type ores are higher
than those associated with skarn-type ores. The calcites from primary ores in the Furong deposit show large
variation in carbon and oxygen isotopic compositions. The §"C and 'O of calcites are —0.4 to —12.7%. and
2.8 to 16.4 %o, respectively, and mainly fall within the range between mantle or magmatic carbon and marine
carbonate. The calcites from greisen and altered granite ores in the Furong deposit display a negative cor-
relation in the diagram of §°°C versus 8'°O, probably owing to the CO,-degassing of the ore-forming fluids.
From the intrusion to wall-rock, the calcites display an increasing tendency with respect to 8"°C values. This
implies that the carbon isotopic compositions of the ore-bearing fluids have progressively changed from
domination by magmatic carbon to sedimentary carbonate carbon. In combination with other geological and
geochemical data, we suggest that the ore-forming fluids represent magmatic origin. We believe that the
fluids exsolved from fractionation of the granitic magma, accompanying magmatism of the Qitianling
granite complex, were involved in the mineralization of the Furong tin polymetallic deposit.
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1. Introduction

In General, tin mineralization is genetically associ-
ated with highly differentiated S-type granite (Hein-
rich, 1990). A great number of studies on the genetic
association of tin mineralization and S-type granites
have been published in the last century (Taylor, 1979;
Eugster, 1985; Schwartz & Askury, 1989; Heinrich,
1990; Lehmann & Harmanto, 1990; Pollard et al.,
1991). According to these documents, these granites
are typical peraluminous and reduced, commonly
enriched in W, Sn mineralized elements and volatiles
such as F, Li and B. Generally, peraluminous magma
is in favor of SnO, dissolution (Linnen ef al., 1996). At
low oxygen fugacity, tin may be predominantly biva-
lent, and then favoring accumulation in the residual
liquid and cause massive tin mineralization around
the granites (Jackson & Helgeson, 1985; Linnen et al.,
1995, 1996). However, in recent years, there have been
some tin deposits found to be genetically related to
A-type granites (Sawkins, 1984; Nilson & Marcia,
1998). Usually, A-type granite magma is considered to
be formed under relative low H,O fugacity. In this
case, it is difficult for the anhydrous magma to
exsolve fluids (Loiselle & Wones, 1979; Collins et al.,
1982; Clemens, 1986). However, Bi (1999) disclosed
that A-type granitoid rocks are not necessarily free
from water and the water bearing A-type granites can
also produce ore-forming fluids of geological interest
through magmatic differentiation under certain
conditions.

The Furong deposit is a newly-found giant tin poly-
metallic deposit in southern Hunan province, China. In
a recent exploration, a 210,000-ton reserve of tin metal
has been discovered (Chen & Liu, 2000; Huang et al.,
2001). Tin mineralized bodies mainly occur in the
endo- and exo-contact zones of the southern part of the
Qitianling granite intrusion, which has been shown to
be of A-type (Zheng & Jia, 2001; Zhu et al., 2005). A
large number of detailed geologic, chronologic and
petrologic studies have been published in recent years
(Huang, 1992; Xu et al., 2000; Huang et al., 2001, 2003;
Zheng & Jia, 2001, Cai et al., 2002; Wei et al., 2002; Wang
et al., 2003; Zhu et al., 2003, 2005; Mao et al., 2004; Peng
et al., 2007). These documents indicate an intimate tem-
poral and special relationship between the tin miner-
alization and the Qitianling granite. There exist some
discrepancies about the origin of the ore-forming fluid
of the Furong deposit due to the lack of direct evidence
from the deposit indicating the source of the ore-
forming fluids. Wang et al. (2004) pointed out that the
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fluid /rock interaction of the exsolved fluid from the
Qitianling pluton with the crystallizing granites has
led to the widespread alteration and tin mineralization.
Nevertheless, as deduced from mineralogy and H and
O isotopic proof (Zhao et al., 2005; Jiang et al., 2006), the
ore-forming fluid of the Furong deposit is influenced
dominantly by meteoric water. This study attempts to
establish an understanding of the source and the evo-
lution of the ore-forming fluid, in the light of the REE
geochemistry and carbon and oxygen isotopic data of
the vein calcites associated with tin in the Furong
deposit.

2. Regional and local geology

The Furong tin polymetallic deposit is located in the
central part of the Nanling W-Sn mineralization district
in Hunan province, China. The Nanling district lies in
the north-western part of the Cathaysian block of South
China (Fig. 1), which is mainly composed of Protero-
zoic basement overlain by a cover sequence of Sinian
to Triassic sedimentary strata (Chen & Jahn, 1998).
Regional NE-trending fault structures are well devel-
oped in the central Nanling district. Along these faults
there intruded a great deal of granitoids, and numer-
ous granite-related tin and tungsten deposits occur,
including Shizhuyuan (Lu et al., 2003), Yaogangxian
(Peng et al., 2006), Xianghualing (Yuan et al., 2007), and
Furong (Li et al., 2006) (Fig. 1).

The Furong Sn-W deposit was discovered in the late
1990s and has a general ore grade of about 0.3-1.5%
SnO; (Huang et al., 2001). The proven reserve of tin ores
is estimated to be about 600,000 tons (Wei ef al., 2002).
The stratigraphic sequence mainly consists of Carbon-
iferous carbonate rocks with silty and calcareous shale,
and Permian carbonate rocks with ferromanganese
chert, siliceous and calcareous shale, unconformably
overlain by Cretaceous molasse (Fig.2). A composite
granitic stock, with an area of 520 km?* intruded Car-
boniferous and Permian strata during Yanshanian.
Three main intrusive phases were classified according
to their petrology and intrusion ages: (i) medium-
to coarse-grained porphyritic hornblende-biotite
monzogranite with a zircon U-Pb age of 158.6-162.9 *
0.4 Ma. The accessory minerals are apatite, sphene,
zircon, magnetite and REE minerals; (ii) medium-
grained porphyritic biotite granite with minor horn-
blende, has a zircon U-Pb age of 156.7-153.5 = 0.4 Ma.
The accessory minerals mainly consist of magnetite,
ilmenite, zircon and REE minerals; (iii) some small
fine-grained granites with an age of 147-143 Ma scatter
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in the two granite phases mentioned above (Zhu et al.,
2005). The published data indicate that the intrusion
stocks are enriched in Si, alkali and K, and might be
assigned to A-type granite (Zheng & Jia, 2001; Zhu
et al., 2005). The Sn-W mineralization orebodies mainly
occur along the endo- and exo-contact zones of the
biotite granite (Fig. 2) and recent **Ar-*Ar studies on
mica reveal that tin mineralization in the Furong
deposit took place at 150-160 Ma, quite similar to the
intrusion age of the biotite granite (Peng et al., 2007).
The Furong deposit consists of more than 50 ore
veins. These veins are usually NE-striking, constitut-
ing three NE-trending tin ore blocks, i.e. Bailashui-
Anyuan ore block, Heishanli-Maziping ore block, and
Shanmenkou-Goutouling ore block (Fig. 2). There are
three main types of primary tin mineralization identi-
fied in this deposit according to their mineralizing
processes, hydrothermal alteration, and ore-hosted
wall rocks, ie. skarn-, altered granite- and greisen-

type (Fig. 3).
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In the Furong mining district, important tin-bearing
skarns occur along the contact zones between the large
composite Yanshanian granitic pluton and sedimen-
tary strata in the Bailashui-Anyuan ore block. The pro-
ductive Sn skarns have formed mainly at the zone
of the exocontact, which mainly consists of diopside-
hedenbergite, grossular-andradite, vesuvianite and
wollastonite, with minor malayaite and cassiterite
(Fig. 3a). They are characterized by strong deuteric
alteration, especially amphibolization, chloritization,
and phlogopitization. Sn mineralization is invariably
related to these hydrothermal alterations (Fig. 3b). Cas-
siterite normally occurs as fine-grained dissemination
(from <10 to about 500 um) accompanied by horn-
blende, chlorite, phlogopite, quartz, calcite, magnetite
with minor pyrite, chalcopyrite, bismuthinite, galena,
sphalerite and arsenopyrite.

The altered granite is especially characterized by
strong pervasive endogranitic chloritization (Fig. 3c).
It has mainly been derived from porphyritic biotite
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Fig.2 Geological map of the
Furong tin deposit, South China.
Modified after Huang etal.
(2003). 1: medium- to coarse-
grained porphyritic hornblende-
biotite monzogranite and biotite
granite; 2: fine-grained granites;
3: Permian; 4: Carboniferous; 5:
Cretaceous; 6: line of geological
boundary; 7: faults; 8: ore-body
and its serial number.

Fig. 3 Photographs of ores from the
Furong tin deposit, South China.
A: BSE image of skarn-type ore:
cassiterite-garnet-hornblende-
malayaite ore. B: BSE image
of skarn-type ore: cassiterite-
phlogopite-magnetite ore. C:
Microscope image of altered
granite-type  ore:  cassiterite-
chlorite-rutile-muscovite-apatite
ore. D: Microscope image of
greisen-type ore: cassiterite-
muscovite-quartz-pyrite ore.
Abbreviations: Cass-cassiterite;
Gar-garnet; Hb-hornblende; Mly-
malayaite; Phl-phlogopite; Mit-
magnetite; Rt-rutile; Ap-apatite.
Chl-chlorite; Ms-muscovite;
Qz-quartz; Pyt-pyrite.

Calcite geochemistry of Furong Tin Deposit

0.5mm

granite. The transitional phase is the albitized and
sericitized porphyritic biotite granite. Albite and seric-
ite are characteristic products of deuteric alteration
within the biotite granites forming at the expense of
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K-feldspar and biotite. Pervasive chlorite formed as
veins and envelopes as a product of further fluid-
rock interaction. Most of the cassiterites typically
co-precipitated with rutile within the chloritized
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granites. Cassiterite and rutile normally occur as fine-
grained disseminations (50-1000 um) together with
chlorite, sericite, quartz and calcite. The ore minerals
mainly consist of cassiterite with minor pyrite, chal-
copyrite, galena and sphalerite.

The greisen mainly occurs within the porphyritic
biotite granite along the south contact zone of the
pluton and the strata. Tin mineralization is mainly
associated with phyllic alteration occurring as dissemi-
nations in the greisenized granites and locally as
quartz-sulfide veins (Fig. 3d). The mineral composition
of the greisen varies from 30 to 80 percent quartz, 5-60
percent muscovite, and 0.5-10 percent sulfides. The
typical quartz-rich greisen (>50 percent quartz) con-
tains minor pyrite and arsenopyrite. Most of the cas-
siterite ore occurs within the greisen and the quartz
bodies enclosed in it. The ore minerals, in order of
decreasing abundance, are pyrite, arsenopyrite, chal-
copyrite, cassiterite, rutile, sphalerite, galena, wolfra-
minte and sheelite.

3. Samples and analytical methods

The calcite samples used in this study were collected
from four representative ore lodes, i.e. No.10 and
No.19 ore lodes in the Bailashui ore block, and No.55
ore lode in the Goutouling ore block in the Furong
deposit. The specimens of skarn (FR19-1, FR19-2,
FR19-3, FR19-4, FR19-5, FR19-6, FR19-7 and FR19-8)
were sampled from No.19 lode in the Bailashui ore
block, with calcites occurring as flesh-red nodules or
veinlets intergrown with cassiterite, arsenopyrite,
pyrite, chalcopyrite, galena and sphalerite (Fig. 4a);
Samples FR55-3 and FR10-2 to FR10-4 were picked
from No.55 lode in the Goutouling ore block and
No.10 lode in the Bailashui ore block, with calcites of
altered granite ore occurring as milk white veins
which are often accompanied by fine-grained pyrite
(Fig. 4b); Samples FR55-1, FR55-2, FR55-4 and FR10-1
were taken from greisen-type ores from No.55 lode
in the Goutouling ore block and No.10 lode in the
Bailashui ore block, with calcites occurring as fine-
grained flesh-red or white nodules or plates associ-
ated with disseminated galena and pyrite (Fig. 4c). In
order to constrain the association of the ore-forming
fluids to the granites and wallrocks, we carried out
REE and C, O isotopic studies on the Qitianling
granite complex and limestone of the Qixia Group.
The four hornblende-biotite monzogranite samples
(FR-1, FR-2, FR-3 and FR-4) were from Qiguling in
the Bailashui ore block and two of them (FR-3, FR-4)
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Fig. 4 Photographs of calcites from the Furong tin
deposit, South China. (A)calcite associated with skarn
type ore. (B) calcite associated with altered granite type
ore. (C) calcite associated with greisen type ore.
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are slightly chloritized. The remanent biotite granite
samples were taken from the Goutouling ore block
(FR-5 to FR-8), with two of them (FR-7, FR-8) slightly
chloritized and muscovitized.

Rare earth elements of calcites and granites were
determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) at the laboratory of ICP-MS of
Earth Department in Hong Kong University (Hong
Kong), following the method proposed by Qi et al.
(2000) with analytical error smaller than 5%. The Mg,
Fe, and Mn compositions of calcites were analyzed by
means of XRF in State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. The analytical error is smaller
than 3%. Since the Ca content of calcite is 5-6 orders of
magnitude higher than that of REE, theoretical Ca
content was assumed in calculating the Yb/Ca ratio of
calcite (Subias & Fernandez-Nieto, 1995).

The carbon and oxygen isotopic compositions were
analyzed using the MAT 251 EM mass spectrometer
(Institute of Mineral Resources, Chinese Academy of
Geological Sciences, Bejing, China) at the Institute of
Mineral Resources, Chinese Academy of Geological
Sciences. In principle, samples were placed in the
analyzer infused with 4 mL 100% phosphorate and
then vacuumized for 2 h for keeping the pressure at
1.0 Pa. After full mixing of the phosphorate and the
sample, place the analyzer into water with constant
temperature of 25 + 1°C for 5-6 h. CO, was separated
by liquid nitrogen, and the purified CO, gas was intro-
duced to mass spectrometer for the measurement
of isotopic ratios. The analytical precision is +0.2%o.
The oxygen fractionation between calcite and water
is calculated by means of O’Neil et al. (1969), using
the average homogenization temperatures of fluid
inclusions.

4. Results
4.1 The REE and Mn, Fe, Mg measurements

Table 1 lists the REE data and some characteristic
parameters of calcites and also that of fresh and altered
granites for companion. Figures 5 and 6 show the REE
distribution patterns which were normalized using the
chondritic composition of Boynton (1984). The Mg, Fe,
and Mn analyzed data and the characteristic ratios of
calcites are presented in Table 2.

As shown in Table1 and Figure 5, in the Furong
deposit, REE distribution patterns for calcites of
greisen ores exhibit light rare earth elements (LREE)
enriched (XLREE/XHREE = 3.05-6.24) and middle
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negative Eu anomaly (Eu/Eu* = 0.311-0.521) with the
total REE content of 92.5-95.9 ppm. The calcites of
altered granite ores have total REE contents varying
from 27.2 to 133 ppm, with flat REE patterns (XLREE/
YHREE ratios of 1.03-1.68) (La/Yb)y ratios of 0.687—
0.908, and middle negative Eu anomalies (Eu/Eu* =
0.429-0.658). In contrast, the calcites of skarn-type ores
display relatively low total REE abundances (XREE =
5.49-14.6 ppm) and LREE enrichment with XLREE/
Y>HREE ratios of 2.58-6.91 and (La/Yb)y ratios of
2.47-9.42, and show moderate to light negative Eu
anomalies (Eu/Eu* = 0.655-0.921), except for one with
Eu/Eu* of 1.10.

As seen in Figure 6, the hornblende-biotite monzog-
ranites from Bailashui area have similar REE features
with light REE enrichment ((La/Yb)y ratios of 9.22-
16.6), moderate negative Eu anomalies (Eu/Eu* =
0.439-0.535) and total REE abundance of 286 ppm to
516 ppm. The biotite monzogranites from the Goutoul-
ing area have lower REE abundances (XREE =
177 ppm~262 ppm) compared to those in the Bailashui
area, and exhibit light REE enrichment patterns ((La/
Yb)n = 3.53-6.39) and larger negative Eu anomalies
(Eu/Eu* = 0.082-0.151). The differences between the
hornblende-biotite monzogranite and the biotite
monzogranite are shown in Figure 6a, b. The REE pat-
terns of altered granites in both areas have similar fea-
tures to each other, but compared to the fresh granites,
have higher LREE levels (Fig. 6¢, d).

As is clearly shown by Table 2, there is a decreasing
tendency for Mn, Fe, and Mg contents of calcites from
granite rock mass to wall rock, i.e. these contents of
calcites associated with altered granite-type and
greisen-type ores are higher than those associated with
skarn-type ores. And relatively flat REE distributed cal-
cites from altered ores have highest Mn abundances,
then next to LREE-enriched calcites from greisen type
ore-body and those from skarn-type ores have lowest.

4.2 C and O isotopic measurements

As listed in Table 3 and Figure?7, the calcites from
primary ores in the Furong deposit show a large
variation in carbon and oxygen isotopic compositions.
Their §°C and 80 values are —12.7 to —0.4%0 and 2.8
to 16.4%o, respectively, contrasting with the spread in
8"C and 80 values of calcites from other hydrother-
mal tin deposits in South China (Mao ef al., 2003). The
carbon isotopic compositions of calcites in skarn are
relatively stable, and have 8"C of —3.3 to —0.4%., with
80 of 2.8-7.8%., yielding the &%Ompo values of
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Fig. 5 Chondrite-normalized REE plot of calcites from Furong tin deposit. (a) Chondrite-normalized REE pattern of calcites
from greisen-type ores; (b) Chondrite-normalized REE pattern of calcites from altered granite-type ores; (c) Chondrite-

normalized REE pattern of calcites from skarn-type ores

0.4-5.4%o for the hydrothermal water in equilibrium
with calcites. In contrast, carbon and oxygen isotopic
compositions of the calcites from greisen- and altered
granite-type ores fall into quite a wide range. The §"°C
and 8'"°0 of calcites in greisen are —11.7 to —0.7 %0 and
3.2 to 16.4%o, respectively, with 8'*Ofpo of —1.1-12.1 %o.
The calcites associated with altered granite ores have
8"C and 8"O values of -12.7 to —2.1% and 7.9-
15.0%o, respectively, with §"Oino of water in equilib-
rium with them varying from 3.1 to 10.2%.. In order
to evaluate accurately the role of the wall-rock inter-
action during mineralization, we also analyzed the
carbon and oxygen isotopic compositions of the car-
bonate rocks around the orefield and the results show
significant C-enrichment (3"°C = 0.6-2.6%0) with the
8"°0 values of 18.8-20.3%o.
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5. Discussion

5.1 REE geochemistry evidence of the origin
of calcites

Inasmuch as the Yb/Ca-Yb/La diagram is a powerful
tracer in the study of environment of formation and
evolution of calcites (Moller & Morteani, 1983; Subias
& Fernandez-Nieto, 1995), the Yb/Ca and Yb/La ratios
of calcites from different types of ores have been
plotted in the variation diagram proposed by (Méller &
Morteani, 1983) (Fig.8). The sample sets display a
hydrothermal origin.

Y and Ho become geochemically decoupled in the
presence of complexing agents. Bau & Dulski, (1995)
invoked that the gangue minerals of same origin dis-
tribute approximately horizontally when plotted on
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Fig. 6 Chondrite-normalized REE pattern of granites from Furong deposit. (a) REE distribution pattern of hornblende-
biotite monzogranites. (b) REE distribution pattern of biotite granites. (c) contrast of the fresh monzogranites and
chloritized monzogranites. (c) contrast of the fresh biotite granites and chloritized and muscovitized biotite granites.

Table 2 Mg, Fe, Mn compositions of calcites from the Furong tin deposit (wt%)

Sample FR55-1 FR55-2 ~ FR55-3  FR10-2  FR10-3  FR19-1  FR19-2  FR19-3  FR19-4  FR19-5
Greisen-type ore Altered granite-type ore Skarn-type ore

Mg 0.350 0.272 0.259 0.084 0.018 0.024 0.024 0.042 0.036 0.006
Fe 1.49 0.672 0.364 0.329 0.126 0.084 0.105 0.070 0.056 0.126
Mn 1.43 1.27 3.83 297 1.96 0.613 0.323 0.412 0.420 0.680
Mg+Fe+Mn 3.27 2.21 4.46 3.39 2.10 0.721 0.452 0.524 0.512 0.812
Mn/Mg 4.08 4.67 14.8 352 108 254 13.4 9.76 11.59 113
Mn/Fe 0.959 1.89 10.5 9.04 15.54 7.30 3.08 5.89 7.50 5.40

Y/Ho-La/Ho variogram, according to the research on
geochemical evolution of the REE of fluorite and calcite
from Tannenboden deposit and Beihilfe deposit in
Germany. Although there is some discrimination in
REE abundances, characteristics and distribution
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patterns between calcites from Bailashui-Anyuan and
Shanmenkou-Goutouling ore blocks in the Furong
deposit, these calcites may be of the same sources since
they are mainly distributed horizontally in the Y/Ho-
La/Ho variogram (Fig. 9).
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Table 3 Carbon and oxygen isotopic compositions of calcites and wallrocks from Furong deposit (%)

Sample Mineralized type Minerals 3C 3”0 8Om0 Average
(%o0) (%o0) (%o0) homogenization
temperature
FR19-1 Skarn-type ores Calcite -1.5 4.4 2.0 450
FR19-2 Calcite -1.8 6.6 4.2 450
FR19-3 Calcite -1.5 2.8 0.4 450
FR19-4 Calcite -0.4 7.3 49 450
FR19-5 Calcite =29 7.5 5.1 450
FR19-6 Calcite -0.9 7.8 54 450
FR19-7 Calcite -1.7 52 2.8 450
FR19-8 Calcite -3.3 47 2.3 450
FR55-1 Greisen-type ores Calcite -0.7 3.3 -1.0 350
FR55-2 Calcite -1.0 3.2 -1.1 350
FR55-4 Calcite -6.1 9.8 5.5 350
FR10-1 Calcite -11.7 16.4 12.1 350
FR10-2 Altered granite-type ores Calcite -2.1 9.0 42 330
FR10-3 Calcite 2.4 9.6 4.8 330
FR10-4 Calcite -12.7 15.0 10.2 330
FR55-3 Calcite -3.4 7.9 3.1 330
LJD-1 Wall rocks Limestone 0.6 18.8
L]D-2 Limestone 1.8 19.4
LJD-3 Limestone 2.6 20.3
4
X
0 xx X Skarn-type ore
*x
>, XX x Op ¢ Greisen-type ore

-~ x

8 -4

5/ * O Altered granite-type ore

© 8t

X wallrock
-12 o *
_ 1 6 1 1 1 1
Fig.7 The &13C versus 6180 0 5 10 15 20 25
diagram for calcites from the
"0 (%o)

Furong tin deposit, South China.

5.2 REE and Mn, Mg, Fe geochemistry of the
source of the hydrothermal fluids

Rare earth element geochemistry indicates that the cal-
cites were deposited from the hydrothermal fluids. The
intimate spatial and temporal association between the
Qitianling granite intrusion and tin mineralization in
the Furong tin deposit emphasizes the genetic role of
magmas in the mineralization process. Calcite is the
dominant hydrothermal mineral distributed widely in
different ore types in the Furong tin deposit. Therefore,
there are two possible sources for the hydrothermal
fluids which precipitated calcites: (1) External fluids

© 2010 The Authors
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drawn into a hydrothermal convection system by the
heat of the magmatic intrusion, and (2) magmatic fluids
concentrated by crystallization of the Qitianling granite
rocks.

Rare earth element solubilities in hydrothermal
fluids are extremely low, as observed on the East
Pacific rise by Michard et al. (1983). Country rocks
tend to retain most of their REE during hydrothermal
alteration (Michard, 1989). Exploring alternative (1)
above, low-temperature fluids entering a hydrother-
mal system from the country rocks would have
contained low concentrations of REE, but could
have taken them up from the granites as they were
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Fig. 9 Y/Ho-La/Ho diagram of calcites.

heated up. But REE contents of altered granites in
both areas are higher than those of fresh granites,
indicating that the hydrothermal fluid did not take
REEs from the fresh granites. External fluids also
seem unlikely to have contained the high concentra-
tions of anions needed to form complexes with and
dissolve the large amounts of REE which the fluids
must have contained. The abundance of Mn in the cal-
cites (0.323-3.83 wt %) is higher than that of the fresh
granite (0.04-0.012 wt %).

Most magmas exsolve fluids during their ascent
through the middle to upper crust and such
magmatic-hydrothermal fluids are enriched metals
and ligands (Hedenquist & Lowenstern, 1994). In their
study of fluid inclusions from igneous rocks in New
Mexico, USA, Banks et al. (1994) found that the post-
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magmatic stage of hydrothermal solutions could carry
large amounts of REE up to 1300 ppm, due to such
fluids containing abundant complex-forming anions.
The solubility and the liquid-solid distribution coeffi-
cients of REE are greatly increased by complexing
agents such as Cl, F, and CO, (Schade et al., 1989). It is
concluded that the post-magmatic hydrothermal fluid
in the studied area is enriched in Mn based on
research data presented before (Li, 1995a, b). The Mn
content of calcites from greisen-type and altered
granite-type ores range from 1.27 to 3.83 wt %, very
close to the Mn contents of calcites of magmatic
hydrothermal origin, which average from 1.88 to
2.65wt % (Li, 1995b). Therefore, the higher Mn, Fe,
and Mg abundances of calcites from greisen-type and
altered granite-type ores and REE characteristics of
magma exsolution fluids allow us to deduce that the
hydrothermal fluid from which the calcites were
deposited is magmatic, evolved by crystallization of
the Qitianling granite rocks.

5.3 REE and Mn, Mg, and Fe geochemistry of
the evolution of the hydrothermal fluids

In general, the REE patterns of hydrothermal minerals
depend significantly on the crystal configuration and
the stability of REE complexation in hydrothermal
system (Mineyev, 1963; Morgan & Wandless, 1980;
Michard, 1989). However, in recent years more authors
have concluded that the REE distribution is preferen-
tially susceptible to the stability of REE complexation
compared to crystallographic factors (Terakado &
Masuda, 1988; Wood, 1990; Lottermoser, 1992; Haas
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Fig. 10 Variation diagram of REE in
calcites.

et al., 1995). It is indicated by previous studies that all
REEs are characterized by REE complexations in solu-
tion, and that the REE complexations with CO;* and
HCOy are predicted to become more stable while the
REE atomic number increases (Dumonceau et al., 1978;
Cantrell & Byrne, 1987; Wood, 1990; Lee & Byrne, 1993;
Haas et al., 1995; Zhong & Mucci, 1995).

As mentioned above, those calcites deposited from
magmatic fluids evolved by crystallization of the
Qitianling granite rocks show the different REE pat-
terns. The hydrothermal calcites from Bailashui and
Goutouling ore blocks all have LREE-enriched patterns
and flat REE patterns. The REE patterns of calcites
occurring as nodules and veinlets in greisen-type and
skarn-type ores display an LREE-enriched pattern, and
those in altered granite ores, which appear as veins,
have flat REE patterns. The REE variation diagrams for
calcites show a continuous distribution trend of both
the calcites of LREE-enriched and nearly flat REE
(Fig. 10), suggesting that these homologous calcites are
not precipitated contemporaneously.
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Those calcites are formed in the post-stage during
the mineralization period in the Furong tin deposit. It is
observed from Figure 6c, d that the LREE abundances
distinctly increased from fresh granite to altered
granite, indicating obvious LREE leaching during alter-
ation. Accordingly, the nearly flat REE patterns of cal-
cites from altered granite ores represent the REE
distribution patterns of the relic hydrothermal fluid
achieved by LREE leaching. As shown in Figures 5 and
6, the LREE-enriched patterns of calcites from greisen-
type and skarn-type ores are very similar to those of
the fresh granites in both the Bailashui ore block and
the Goutouling ore block. This close correspondence
suggests that there is little LREE leaching during the
mineralization period, and that the relic hydrothermal
fluid has inherited REE geochemistry characteristics
of magmatic fluids concentrated by crystallization of
the Qitianling granite rocks. To conclude this, both
LREE-enriched pattern and flat-REE pattern calcites
were precipitated contemporaneously from the same
hydrothermal fluid.
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As is clearly shown in Tables1 and 2, there is a
decreasing tendency for REE, Mn, Fe, and Mg abun-
dances of calcites from altered granite-type and
greisen-type ores to skarn-type ores. The REE, Mn, Fe,
and Mg abundances of calcites from skarn-type ores
distributed along the contact zone between granite
rocks and wall-rocks are relatively lower. This geologi-
cal fact might indicate that the hydrothermal fluid pre-
cipitated skarn-type ores is much affected by the
original rocks, and the earlier crystallization of Mn-, Fe-
and Mg-bearing skarn minerals also bring out substan-
tive Mn, Fe, Mg and REE from the system.

5.4 C, O isotopic geochemistry and its
geological implication
Calcite C-O isotope geochemistry has been used else-
where to trace the origin of hydrothermal fluids
(Ohmoto & Rye, 1970; Rye et al., 1974; Zheng, 1990;
Zheng & Hoefs, 1993). The present results show that all
8"C values of calcites from the Furong tin deposit fall
within the range between mantle or magmatic carbon
(-3 to —9%0) (Ohmoto, 1972; Rollinson, 1993), crustal
carbon (Craig, 1953; Fuex & Baker, 1973) and marine
carbonate. However, the §®Opo values of hydrother-
mal fluids in equilibrium with calcites mainly vary
from 3.1 to 4.9%., obviously higher than the 8Om0
value of the meteoric water in southern China during
the Mesozoic (—9%.) (Zhang, 1985). As a matter of fact,
these 8Om0 values are very close to the magmatic
fluids (6-8%0) (Taylor, 1974). These characteristics
imply that the hydrothermal fluids from which these
calcites were deposited mainly have a magmatic origin.
As depicted in Figure?7, a negative correlation
between 8”C and 8"O values is observed for calcites
from greisen and altered granite ores in the Furong tin
deposit. In general, three types of geological processes
can be distinguished as responsible for the precipita-
tion of calcites: (1) fluid/rock interaction (2) mixing of
fluids, and (3) CO, degassing (Zheng, 1990; Zheng &
Hoefs, 1993). The mixing of the fluids is characterized
by simultaneous presence of more than two types of
fluids of different carbon and oxygen compositions.
Additionally, one of them has a §"°C value lower than
—12.7%o, much lower than mantle or magmatic carbon.
In view of fluid of various sources, this does not
explain the present isotopic features. A large number
of documents have published evidence that the fluid/
rock interaction might lead to a positive correlation
between §°C and 8O values (Zheng, 1990; Zheng &
Hoefs, 1993; Peng & Hu, 2001). Fluid /rock interaction
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is therefore not likely to have been significant in the
process of calcite precipitation. The discovery of the
coexistence of CO,-rich inclusions and H,O-rich inclu-
sions and high salinity inclusions in greisen and
altered granite ores and their similar homogeneous
temperatures during our study of fluid inclusions of
the Furong tin deposit suggest the existence of CO,
degassing during mineralization. Theoretically, the
degassing of CO, can cause distinct depletion in §”C
(Zheng & Chen, 2000). If calcite is deposited from
hydrothermal solutions when HCOj5™ act as the domi-
nant dissolved carbon species due to CO, degassing,
the resulting calcite has a negative 6%C-3"°O-
correlation (Zheng, 1990; Morishita, 1993; Morishita &
Nakano, 2008). Therefore, degassing of CO, is assumed
as a process to cause precipitation of calcite in this
mining area.

5.5 Other evidence of the origin of the
ore-forming fluid

Zhao etal. (2005) argue that the Qitianling granitic
magma has a high oxygen fugacity according to the
mineralogical evidence and that tin is incorporated in
mafic minerals during early stages of crystallization
and not enriched in later residual liquid. Accordingly,
they proposed the surface-derived origin for ore-
forming solution during the tin mineralization, most
probably involving meteoric water. In view of the
geochemistry of the Qitianling granite, this argument
does not stand under close scrutiny, because the min-
eralized lodes mainly occur along the south endo- and
exo-contact zones of the biotite granite in the Qitian-
ling granite complex and the wallrocks. The electron
microprobe analysis results of biotite from biotite
granite support a lower oxygen fugacity for the
magma and higher F and lower CI contents, in con-
trast to the results of hornblende-biotite monzogranite
(Li et al., 2007a). Theoretically, fluorine enters into the
melt and Dq, auia/mer decreases logarithmically with
increasing F content of the melt during magma crys-
tallization (London, 1987; Webster & Holloway, 1990).
Fluorine has no major influence on the Dspauid/mel
However, it increases substantively with increasing
Cl-content of the hydrothermal fluid system (Taylor &
Wall, 1984; Lehmann, 1990; Keppler & Wyllie, 1991;
Halter et al., 1998; Audétat et al., 2000). A large number
of published data document that at high oxygen
fugacity, tin may be present in the tetravalent state and
be incorporated into the mineral lattice of magnetite
and hornblende during early stages of crystallization,
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and that at low fO,, tin may be predominantly bivalent,
and then favoring accumulation in the residual liquid
(Jackson & Helgeson, 1985; Linnen et al., 1995, 1996).
From the above, the magmatic hydrothermal fluids
exsolved directly from biotite granite are expected to
be enriched in Cl and Sn.

The newly published *Ar-*Ar plateau ages of phlo-
gopite, muscovite, and hydrothermal hornblende from
Bailashui and Taoxiwo ore districts in Furong deposit
fall into the range of 150-160 Ma (Peng et al., 2007),
consistent with earlier Ar isotope data by Mao et al.,
(2004). All available dating evidence (Huang, 1992; Zhu
et al., 2003, 2005; Fu et al., 2004; Mao et al., 2004) points
a mid-late Jurassic age (150-163 Ma) for the main part
of the Qitianling pluton. These chronologic data and
the distribution of mineralized lodes suggest close
spatial and temporal relationships of mineralization
to the granite emplacement. This implies that the
Qitianling granite emplacement was essential for the
mineralization process as well as the hydrothermal
processes. As shown before, the REE and C-O isotopic
geochemistry of calcites from the Furong deposit pro-
vides information on the magmatic hydrothermal
origin for the tin mineralization, probably involving
surface-derived meteoric water. This also agrees with
the results from sulfur, lead and helium isotopic
geochemistry (Li et al., 2006; Li et al., 2007b).

According to Wang et al. (2004), the following argu-
ments are derived to support high-salinity magmatic-
hydrothermal fluids enriched in CO, exsolved from the
intrusion: (i) Qitianling granite is characterized by
many unequilibrium textures and structures, such as
porphyritic, seriate, graphic, granophyric, myrmekitic,
and aplitic textures, and pegmatoid and miarolitic
structures; (ii) Quartz in the granite contains melt
inclusions which coexist with CO, inclusions and high-
salinity inclusions; (iii) Qitianling granite, widely
altered, especially with the occurence of high-
temperature auto-metasomatism albitization and
microclinization of perthite. During our ongoing fluid
inclusions study, daughter mineral-bearing inclusions
and CO,rich three phase inclusions have been
observed in gangue minerals associated with ores. Li
and Liu (2005) have presented microthermometric
measurement of homogenization and salinity data of
fluid inclusions of gangue minerals from skarn and
granites. These inclusions homogenize at 290-560°C,
have salinities of 47-67 wt % NaClequv, and contain sub-
stantive CO,. This implies that the ore-forming fluid in
the deposit is characterized by high salinity and CO,-
enrichment. This is consistent with the hypothesis that
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hydrothermal fluids exsolved from Qitianling granite
intrusion, and that the mineralizing fluids in the
deposit were closely associated with the emplacement
of the Qitianling granite.

6. Conclusions

Calcite occurs extensively in the Furong deposit,
appearing as nodules, veinlets and veins in various
type ores. The REE, Mn, Mg, and Fe contents and C,
and O isotopic geochemical characteristics of these cal-
cites, suggest that the magmatic-hydrothermal fluid
concentrated by crystallization of the Qitianling granite
intrusion was a significant source of the ore-forming
hydrothermal fluid in the Furong tin deposit.
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