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The Dunde iron–zinc deposit is a typical submarine volcanogenic iron oxide deposit in the eastern
Awulale Metallogenic Belt of the western Tianshan. We report new petrography, rare earth elements
(REE), and fluid inclusion microthermometry and C–O–Sr isotopes of the calcite from the skarn and
the magnetite ores from the Dunde deposit. Calcite from both the skarn and magnetite ores displays high
LREE/HREE (44–172), implying significant REE fractionation. We infer that the complexation of Cl (±F)
during the fluid circulation and mineralogical control of calcite at the depositional sites were important
for the LREE enrichment in the Dunde calcite. The restricted Y/Ho (26.7–32.1) suggests that calcite in the
skarn and magnetite ores was co-genetic and the superchondritic Y/Ho may have resulted from the pref-
erential incorporation of Y over Ho in calcite. Positive Eu anomaly (1.23–1.63) of the skarn calcite may
have been inherited from the parental fluids, while the negative or slightly positive anomaly (0.65–
1.04) of the magnetite ore calcite may have been resulted from the high Sr2+ content that suppressed
Eu2+ in calcite.
Fluid inclusion microthermometric results exhibit a wide range of homogenization temperatures

(106 �C–364 �C) and salinities (0.2 wt.%–41.5 wt.% NaCl equiv.). Three kinds of ore-forming fluids can
be distinguished, i.e., high-salinity (>35 wt.% NaCl equiv.), medium-salinity (10 wt.%–35 wt.% NaCl
equiv.) and low-salinity (<10 wt.% NaCl equiv.) fluids. The high-salinity fluid was likely to be magma-
derived and occurred in both the skarn- and magnetite ore calcite. The low-salinity fluid, possibly
seawater-derived, was found only in the skarn calcite. The medium-salinity fluid, mainly of CaCl2–H2O
aqueous- and brine-featured fluids, may have been the product of the fluid–rock interactions as the mag-
matic fluids and seawater circulated through the strata. The Dunde calcite has d13C comparable to marine
carbonates, but d18O substantially lower, suggesting possibly a result of limestone dissolution. Calculated
d18O of the fluids in equilibrium with calcite vary from �0.78‰ to 5.46‰ (�0.78‰–1.85‰ and 2.15‰–5.
46‰ for skarn calcite and magnetite ore calcite, respectively), implying magmatic fluids and seawater
mixing. The Dunde calcite 87Sr/86Sr (0.7071 to 0.7078) correlate positively with 1/Sr, implying that two
sources, i.e., basaltic/andesitic volcanic wall rocks (87Sr/86Sr: 0.7056–0.7066) and limestones/seawater
(87Sr/86Sr: 0.7075–0.7089), may have been involved in the mineralization. Mass-balance calculation
between fresh basaltic tuff and its neighboring skarn showed that extra Ca, Mg and Fe were added to
the basaltic tuff during the hydrothermal alteration. The limestone dissolution during the fluid–rock
interactions may have added Ca to the ore-forming fluids, while Fe and Mg may have been introduced
from the deep-seated magmatic system via the heated Cl-rich fluid circulation.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Chinese Submarine volcanic-hosted iron oxide (SVIO)
deposits are unique in the world and distinct from the SVIO ones
defined by Dill (2010). They are among the most important sources
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of high-grade iron ores in China (Jiang and Wang, 2005; Hu et al.,
2011, 2014a) and developed in various tectonic settings including
arc, back-arc, rift and mid-ocean ridge environments with a wide
range of formation ages from Paleoproterozoic to Mesozoic (Hou
et al., 2014a; Zhang et al., 2014b; Li et al., 2015a). Most of the Chi-
nese SVIO deposits are characterized by extensive skarn alteration.
However, the skarn lacks a close relationship with any intrusive
rocks in time and space (e.g., Xu et al., 2010; Zhao and Zhou,
2011; Hong et al., 2012; Zhang et al., 2012b), leading to debates
on its genesis. Some workers proposed that the skarn was devel-
oped by the interactions between the buried intrusion-derived flu-
ids and volcanic wall rocks (e.g., Meinert et al., 2005; Duan et al.,
2014), whereas others suggested that it was resulted from the
interactions between the basaltic/andesitic magma and the lime-
stone (e.g., Ge et al., 2014; Hou et al., 2014b; Li et al., 2014; Sun
et al., 2015). Consequently, various models were proposed for the
their metallogenesis, including silicate liquid immiscibility (e.g.,
Feng et al., 2010; Wang et al., 2011; Zhang et al., 2014), submarine
volcanic exhalative syn-sedimentation (e.g., Wang et al., 2001;
Yuan, 2003), intrusion-related skarn (e.g., Zhang et al., 2012b;
Duan et al., 2014) and volcanic-related skarn (e.g., Ge et al.,
2014; Hou et al., 2014b; Sun et al., 2015).

The Awulale Metallogenic Belt (AMB) in the western Tianshan is
one of the most important Chinese SVIO deposit belts (Hou et al.,
2014a; Zhang et al., 2014b; Li et al., 2015a; Sun et al., 2015), in
which several medium-to-large scale iron deposits including Cha-
gangnuoer, Zhibo, Dunde, Beizhan, and Wuling, were discovered.
These iron deposits possess a total iron ore reserve of over 1.2 bil-
lion tons, of which some 30 wt.% are high grade ores (Fe content
>50 wt.%). All these iron deposits are hosted in the Late Carbonifer-
ous Dahalajunshan Formation submarine volcanic/volcanoclastic
successions and characterized by well-developed skarn (e.g.,
Zhang et al., 2012b; Duan et al., 2014; Jiang et al., 2014; Zhang
et al., 2014; Yan et al., 2015). A substantial number of petrologic,
geochemical and geochronological studies have been conducted
on the iron deposits in the AMB, constraining their formation in
a nascent-back-arc environment during the Late Carboniferous
(e.g., Hong et al., 2012; Duan et al., 2014; Jiang et al., 2014; Li
et al., 2015b; Yan et al., 2015).

The Dunde iron–zinc deposit is a typical example of the SVIO
deposit in the AMB. The iron orebodies at Dunde are spatially
related to the skarn. To establish the relationship between the
skarn alteration and iron mineralization at Dunde, the interstitial
calcite in the skarn and the cloddy calcite in the magnetite ores
were investigated. Calcite records the ore-forming fluid geochem-
istry (e.g., Webb and Kamber, 2000; Munemoto et al., 2015; Zaky
et al., 2015; Debruyne et al., 2016) that can be excellent tracers
for the fluid sources and evolution (e.g., Kontak and Kerrich,
1997; Hecht et al., 1999; Chen et al., 2011; Shen et al., 2011;
Wang et al., 2015). On the basis of petrographic observation, fluid
inclusion (FI) microthermometry, REE and C–O–Sr isotopes of the
Dunde calcite, we discuss the calcite genesis and the possible
sources and evolution of the ore-forming fluids to shed light on
the metallogenesis of the Chinese SVIO deposits.
2. Regional geology

The E–W-trending AMB is part of the Central Asia Orogenic Belt
(Fig. 1a), and lies within the Yili-Central Tianshan Block (YCTB).
The AMB has a Mesoproterozoic metamorphic basement, consist-
ing mainly of marble, biotite-plagioclase gneiss and hornblende-
plagioclase gneiss (Gao et al., 1998; Li et al., 2009a; Feng et al.,
2010). The basement is covered by sequences of the Silurian to
Jurassic carbonate-volcanic rocks, marine volcanic/volcanoclastic
rocks and terrigenous clastic-carbonate rocks (Hu et al., 2000; Li
et al., 2009b; Liu et al., 2014; Wang et al., 2014). The Silurian and
Devonian volcanoclastic rocks are exposed along the northern-
and southern margins of the AMB, while coeval limestones are
widespread in the eastern AMB (Feng et al., 2010). The Carbonifer-
ous volcanic/volcanoclastic rocks are mostly distributed in the
eastern AMB, while the Permian continental clastic rocks and
post-collisional volcanic rocks mainly occur in the western AMB
(e.g., Wang et al., 1990; Allen et al., 1993). During the Late Paleo-
zoic, the YCTB had experienced the South Tianshan Ocean subduc-
tion from the south and the North Tianshan Ocean subduction
from the north (Wang et al., 2008; Gao et al., 2009a; Xiao et al.,
2013), which both ceased at the end of Late Carboniferous (Chen
et al., 1999; Gao et al., 2009a,b; Xiao et al., 2013) and led to the
amalgamation of the Tarim Plate, Junggar Plate and the YCTB
(Bazhenov et al., 2003; Wang et al., 2007; Tang et al., 2014).

Along the AMB, the Fe deposits, including Songhu, Shikebutai,
Chagangnuoer, Zhibo, Dunde and Beizhan, are distributed in the
middle and eastern part and hosted in the Carboniferous vol-
canic/volcanoclastic rocks while the Cu deposits, e.g., Qunjisayi,
Qiongbulake, Chuangjisayi and Mosizaote, etc., cluster in the west-
ern part and are hosted in the Permian volcanic rocks (Fig. 1b).
Major structures in the AMB include E–W-trending (steeply
north-dipping) faults and a syncline. Remote sensing images show
a caldera structure in the eastern AMB. The Zhibo iron deposit is
situated at the caldera center while the Dunde, Wuling, Chagangn-
uoer and Beizhan iron deposits are distributed along the radiating
caldera faults (Fig. 1c).
3. Ore deposit geology and petrography

The Dunde iron–zinc deposit is a large iron deposit in the east-
ern AMB with a proven reserve of 185 Mt iron ore @35.06% and
1.49 Mt zinc ore @1.26% (Duan et al., 2014). The deposit lies about
10 km to the southeast of the crater center. Currently, seven ore-
bodies have been discovered, among which three in the west are
outcropped and four in the east are buried. The four orebodies in
the east contribute most of the iron resource and are more
prospective for further exploration. The stratiform, plate-like and
lenticular orebodies are hosted in the Late Carboniferous Dahala-
junshan Formation grayish-green basaltic tuff and purplish-red
andesite. Wall rock alteration is locally intensive, forming alter-
ation minerals such as chlorite, epidote and actinolite (referring
to the geological report by #3 Brigade of the Xinjiang Bureau of
Geology and Mineral Resources). Intrusive rocks, including alkali
feldspar granite and a few diabase, intrude into the volcanic rocks
at southwestern Dunde (Fig. 2a). As observed in the Tunnel 3788,
skarn occurs along the contact between the basaltic-andesitic vol-
canic rocks and limestones (Fig. 2b). The basaltic tuff is of tuffa-
ceous texture and massive structure and contains crystal
pyroclasts, vitric pyroclasts and volcanic ash, with the former com-
prising plagioclase (35 vol.%) and minor pyroxene (5 vol.%). The
fresh andesite has a porphyritic texture and massive structure.
However, most andesite in the tunnel was intensively altered
and displays secondary colors, like grayish-white and light brown,
etc. Only relics of plagioclase phenocrysts were identified and its
groundmass mainly is made up of microcrystalline plagioclase,
magnetite and chlorite (Ge, 2013). The iron orebodies occur inside
or adjacent the skarn, implying close genetic relation. The deposit
has this succession of superposed zones of alteration concentrically
from orebody outwards: diopside, epidote, chlorite and carbonate.

Hydrothermal calcite is widespread at Dunde deposit, and that
occurs in the skarn and massive magnetite ores were studied here.
The skarn (Fig. 3a) is made up of diopside (~70 vol.%), garnet



Fig. 1. (a) Tectonic map of the Central Asia Orogenic Belt and the location of the Tianshan orogen (modified from Sengör et al., 1993); (b) Geological map of the western
Tianshan (NW China), showing the locations of major Fe and Cu deposits in the Awulale Metallogenic Belt (modified from Yang et al., 2012); (c) Geological map of the eastern
segment of the Awulale Metallogenic Belt, showing the location of the Dunde iron–zinc deposit (modified from Zhang et al., 2012a).
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(~15 vol.%), calcite (~10 vol.%) and minor magnetite (~5 vol.%).
Under the microscope, the calcite occurs as interstitial minerals
among garnet and diopside (Fig. 3c). In the massive magnetite ores,
euhedral calcite occurs as fragments among coarse, subhedral to
euhedral magnetite grains (Fig. 3b). Calcite fragments range from
several to a dozen centimeters in size and show straight bound-
aries with the magnetite grains (Fig. 3d). No replacement texture
has been observed along the boundary (Fig. 3d), suggesting the
magnetite grains and calcite fragments may have precipitated from
the same fluid.



Fig. 2. (a) Geological map of the Dunde iron–zinc deposit (modified after Ge, 2013); (b) Orebody cross-sections at the depth of 3788 m in the Dunde iron–zinc deposit
(modified after Ge, 2013).
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4. Sampling and analytical methods

Six skarn samples (13DD-3, 13DD-4, 13DD-6, 13DD-7, 13DD-
8 and 13DD-9) and 12 magnetite ore samples (13DD-21, 13DD-
22, 13DD-23, 13DD-24, 13DD-32 and DD-1 to DD-7) were col-
lected from the skarn zone and magnetite ore zone in Tunnel
3788, respectively. Calcite in the garnet-diopside skarn and mas-
sive magnetite ores were checked using 2% HCl solution to
ensure their pureness before analyses. First, dozens of double-
polished thin sections containing calcite (0.3 mm thick) were
prepared for the microthermometry. Fresh calcite was hand-
picked and then crushed into grains of millimeter level. Impuri-
ties were removed under the binocular microscope after washing
with distilled water for several times and drying over hotplate at
105 �C. Finally, the pure calcite particles were grinded into
200 mesh for analyses. Analyses of trace elements, carbon and
oxygen stable isotopes and fluid inclusions of the calcite were
carried out at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, while Sr isotope analysis was carried out at
the Department of Earth Sciences, University of Queensland
(Australia).

4.1. Trace element geochemical analysis of calcite

About 45 mg powder of each calcite sample was dissolved in a
Teflon bomb with 1 ml of HF (38%) and 0.5 ml of HNO3 (68%). The
sealed bombwas heated to 190 �C and kept for 48 h. 1 ml of 1 lg/ml
Rh was added to the cooled solution as the internal standard and
the solution was then evaporated. 1 ml of HNO3 (68%) was added,
evaporated to dryness and the process repeated twice. The final
residue was retrieved by 8 ml of HNO3 (40%). The bomb was sealed
and heated to 110 �C for 3 h. The final solution was diluted to



Fig. 3. (a) Hand specimen of intergranular calcite in the skarn; (b) hand specimen of cloddy calcite in the massive magnetite ore; (c) photomicrograph of the textural
relationships between calcite and skarn minerals; (d) photomicrograph of the paragenesis between calcite and magnetite; (e) photomicrograph of euhedral ferropargasite; (f)
photomicrograph of euhedral apatite and sphalerite replaces apatite. Abbreviation: Cal = calcite, Gt = garnet, Di = diopside, Mt = magnetite, Fp = ferropargasite, Ap = apatite,
Sp = sphalerite.
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100 ml by adding distilled deionized water for the ICPMS analysis.
Precision of analytical results as estimated from replicate measure-
ments was better than 10% RSD. Details of this procedure are given
in Li (1997).
4.2. C–O–Sr isotope analyses of calcite

Analyses of carbon and oxygen stable isotopes were carried out
with a VG IsoPrime II mass spectrometer. The samples (ca. 20 mg)
were reacted with 100% H3PO4 in a vacuum at 25 �C. The CO2 lib-
erated was analyzed for carbon and oxygen isotopes. Analytical
uncertainties are better than ±0.05% for d13C (relative to V-PDB
standard) and ±0.08% for d18O (relative to SMOW standard). For
Sr isotope determination, about 80 mg of calcite powders were first
dissolved in Teflon capsules with (HF + HNO3) acid. Secondly, Sr
and REE were separated using cation exchange resin columns.
Strontium isotopic compositions were analyzed on the thermal
ionization mass spectrometry (TIMS), following procedures
described in Uysal et al. (2007). Measured 87Sr/86Sr was normalized
to 86Sr/88Sr = 0.1194 and the reported 87Sr/86Sr was adjusted to the
NBS SRM 987 standard 87Sr/86Sr = 0.71025.
4.3. Fluid inclusion analyses

Types of fluid inclusions (FIs) were identified under the micro-
scope based on the petrographic observation and representative
thin sections were selected for microthermometric study.
Microthermometry experiment was carried out on a Linkam MDS
600 Heating–Freezing System at the Key Laboratory of Mineralogy
andMetallogeny, Chinese Academy of Sciences. The accuracy of the
measurements was ensured by calibration with the triple point of
synthetic CO2–H2O (�56.6 �C), and the freezing point of pure water
FIs (0 �C) before testing our samples. The precision of temperature
measurement is ±0.1 �C for �100 �C–25 �C, ±1 �C for 25 �C–400 �C,
and ±2 �C for above 400 �C. The heating/freezing rate was generally
0.5–20 �C/min during the FI testing process, but reduced to 0.1 �C/
min near the freezing point and 0.2 �C/min near the homogeniza-
tion temperature to capture the phase transformation process.
Apparent salinities for FIs are expressed as weight percent NaCl
equivalent (wt.% NaCl equiv.) and calculated from the final ice
melting temperature (Bodnar, 1994). For daughter-mineral-
bearing FIs, salinities are also expressed as wt.% NaCl equiv. and
calculated using the final melting temperatures of hydrohalite
(Lecumberri-Sanchez et al., 2012).
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5. Results

5.1. Rare earth elements of calcite

The rare earth element (REE) concentrations of calcite are pre-
sented in Table 1. As shown in the Figs. 4 and 5, the calcite from
the skarn (termed C1 hereafter) has high REE contents (71–
183 ppm), high LREE/HREE (58–172) and significant positive Eu
anomalies (1.23–1.63), with Y/Ho and La/Ho being 26.7 to 31.5
and 450 to 1791, respectively; in contrast, the calcite from the
magnetite ores (termed C2 hereafter) has lower REE contents
(42–71 ppm), lower LREE/HREE (44–77), and slightly positive or
even negative Eu anomalies (0.65–1.04), with Y/Ho and La/Ho
being 27.5 to 32.1 and 418 to 915, respectively.

5.2. C–O–Sr isotopes of calcite

The calcite carbon- and oxygen isotopic compositions are listed
in Table 2 and plotted in Fig. 9. C1 is characterized by a narrow d13C
range (0.05‰ to 0.47‰; 0.25‰ on average) and relatively wide
d18O range (9.22‰ to 11.85‰; 10.68‰ on average). Both d13C
and d18O of C2 are slightly higher than those of C1, being 0.21‰
to 0.86‰ (0.63‰ on average) and 13.33‰ to 15.22‰ (14.15‰ on
average), respectively. d18O of the fluids in equilibrium with calcite
Table 1
Trace element compositions (ppm) of the calcites from the Dunde iron–zinc deposit. Note

Description Calcite in skarn

Sample 13DD-3 13DD-4 13DD-6 13DD-7 13DD-8 1

Sc 0.93 1.03 0.99 1.91 1.10 0
Ti 39.16 66.82 83.24 237.90 63.56 1
V 2.23 2.40 2.76 5.92 3.20 1
Cr 19.97 2.75 20.50 6.96 2.17 1
Co 1.45 1.93 2.00 3.81 1.55 3
Ni 13.4 13.4 13.6 14.8 13.6 1
Cu 2.56 2.21 7.94 27.2 4.03 3
Zn 10.9 26.5 19.0 22.6 14.3 1
Ga 0.36 0.37 0.41 1.19 0.42 0
Ge 0.27 0.23 0.26 0.62 0.28 0
Rb 0.42 0.16 0.39 0.25 0.12 0
Sr 201 182 170 164 197 1
Y 1.71 1.31 1.06 3.80 1.36 0
Zr 3.54 5.93 4.01 14.25 4.48 1
Nb 0.10 0.12 0.26 0.49 0.13 0
Cs 0.05 0.07 0.06 0.06 0.06 0
Ba 1.65 1.35 1.29 2.26 1.35 1
La 33.90 26.69 25.88 63.88 32.38 3
Ce 42.11 33.43 33.63 87.97 40.77 3
Pr 3.26 2.48 2.69 6.89 3.13 2
Nd 8.16 6.31 7.35 18.57 8.20 6
Sm 0.64 0.62 0.70 1.84 0.72 0
Eu 0.22 0.28 0.28 0.75 0.28 0
Gd 0.47 0.55 0.41 1.20 0.51 0
Tb 0.06 0.05 0.05 0.15 0.06 0
Dy 0.27 0.26 0.21 0.73 0.26 0
Ho 0.06 0.05 0.04 0.14 0.05 0
Er 0.16 0.13 0.09 0.39 0.13 0
Tm 0.02 0.02 0.01 0.06 0.02 0
Yb 0.15 0.11 0.09 0.37 0.11 0
Lu 0.02 0.02 0.01 0.05 0.02 0
Hf 0.09 0.17 0.10 0.41 0.12 0
Ta 0.01 0.01 0.02 0.05 0.01 0
Pb 0.48 0.57 0.89 3.43 0.48 0
Th 0.63 1.45 0.33 8.45 0.28 0
U 0.13 0.27 0.18 1.85 0.13 0
P

REE 89.5 71.0 71.4 183.0 86.6 7
LREE/HREE 72.8 59.1 78.0 58.1 74.3 1
dEu 1.23 1.48 1.63 1.53 1.40 1
La/Ho 565 568 664 450 635 1
Y/Ho 28.5 27.8 27.2 26.7 26.7 3
Sm/Nd 0.08 0.10 0.10 0.10 0.09 0
was calculated based on the average FI homogenization tempera-
tures, and the calcite-water oxygen isotope equilibrium fractiona-
tion factors proposed by Zheng (1999). The fluids in equilibrium
with C1 have d18O of �0.78‰ to 1.85‰ (0.68‰ on average),
whereas the fluids in equilibrium with C2 have d18O of 2.15‰ to
5.46‰ (3.2‰ on average) (Table 2).

Calcite Sr-isotope data are listed in Table 3 plotted in Fig. 10. C1
has Rb and Sr concentrations of 0.1 ppm to 0.42 ppm and 164 ppm
to 201 ppm, respectively. Compared with C1, C2 has lower Rb and
higher Sr concentrations of 0.05 ppm to 0.1 ppm and 181 ppm to
270 ppm, respectively. Both C1 and C2 are characterized by extre-
mely low Rb/Sr (0.0005–0.0023 and 0.0002–0.0004). C1 has Sr iso-
tope of 0.707198 to 0.707790, while C2 has slightly lower Sr
isotope of 0.707148 to 0.707345.

5.3. Fluid inclusion petrography and microthermometry

Four types of FIs were defined in calcite at room temperature
(25 �C), i.e., pure vapor and vapor-rich inclusions (V-type), liquid-
rich inclusions (L-type), pure liquid inclusion (PL-type) and daugh-
ter mineral-bearing inclusions (S-type) (Fig. 6). Only the isolated or
clustered FIs in calcite were selected for the microthermometric
analyses. V-type FIs have high homogenization temperatures
(>400 �C), and some even cannot homogenize at temperatures near
that, bdl means below detection limit.

Calcite in magnetite ore

3DD-9 13DD-21 13DD-22 13DD-23 13DD-24 13DD-32

.75 0.81 0.81 0.79 0.79 0.50
5.71 2.33 1.42 0.74 0.51 0.63
.87 0.69 0.66 0.50 0.66 0.53
.19 6.13 10.48 6.68 9.34 2.46
.01 1.32 1.61 439.80 1.42 3.55
6.3 14.0 15.0 36.6 15.5 11.6
.41 0.68 0.44 0.77 0.41 0.33
0.0 23.7 20.2 30.7 18.4 25.2
.25 0.14 0.11 0.12 0.13 0.08
.18 0.14 0.07 0.11 0.09 0.06
.10 0.05 0.07 0.06 0.05 0.10
91 255 181 238 268 270
.54 2.00 0.82 0.83 1.70 0.61
.66 0.06 0.06 0.03 0.10 0.15
.06 0.04 0.02 0.05 0.01 0.01
.06 0.03 0.04 0.04 0.02 0.02
.32 0.64 0.86 1.76 0.62 0.97
0.44 27.14 21.30 25.63 28.41 19.15
7.37 32.14 23.01 27.59 32.22 17.18
.75 2.27 1.54 1.66 2.11 1.22
.54 6.25 3.92 4.16 5.57 3.00
.38 0.79 0.45 0.43 0.62 0.31
.14 0.17 0.11 0.12 0.16 0.11
.21 0.78 0.43 0.43 0.63 0.34
.02 0.08 0.04 0.03 0.06 0.03
.09 0.38 0.17 0.16 0.29 0.12
.02 0.07 0.03 0.03 0.05 0.02
.05 0.14 0.06 0.06 0.12 0.05
.01 0.02 0.01 0.01 0.01 0.01
.05 0.09 0.05 0.05 0.09 0.03
.01 0.01 0.01 0.01 0.01 0.00
.03 0.00 0.00 0.00 0.00 bdl
.00 0.00 0.00 0.00 0.00 bdl
.43 0.69 0.91 1.81 0.68 1.09
.24 0.11 0.03 0.00 0.01 0.00
.05 0.36 0.13 0.02 0.01 0.12
8.1 70.3 51.1 60.4 70.4 41.6
72.1 44.2 64.0 77.4 54.2 68.5
.48 0.65 0.78 0.83 0.79 1.04
791 418 710 915 536 890
1.5 30.8 27.5 29.5 32.1 28.2
.06 0.13 0.11 0.10 0.11 0.10



Fig. 4. Covariance plots of calcite: (a) LREE/HREE vs. Sm/Nd; (b) LREE/HREE vs. dEu; (c)
P

REE vs. Sm/Nd; (d) Y/Ho vs. La/Ho.
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the upper limit (600 �C) of the Heating–Freezing System. The V-
type FIs data were not further discussed because calcite is suscep-
tible to cracking at above 400 �C, making the data reliability ques-
tionable. Halite is the only daughter mineral identified in the
analyzed S-type FIs. We did not measure the first melting temper-
atures of the S-type FIs and consider all of them as NaCl-H2O aque-
ous system.

The features and microthermometric results of the four FI types
are summarized in theTables4 and5. Thefirstmelting temperatures
of the FIs vary from �73.5 �C to �32.9 �C with two dominant tem-
perature ranges, i.e., �73.5 �C to �70.3 �C and �50.8 �C t � 48.2 �C
(Fig. 7). The C1 FIs include L-, S- and PL-type,with their homogeniza-
tion temperatures being 140 �C to 324 �C and salinities being 0.2 wt.
% to 40.1 wt.% NaCl equiv. (Fig. 8a). The C2 FIs include L-, S-, PL- and
V-type, with their homogenization temperatures being 106 �C to
364 �C and salinities being 11.7 wt.% to 41.5 wt.% NaCl equiv.
(Fig. 8b).

6. Discussion

6.1. Ore-forming processes

Calcite is a common gangue mineral in hydrothermal ore depos-
its, and it always incorporates trace amounts of REE. The systemat-
ics between the REE makes them extremely useful for
understanding a variety of chemical processes in the geological
environment (Henderson, 1984; Taylor and McLennan, 1988).
Many hydrothermal processes would lead to REE fractionation,
and thus calcite REE signatures can serve as proxies to backtrack
the ore-forming hydrothermal processes (e.g., Bau and Moller,
1992; Sverjensky, 1984; Debruyne et al., 2016).

C1 and C2 possess high LREE/HREE from 44 to 172, implying
REE fractionation have occurred and led LREE enrichment over
HREE in calcite. REE fractionation is controlled by several pro-
cesses, including sorption and complexation along the fluid flow
pathway, coprecipitation and mineralogical control of calcite at
the deposition sites, together with remobilization after its deposi-
tion (Bau and Moller, 1992; Debruyne et al., 2016). Sorption is
expected to preferentially remove HREE but the rate decreases
with increasing temperature (Bau, 1991). At the high-
temperature hydrothermal conditions (up to 360 �C at Dunde),
complexation may have prevailed over sorption along the flow
pathway. Under slightly acidic environment (e.g., with NaCl-rich
mineralizing fluids; Muchez and Corbella, 2012), the HREE-
selective OH� and CO3

2– complexes are unlikely to be the main
transporting species, and the LREE-selective Cl (±F) complexes
may have contributed to the LREE enrichment. The coprecipitating
minerals of the calcite, in this case, mainly are garnet, diopside and
magnetite. Both the skarn and magnetite ore display LREE-enrich
patterns (Fig. 5c), implying the insignificant effect of the coprecip-
itation on the calcite. Considering the mineralogical control of cal-
cite, the partition ratios decrease systematically from LREE to HREE
(Zhong and Mucci, 1995). Thus, calcite has a preference for LREE
over HREE during precipitation, resulting in the preferential LREE



Fig. 5. Chondrite-normalized REE patterns for (a) calcite in the skarn, (b) calcite in
the magnetite ores and (c) basaltic tuff, skarn and magnetite ore (data from Duan
et al., 2014 and Ge, 2013) from the Dunde iron–zinc deposit. Normalization values
from Sun and McDonough (1989).

Table 2
Carbon and Oxygen isotopic compositions of the calcite from the Dunde iron–zinc
deposit. d18OV-SMOW-fluid (‰) = d18OV-SMOW-calcite (‰) � 1000lnacalcite-water,
1000lnacalcite-water = 4.01 � 106/T2 � 4.66 � 103/T + 1.71, scope of temperature
(T/�C): 0–1200 �C, suggested by Zheng (1999).

Sample d13CV-PDB

(‰)
d18OV-SMOW

(‰)
Average Tm
(�C)

d18OV-

SMOW(‰)fluid

13DD-3 0.16 11.47 190 1.47
Repeated 0.05 11.36 190 1.36
13DD-4 0.31 10.65 190 0.65
13DD-6 0.08 10.03 190 0.03
Repeated 0.06 10.18 190 0.18
13DD-7 0.47 10.07 190 0.07
Repeated 0.25 9.22 190 �0.78
13DD-8 0.38 10.37 190 0.37
Repeated 0.39 10.7 190 0.7
13DD-9 0.19 11.54 190 1.54
Repeated 0.26 11.85 190 1.85
13DD-21 0.74 14.39 249 2.99
13DD-22 0.75 14.57 249 3.17
13DD-23 0.37 14.96 249 3.56
13DD-24 0.67 14.15 249 2.75
13DD-32 0.21 15.22 249 3.82
11DD-1 0.77 13.55 249 2.15
11DD-2 0.85 13.82 249 2.42
11DD-3 0.66 13.8 249 2.4
11DD-4 0.76 13.96 249 2.56
11DD-5 0.39 13.96 249 5.46
11DD-6 0.86 13.66 249 2.26
11DD-7 0.72 14.63 249 3.23

Table 3
Sr isotopic compositions of the calcite from the Dunde iron–zinc deposit.

Sample Rb (ppm) Sr (ppm) Rb/Sr 87Sr/86Sr 2d

13DD-3 0.42 201 0.0021 0.707230 0.000014
13DD-4 0.16 182 0.0009 0.707790 0.000014
13DD-6 0.39 170 0.0023 0.707476 0.000017
13DD-7 0.25 164 0.0015 0.707636 0.000016
13DD-8 0.12 197 0.0006 0.707234 0.000016
13DD-9 0.10 191 0.0005 0.707198 0.000011
13DD-21 0.05 255 0.0002 0.707160 0.000007
13DD-22 0.07 181 0.0004 0.707246 0.000007
13DD-23 0.06 238 0.0003 0.707148 0.000007
13DD-24 0.05 268 0.0002 0.707208 0.000008
13DD-32 0.10 270 0.0004 0.707345 0.000008
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enrichment in calcite. No growth zonation or recrystallization was
observed in the Dunde calcite, suggesting that post-depositional
remobilization was also unlikely. To summarize, the Cl (±F) com-
plexation along the fluid flow pathway and mineralogical control
of calcite at the deposition sites were responsible for the LREE
enrichment in calcite.

Yttrium and Ho are regarded as geochemical twins and behave
coherently in most geological environments, leading to the mainte-
nance of the chondritic Y/Ho ratio (ca. 26–28) in common igneous
rocks and epiclastic sediments (Bau and Dulski, 1999; Webb and
Kamber, 2000). The analyzed C1 and C2 contain Y/Ho of 26.7 to
32.1, most of which are chondritic and similar to the unaltered vol-
canic host rocks (ca. 27–30, Table S1). The superchondritic Y/Ho
may be attributed to the Y–Ho fractionation during the calcite pre-
cipitation as calcite has a mineralogical preference for Ho (Tanaka
and Kawabe, 2006; Tanaka et al., 2008). Bau and Dulski (1995) pro-
posed that Y/Ho variation in co-genetic hydrothermal minerals is
negligible, compared to La/Ho variation by studies of the fluorite
and calcite. The narrow Y/Ho range of the analyzed calcite showed
the same distribution characteristic in the Y/Ho-La/Ho diagram
(Fig. 4a), indicating that all the analyzed calcite is likely co-
genetic. This is further evidenced by the linear correlation shown
in the LREE/HREE versus Sm/Nd,
P

REE versus Sm/Nd and LREE/
HREE versus dEu diagrams (Fig. 4b–d).

As for the Eu anomaly of calcite, C1 has positive Eu anomaly
(dEu: 1.23–1.63) while C2 has negative Eu anomaly (dEu: 0.65–
0.83) except for one with slightly positive Eu anomaly
(dEu = 1.04) (Fig. 5a, b). Thermodynamic calculations and theoret-
ical considerations suggest that temperature is the most important
parameter in controlling the Eu3+/Eu2+ redox potential in
hydrothermal systems: When temperatures exceeds 250 �C, Eu2+

dominates over Eu3+ in fluids, leading to positive Eu anomaly in
the precipitated mineral (Sverjensky, 1984; Bau and Moller,
1992). Microthermometric results of FIs suggest that the average
temperature of the fluid in C1 is 190 �C. At temperatures below
200 �C, Eu is mostly trivalent and is less fractionated from its
neighboring REE. The Dunde skarn contains positive Eu anomaly
(1.46–2.55) (Fig. 5c), thus the observed positive anomaly in C1
may have been inherited from its parental skarn alteration fluids.
In contrast, the average temperature of the fluids in C2 is 249 �C.
At this temperature, Eu2+ is expected to dominate the parental flu-
ids and C2 should have displayed positive Eu anomaly. The ionic
radius of Sr2+ (118 pm) is similar to that of Eu2+ (117 pm), and thus
Sr2+ is a good geochemical analog for Eu2+ in the calcite mineral
lattice (Shannon, 1976). Strontium concentration (181–270 ppm,



Fig. 6. Photomicrographs of the fluid inclusions in the Dunde iron–zinc deposit. (a) coexistence of liquid-rich FIs and pure liquid FIs, (b) halite-bearing FIs in C1 calcite; (c)
coexistence of liquid-rich FIs and vapor-rich FIs, (d) coexistence of liquid-rich FIs, vapor-rich FIs and pure liquid FIs, (e) halite-bearing FIs in C2 calcite. Abbreviation: L: liquid
phase, V: vapor phase, PL: pure liquid, V-rich: vapor rich.

Table 4
Overview of fluid inclusion types in calcite from the Dunde iron–zinc deposit.

Type Fluid phases Daughter
minerals

Size (lm) Vol.% Shape Occurrence Location

L VH2O + LH2O 3–30 5–60 Oval, rectangular or irregular Random distributions or in clusters C1,C2
S VH2O + LH2O Halite 4–21 5–40 Oval, rectangular or irregular Random distributions or in clusters C1,C2
V VH2O + LH2O or VH2O >80 Oval, triangle, rectangular or irregular Isolated, random distributions or in clusters C2
PL LH2O 2–15 Oval, triangle, rectangular In clusters C1,C2

Abbreviations: VH2O = H2O vapor; LH2O = H2O liquid; vol.% = volume percentage of the vapor phase; C1: calcite in skarn,C2: calcite in magnetite.

Table 5
Microthermometric data of fluid inclusions in calcite from the Dunde iron deposit.

Occurrence Type Number Ti (�C) Tm,ice (�C) Tv (�C) Tm,hal (�C) Th (�C) Homogenization state Salinity (wt.% NaCl)

Calcite in skarns L-type 40 �50.1 to �49.2 �26 to �0.1 140 to 274 Liquid 0.2 to 26.2
S-type 9 110 to 221 171 to 324 171 to 324 Liquid 30.5 to 40.1

Calcite in magnetite L-type 48 �73.4 to �32.9 �34.1 to �8.0 106 to 364 Liquid 11.7 to 31.4
S-type 13 91 to 354 161 to 334 224 to 354 Liquid 30.1 to 41.5

Abbreviations: Ti (�C) = first ice-melting temperature; Tm,ice (�C): temperature of ice point; Tv (�C) = bubble disappearance temperature; Tm,hal (�C) = melting temperature
of halite; Th (�C) = final homogenization temperature.
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242 ppm on average) of C2 is much higher than that of C1 (164–
201 ppm, 181 ppm on average), so the partition ratio of Eu2+ is
likely to be much lower than the highly compatible trivalent REE
in C2. As a result, C2 shows slightly positive or even negative Eu
anomaly.

6.2. Ore-forming fluids components

Studies of FIs in calcite could constrain the hydrothermal evolu-
tion of the mineralization. Microthermometric analyses yielded a
wide range of homogenization temperatures (106 �C to 364 �C)
with variable salinities (0.2 wt.% to 41.5 wt.% NaCl equiv.). Thus,
the components of the ore-forming fluid are expected to be com-
plex. Meanwhile, the first melting temperatures of the FIs are also
highly variable (�73.5 �C to �32.9 �C) (Fig. 7). Two intervals,
namely, �73.5 �C–�70.3 �C and �50.8 �C–�48.2 �C, dominant
the temperature range, suggesting that the ore-forming fluids pre-
dominantly consisted of brine-featured fluid and CaCl2-H2O aque-
ous fluid, with possibly, minor MgCl2-H2O and FeCl2-H2O aqueous
fluids. The presence of abundant halite-bearing FIs implies that the
NaCl-H2O aqueous system was also a major component of the ore-
forming fluids. The fluid salinity–temperature diagram (Fig. 8a, b)
suggests three distinct fluid types, i.e., high-, medium- and low-
salinity fluids, were involved in the ore-forming processes. The



Fig. 7. Histogram of the first ice melting temperatures of the fluid inclusions in the
calcite from the Dunde iron–zinc deposit.
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high-salinity (>35 wt.% NaCl equiv.) and medium-to-high temper-
atures (205 �C–354 �C) aqueous fluids, mainly occur in the halite-
bearing FIs from both C1 and C2. The medium-salinity (10–35 wt.
% NaCl equiv.) aqueous fluids (with a wide temperature range:
106 �C–364 �C) were characterized by the CaCl2-H2O and brine-
featured aqueous system, and occur also in both C1 and C2. The
low-salinity (<10 wt.% NaCl equiv.) and low-to-medium tempera-
ture (106 �C–223 �C) aqueous fluids may represent seawater/mete-
oric water, which occur only in C1. The spatial coexistence of the
above FI types within the same assemblage (Fig. 6) also suggest
that both fluids may have been present during the calcite precipi-
tation within the timeframe of the iron mineralizing episode.

For many hydrothermal deposit types, high-salinity fluids play
an important role in metal transport (e.g., Webster, 1997;
Richards, 2015). The solubility of iron depends on the activity of
Cl� and the moderate- to high-salinity fluids favor Fe transporta-
tion in the form of chloride complexing (Bell et al., 2011). Chlorite
alteration is widespread at Dunde, with abundant Cl-rich minerals
(e.g., ferropargasite and apatite) (Fig. 3e, f) occurring in the pre-
and syn-mineralization stages (Duan et al., 2014; Ge et al., 2014).
However, the source of the high-salinity fluid has long been in
debate, i.e., magmatic versus non-magmatic source (e.g., Xavier
et al., 2008; Torresi et al., 2012; Lecumberri-Sanchez et al., 2015).
Fig. 8. Salinities versus homogenization temperatures of fluid inclusions in the calcite fro
open symbol for liquid-rich FI data, close symbols for halite-bearing FI data). (For interp
web version of this article.)
The calculated d18O compositions (�0.78‰–5.46‰) of the fluid
in equilibrium with calcite suggest that a magma source was
responsible for the ore-forming fluids. Moreover, the d34S (3.8‰–
8.1‰, averaging 6.8‰) of the fluid in equilibrium with sulfides
(pyrrhotite, sphalerite, pyrite, and loellingite) was thought to be
generated from a magma source under high-fO2 condition (Duan
et al., 2014). Therefore, we propose that the Dunde high-salinity
fluids were likely magma-derived.

Given that the Dunde deposit formed in a submarine environ-
ment, the low-salinity fluids were most likely from the seawater
instead of meteoric water. Radial faults are widespread at Dunde,
which may have allowed seawater to circulate through the
magmatic-hydrothermal system, as supported by the elevated
temperature of these low-salinity fluids. The consequent fluid–
rock interactions may have generated the resultant medium-
salinity CaCl2-H2O aqueous and brine-featured fluids, which
became an important component of the ore-forming fluids.
6.3. Fluid sources

Hydrothermal calcite precipitation is generally controlled by
three processes: fluid mixing, CO2 degassing and fluid–rock inter-
actions (Zheng, 1990; Zheng and Hoefs, 1993). Carbon- and oxygen
isotopes of calcite could provide constraints on the calcite precip-
itation mechanism. C1 and C2 are relatively homogeneous in
carbon- and oxygen isotopes, implying fluid mixing should not
be the dominant factor (e.g., Peng and Hu, 2001; Wang et al.,
2012), which is also evidenced by the narrow Y/Ho range. In addi-
tion, no evidence of CO2 degassing was found through fluid inclu-
sion studies, even though the absence of fluid boiling could not
preclude a slow CO2 degassing (Zheng, 1990). Thus, CO2 degassing
is also ruled out as a possible mechanism causing calcite precipita-
tion. In Fig. 9, d13C for both C1 and C2 is comparable with the mar-
ine carbonates, whereas their d18O is consistently lower than the
latter (d13C = 0‰ ± 4‰, d18O = 20‰–24‰, Veizer and Hoefs
(1976) and Hoefs (1997)). The samples fall in the field of the disso-
lution of the marine carbonate, suggesting the formation of calcite
results from the fluid–limestone interaction. Moreover, the Dunde
calcite d13C and d18O are similar to the Bugula carbonates (Fig. 9).
Yang et al. (2014) proposed that the Bugula carbonates were
derived from carbon released by the subducted oceanic sediments
and recycled by alkaline arc-related magma. Given that the Dunde
deposit is hosted in the intensively altered andesitic-basaltic rocks
(Fig. 2a), we proposed that the volcanic wall rocks may also
m the Dunde iron–zinc deposit (blue diamond for C1 data, green triangle for C2 data;
retation of the references to color in this figure legend, the reader is referred to the



Fig. 9. Carbon and oxygen isotopic compositions of calcite/carbonate from Dunde,
Chagangnuoer, Beizhan and Bugula (Yang et al., 2014) in the Awulale Mountains.
Carbon and oxygen isotopes of marine carbonate (Hoefs, 1997) and mafic-
ultramafic rocks (Bell and Simonetti, 2010) are shown for comparison.

Fig. 10. 87Sr/86Sr versus 1/Sr for the calcite in the Dunde iron–zinc deposit,
compared with the Sr isotopic composition of the wall rocks and Late Carboniferous
limestone. The data for the basaltic wall rocks are from Li et al. (2015b), Yan et al.
(2015) and Yang et al. (2012), and the data of limestone/seawater are from
Bruckschen et al. (1999) and Veizer (1989). Symbology as in Fig. 4.
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contribute to the d13C and d18O compositions of the calcite via
fluid–rock interactions.

Hydrothermal calcite inherits d13C almost directly from paren-
tal fluids because of the insignificant fractionation as a function
of temperature, and its d18O is a function of the parental fluid’s
d18O plus the isotopic fractionation between calcite and the fluids
(e.g., Ohmoto, 1972; Zheng, 1999). Thus, it is reasonable to assume
that the calcite d13C approximate the parental fluid, whereas the
calcite d18O represent the parental fluid’s d18O but with isotopic
fractionation. The d18O of water in equilibrium with calcite was
calculated based on the average of FI homogenization tempera-
tures and calcite-water oxygen isotopic equilibrium fractionation
factor suggested by Zheng (1999). Given the oxygen of the parental
fluids is almost totally in water, the calculated d18OH2O should
approximate the parental fluid’s d18O. The calculated d18OH2O is
of �0.78‰–1.85‰ for C1 and 2.15‰–5.46‰ for C2 (Table 2).
The results overlap the lowest limit for the magmatic water
(d18O = 5.5‰–9.0‰; Ohmoto (1972) and Sheppard (1986)), but
the more 18O-delepted values point to the seawater involvement.
The d18O difference between the fluids in equilibrium with C1
and C2 may be attributed to the different degree of mixing
between magmatic fluids and seawater, and more seawater may
have been involved in the C1 parental fluids.

6.4. Fluid passages

Calcite C- and O isotopes are useful in tracking the fluid sources,
while calcite Sr isotope can determine the fluid passages (e.g., Wen
et al., 2014; Deng et al., 2015; Pokrovsky and Bujakaite, 2015). In
the lattice of calcite (CaCO3), Ca2+ (0.1 nm) can be substituted by
the similar size Sr2+ (0.118 nm) but not the bigger Rb+

(0.152 nm), resulting in extremely low Rb/Sr. Thus, the radiogenic
87Sr accumulation by 87Rb decay is very limited in the present-day
calcite Sr isotopic composition. The measured calcite 87Sr/86Sr iso-
tope represents approximately the Sr isotopic composition of its
parental fluids when calcite was precipitated (e.g., Hecht et al.,
1999; Peng and Hu, 2001).

As the Dunde iron–zinc deposit is hosted in the Late Carbonifer-
ous Dahalajunshan Formation volcanic-volcanoclastic rocks, the
ore-forming fluids inevitably inherited the Sr isotope composition
of these volcanic wall rocks as the fluids circulated through the vol-
canic rocks. In fact, initial 87Sr/86Sr of the Late Carboniferous Daha-
lajunshan Formation volcanic rocks exhibits a narrow
compositional range of 0.7032 to 0.7058 (e.g., Zhu et al., 2006,
2009; Li et al., 2015b). However, at the time when Dunde deposit
formed, the Dunde volcanic rocks would have acquired higher
whole-rock 87Sr/86Sr due to 87Rb decay. A latest mineralization
age of 300 Ma was used to recalculate the 87Sr/86Sr values of the
wall rocks. The 87Sr/86Sr is estimated to range from 0.7056 to
0.7066, which is still lower than the calcite 87Sr/86Sr values
(0.7071–0.7078). Thus, a higher 87Sr/86Sr reservoir may have con-
tributed to the ore-forming fluids. For the Dunde case, seawater
and limestone wall rocks may play the role. Seawater Sr isotopic
composition in certain geological time is quite homogeneous, and
Sr isotopes do not fractionate during the course of carbonate pre-
cipitation from seawater (Veizer, 1989), so the 87Sr/86Sr ratios of
contemporary marine carbonates are uniform worldwide. The
Sinian global seawater 87Sr/86Sr is around 0.709 (or slightly lower),
while post-Sinian one is <0.709 (Burke et al., 1982; Veizer, 1989;
Veizer et al., 1997, 1999). Carbonate rocks of Mesoproterozoic, Sil-
urian, Devonian and Carboniferous ages are abundant in the AMB,
with nearly a 300-m-thick limestone in the Dahalajunshan Forma-
tion alone (Zhang et al., 2012a). As shown in the Fig. 2b, limestone
is intercalated with the volcanic wall rocks at Dunde. The Silurian,
Devonian and Late Carboniferous seawater have 87Sr/86Sr isotopic
compositions from 0.7075 to 0.7089 (Veizer, 1989; Bruckschen
et al., 1999), higher than most of Dunde calcite. Thus, the seawa-
ter/limestone could act as the reservoir with higher Sr isotopic
compositions. In Fig. 10, the positive correlation between 87Sr/86Sr
and 1/Sr reflects mixing of two distinct sources, namely the basal-
tic/andesitic volcanic wall rocks (with high Sr content and low
87Sr/86Sr) and the limestones/seawater (with low Sr content and
high 87Sr/86Sr).

6.5. Implications for the iron mineralization

The Dunde iron–zinc deposit is typical of the SVIO deposit in the
ABM. Genesis of the Dunde deposit, may have been similar to other
Tianshan SVIO deposits, such as Chagangnuoer, Zhibo, Beizhan and
Shikebutai in the western Tianshan and Yamansu in the eastern
Tianshan. A magmatic origin was suggested for the Chagangnuoer
and Zhibo deposits, as they contain abundant magmatic-type mas-
sive or crypto-explosive brecciated magnetite ores (Feng et al.,



Fig. 11. Ternary plots for (a) garnet and (b) clinopyroxene composition for the Dunde deposit. The Sawusi data are from Liu et al. (2012), the Chinese iron deposits (related to
submarine volcanic rocks) data are from Xu et al. (2010) and Hong et al. (2012), and the typical iron skarn data are from Meinert et al. (2005).
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2010; Wang et al., 2011; Zhang et al., 2014). However, these ores
contain very low P and Ti contents and have no correlation among
P, Ti and FeOT, which are inconsistent with the oxide melt immis-
cibility/fractional crystallization from the silicate magma. At
Dunde, the massive magmatic ores more or less exhibit hydrother-
mal alteration features, such as the presence of interstitial skarn
minerals. This suggests that a silicate liquid immiscibility genesis
is unlikely for the Dunde deposit. The lack of chemical exhalites,
e.g., pyritic chert, jasper and Fe-Mn oxide in the Dunde deposit,
contradicts the hypothesis of exhalative syn-sedimentary genesis.
Typical volcanic exhalative syn-sedimentation deposits are charac-
terized by Mn- and Mg-rich skarn minerals such as spessartine and
almandine (e.g., Liu et al., 2012), whereas the Dunde skarn miner-
als are mostly Ca-rich including grossularite, andradite and diop-
side, resembling many SVIO deposits and typical skarn iron
deposits (Fig. 11). By elimination, we endorse that the Dunde
deposit is of skarn genesis, also because: (1) skarn is widely devel-
oped around wall rocks and orebodies; (2) the mineral assemblage
of garnet, diopside and epidote is typical of skarn iron deposits; (3)
paragenetic texture between the skarn minerals and magnetite are
well displayed under the microscope.

Many models were proposed for the skarn formation, including
metasomatism along shear zones, intrusion-related and volcanic-
related. The skarn-associated fractures at Dunde are short but
Table 6
Geochemical compositions of basaltic tuff and skarn according to Ge (2013) and related mas
Grant (1986).

Sample Original rock Altered rock
Basaltic tuff (DD007) Skarn (DD00

SiO2 47.47 44.92
TiO2 2.00 0.93
Al2O3 11.81 9.84
Fe2O3

T 7.64 10.13
MnO 0.99 0.91
MgO 3.98 5.13
CaO 22.75 26.25
Na2O 0.91 0.51
K2O 1.77 0.71
P2O5 0.33 0.32
LOI 0.37 0.94
Sum 100.02 100.59
q (g/cm3) 2.82 3.36

Notes: calculation formula with assumed constant aluminum: Ci
A = (CAl2O3

A /CAl2O3
O ) � (Ci

O +
ΔCi/Ci

O: the change in concentration of oxide i relative to that of the original rocks; pos
q = density.
wide, showing various orientations and are mainly volcano-
related radial fractures (Feng et al., 2010). Skarn alteration at
Dunde is closely associated with the basaltic and andesitic volcanic
rocks, both of which are Ca-rich. The skarn comprises predomi-
nantly Ca-rich minerals including grossularite, andradite and diop-
side (Fig. 11). The Dunde skarn also contains similar REE contents
and patterns to the basaltic tuff (Fig. 5c), and can thus be the alter-
ation products of the latter. This is also supported by the direct
contact relationship between basaltic tuff and skarn at the Dunde
ore district. To determine the gains and losses of basaltic tuff dur-
ing the hydrothermal alteration, mass balance calculation was per-
formed with the major elements of the basaltic tuff and skarn
based on the isocon method suggested by Grant (1986). A fresh
basaltic tuff sample (Sample DD007, LOI = 0.37 wt.%) and a massive
garnet skarn sample (Sample DD006) (Table 6), collected near each
other, were used for the calculation. ΔCi/Ci

O was used as a proxy to
indicate the gain (positive values) and loss (negative values) rela-
tive to the original rock. Constant alumina and constant volume
were assumed for mass balance calculation, respectively and
yielded similar results (Table 6). The results suggest an overall rock
mass gain of 20% and 21% while holding alumina and volume con-
stant, respectively. The major changes include gaining of 39% Ca,
59% Fe and 55% Mg and loss of 55% K, 33% Na and 44% Ti in com-
parison with the basaltic tuff (Table 6, Fig. 12a). The Ca gain was
s-balance calculations based on constant aluminum and constant volume according to

Constant aluminum Constant volume
6) ΔCi/Ci

O ΔCi/Ci
O

0.14 0.13
�0.44 �0.45
0.00 �0.01
0.59 0.58
0.11 0.10
0.55 0.54
0.39 0.38

�0.33 �0.34
�0.52 �0.52
0.17 0.17
2.05 2.03
0.21 0.20

ΔCi); calculation formula with assumed constant volume: Ci
A = (qO/qA) � (Ci

O + ΔCi).
itive value means gain, whereas negative value means loss. LOI = loss on ignition;



Fig. 12. (a) Isocon diagrams after the mass-balance calculation between fresh basaltic tuff (DD007) and skarn (DD006). The isocon line for Al2O3 corresponds to DCi
O / Ci

O = 0
and is designated CA = 0.83CO. All components for which the gains or losses relative to Ci

O are plotted on a line radiating from the origin; (b) Fe2O3
T versus LOI.

Fig. 13. Schematic diagram for the Dunde iron mineralization model. modified after Hou et al. (2014b)
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most likely from the limestone dissolution. The positive correlation
between Fe2O3

T and the loss-on-ignitions (LOIs) (Fig. 12b) of the
basaltic wall rocks also implies the introduction of iron by the
hydrothermal fluids. The introduction of Fe and Mg may point to
a deep-seated magmatic system. Duan et al. (2014) proposed a
buried dioritic intrusion may have been responsible for the deep-
seated magmatic system, whereas Hou et al. (2014b) and Li et al.
(2014) suggest it is a shallow magma chamber that plays the role.
Characterization of this deep-seated magmatic system is still inad-
equate and requires further investigation.

Based on the above discussion, we envisage a new genetic
model for the Dunde deposit. We propose that both the basaltic
wall rocks and the limestone may have participated in the ore-
forming processes, yet the majority of the iron was likely to be
introduced by a deep-seated magmatic system, whose exact nature
is yet to be fully understood. As shown in the Fig. 13, the seawater
may have percolated down the fractures and be heated by the
magmatic system, accompanied by the exsolved fluid to generate
a chloride-bearing fluid circulation. This is supported by the high
chlorine solubility in the basaltic melt (up to 2.9 wt.% at
200 MPa; Webster et al., 1999). As for the Dunde case, at the
physicochemical conditions (T: >986 �C, P: 120–200 MPa, logfO2:
FMQ � 0.4; Li et al., 2015b), chlorine partition coefficients between
Cl-bearing fluid and basaltic melt approximate between 2 and 9
(e.g., Alletti et al., 2009; Baker and Alletti, 2012; Beermann et al.,
2015). Meanwhile, the magmatic system may have released Fe-
Mg-bearing fluids during the exsolution, which ascended to react
with the limestone and became Ca-, Fe- and Mg-rich. The fluids
may have also altered the basaltic volcanic rocks to form the wide-
spread Ca-rich skarn, and precipitated magnetite along the frac-
tures. The unloading of Fe and Mg and replenishment of Ca may
have made the fluids CaCl2-enriched, and led to the calcite
precipitation.

7. Conclusions

(1) The restricted Y/Ho suggests that calcite in the skarn (C1)
and magnetite ores (C2) are co-genetic. The Cl (±F) complex-
ation along the fluid flow pathway and mineralogical control
of calcite at the depositional sites may have accounted for
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the calcite LREE enrichment. The positive Eu anomaly of C1
may have been inherited from the parental skarn alteration
fluids, whereas the negative or slightly positive Eu anomaly
of C2 may have been resulted from the high Sr2+ that sup-
pressed the Eu2+ in calcite.

(2) Three kinds of ore-forming fluids, namely high-, medium-
and low-salinity fluids, were distinguished. Magmatic fluids
and seawater may have generated the high- and low-salinity
fluids, respectively, while the medium-salinity fluids were
likely to be the products of the fluid–rock interactions.

(3) The basaltic volcanic rocks and limestones may have partic-
ipated in the Dunde iron–zinc mineralization. The limestone
dissolution during the fluid–rock interactions may have pro-
vided the Ca needed for the ore-forming fluids, while the Fe
and Mg may have been introduced from the deep-seated
magmatic system.
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