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a b s t r a c t

Most skarn deposits are closely related to granitoids that intruded into carbonate rocks. The Cihai
(>100 Mt at 45% Fe) is a deposit with mineral assemblages and hydrothermal features similar to many
other typical skarn deposits of the world. However, the iron orebodies of Cihai are mainly hosted within
the diabase and not in contact with carbonate rocks. In addition, some magnetite grains exhibit unusual
relatively high TiO2 content. These features are not consistent with the typical skarn iron deposit.
Different hydrothermal and/or magmatic processes are being actively investigated for its origin.
Because of a lack of systematic studies of geology, mineral compositions, fluid inclusions, and isotopes,
the genetic type, ore genesis, and hydrothermal evolution of this deposit are still poorly understood
and remain controversial.
The skarn mineral assemblages are the alteration products of diabase. Three main paragenetic stages of

skarn formation and ore deposition have been recognized based on petrographic observations, which
show a prograde skarn stage (garnet-clinopyroxene-disseminated magnetite), a retrograde skarn stage
(main iron ore stage, massive magnetite-amphibole-epidote ± ilvaite), and a quartz-sulfide stage (quart
z-calcite-pyrite-pyrrhotite-cobaltite).
Overall, the compositions of garnet, clinpyroxene, and amphibole are consistent with those of typical

skarn Fe deposits worldwide. In the disseminated ores, some magnetite grains exhibit relatively high
TiO2 content (>1 wt.%), which may be inherited from the diabase protoliths. Some distinct chemical zon-
ing in magnetite grains were observed in this study, wherein cores are enriched in Ti, and magnetite rims
show a pronounced depletion in Ti. The textural and compositional data of magnetite confirm that the
Cihai Fe deposit is of hydrothermal origin, rather than associated with iron rich melts as previously sug-
gested.
Fluid inclusions study reveal that, the prograde skarn (garnet and pyroxene) formed from high tempera-

ture (520–600 �C), moderate- to high-salinity (8.1–23.1 wt.% NaCl equiv, and >46 wt.% NaCl equiv) fluids.
Massive ironoreand retrograde skarnassemblages (amphibole-epidote ± ilvaite) formedunderhydrostatic
condition after the fracturing of early skarn. Fluids in this stage had lower temperature (220�–456 �C) and
salinity (8.4–16.3 wt.% NaCl equiv). Fluid inclusions in quartz-sulfide stage quartz and calcite also record
similar conditions, with temperature range from 128� to 367 �C and salinity range from 0.2 to 22.9 wt.%
NaCl equiv. Oxygen and hydrogen isotopic data of garnet and quartz suggest that mixing and dilution of
early magmatic fluids with external fluids (e.g., meteoric waters) caused a decrease in fluid temperature
and salinity in the later stages of the skarn formationandmassive ironprecipitation. The d18Ovaluesofmag-
netite from iron ores vary between 4.1 and 8.5‰, which are similar to values reported in other skarn Fe
deposits. Such values are distinct from those of other iron ore deposits such as Kiruna-type and magmatic
Fe-Ti-V deposits worldwide. Taken together, these geologic, geochemical, and isotopic data confirm that
Cihai is a diabase-hosted skarn deposit related to the granitoids at depth.
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1. Introduction

Most traditional skarn Fe deposits are closely related to grani-
toids that intruded into carbonate rocks (Meinert et al., 2005),
and several studies have addressed the genesis and evolution of
iron skarns (e.g., Meinert, 1984; Zürcher et al., 2001; Pons et al.,
2009; Xie et al., 2012; Jansson and Allen, 2013). Non-traditional
skarn deposits hosted in volcanic and subvolcanic rocks have also
been reported (e.g., Rose et al., 1985; Jiang et al., 2014; Li et al.,
2015), but the genesis and hydrothermal evolution of this type
skarn deposit remains subject to debate. Magnetite from skarn
and other hydrothermal iron deposits worldwide are characterized
by low-Ti content (Dupuis and Beaudoin, 2011; Zhang et al.,
2014a). However, most recently, some magnetites with high-Ti
content have been reported in some iron skarn deposits (Hu
et al., 2015). Due to lack of a link between compositional data
and detailed geological background, the genesis and evolution of
these high-Ti magnetites are still uncertain.

The Tianshan orogenic belt is considered to be one of the most
important iron ore belts in China (Zhang et al., 2014b, 2015). It
hosts numerous iron deposits and occurrences, several of which
contain ore reserves >100 million metric tons (Mt). Many of these
iron deposits have well-developed skarn-type mineral assem-
blages. Recent researches have documented the geological charac-
teristics, isotopic ages, genesis of ores and associated felsic rocks,
as well as tectonic setting of these iron deposits (e.g., Mao et al.,
2005; Hong et al., 2012; Hou et al., 2013; Duan et al., 2013; Jiang
et al., 2014; Huang et al., 2014; Zhu et al., 2009). However, the
hydrothermal evolution of these iron deposits is poorly con-
strained, and their origin remains controversial.

Located in the easternTianshan, theCihai deposit is oneof the lar-
gest iron deposits (>100 Mt at 45% Fe) in the Tianshan orogenic belt.
It is spatially associated with the diabase and has well-developed
skarn-typemineral assemblages. In addition, somemagnetiteswith
Fig. 1. (a) Geological map showing the location of eastern Tianshan in Central Asian
distribution of iron deposits, gold deposits, and mafic-ultramafic complexes (modified f
relatively highTi contentwere reported in the Cihai deposit (>1% wt.
%; Wang et al., 2006). Thus, it provides an excellent opportunity to
understand the hydrothermal evolutionof subvolcanic rocks related
skarndeposit aswell as thegenesis of relativelyhighTimagnetites in
skarn. Moreover, the good outcrops of the Cihai iron deposit make
this an ideal region to shed light on the genetic model for this type
of deposit. Over the past three decades, several studies have been
carried out on the Cihai Fe deposit, most of which focused on the
age, geochemistry, and genesis of the iron ore-hosted diabase (Xue
et al., 2000;Houet al., 2013; Zhenget al., 2015).However, due to lack
of systematic studies of detailed geology, mineral compositions,
fluid inclusions, and stable isotopes,many issues, including the gen-
esis andhydrothermal evolution of Cihai Fe deposit are still debated.
Some authors believe it formed from iron oxidemagma because the
iron orebodies were hosted in the diabase and some magnetite ore
bodies have sharp contact with host diabase (Sheng, 1985; Zhao,
2000; Wang et al., 2006; Tang et al., 2010). By contrast, based on
the widespread metasomatic alteration at Cihai, other researchers
propose that Cihai is a hydrothermal deposit (Hou et al., 2013;
Huang et al., 2013).

Here, we use geological observation together with silicate min-
eral composition, textural and compositional data for magnetite,
fluid inclusions, and the composition of H-O isotopes to constrain
the source for fluids and ore metals of the Cihai Fe deposit, and to
provide new insight into the genesis and evolution for subvolcanic
rocks-hosted skarndeposit aswell as theoriginof high-Timagnetite.

2. Regional geology

Located between the Siberian Craton to the north and the
Tarim-North China Craton to the south, the central Asian orogenic
belt (CAOB; Fig. 1a) was formed by multiple subduction–accretion
and collision processes from the Neoproterozoic to the late Paleo-
zoic (e.g., Jahn et al., 2000; Windley et al., 2007; Kröner et al.,
Orogenic Belt. (b) Regional geological map of the eastern Tianshan showing the
rom Su et al., 2012; Wang et al., 2007).



Fig. 2. Geological map of the Cihai (modified from geological report of No. 5 Geological Team, Geological Exploration Bureau of NW China).

Fig. 3. Cross-section diagram of the Cihai iron deposit (modified from Xue et al., 2000).

406 J. Zheng et al. / Ore Geology Reviews 86 (2017) 404–425



J. Zheng et al. / Ore Geology Reviews 86 (2017) 404–425 407
2014), and hosts numerous base and precious metal deposits (e.g.,
Chai et al., 2009; Mao et al., 2008; Pirajno et al., 2008; Qin et al.,
2011; Yang et al., 2013, 2014; Goldfarb et al., 2014; Zheng et al.,
2016a,b; Zhu et al., 2016). The eastern Tianshan, situated in the
southern part of the CAOB, is herein defined as all parts of the
mountain range located east of the Urumuqi-Korla Road, and
bounded by the southern margin of the Tuha basin and the north-
ern margin of Tarim basin (Fig. 1b). It is composed of the Bogeda-
Haerlike belt, the Jueluotage belt, the Middle Tianshan terrane,
and the Beishan terrane. The Bogeda-Haerlike and Jueluotage belt
are characterized by Paleozoic volcanic-sedimentary rocks,
whereas the Middle Tianshan and Beishan terrane mainly comprise
Proterozoic metamorphic rocks (Fig. 1b). Large volumes of Early
Carboniferous to Early Permian granitic rocks outcrop in the east-
ern Tianshan (Zhou et al., 2010; Zheng et al., 2016c). The eastern
Tianshan was formed by progressive accretion of different terranes
during the middle to late Paleozoic (Xiao et al., 2004; Han et al.,
2010). At ca. 600 Ma, the Junggar Ocean started to subduct toward
Fig. 4. (a) A representative photo showing spatial relations between ore-hosted diabase
open pit. (b) Potassium-sodium alteration in diabase. (c) Garnet vein in the diabas
+ clinopyroxene ± magnetite assemblage. (f) Disseminated mineralized skarn, dark green
magnetite + amphibole + calcite. Mineral abbreviations: Cpx = clinopyroxene, Pl = plag
Py = pyrite. (For interpretation of the references to colour in this figure legend, the read
the Middle Tianshan and Beishan along the Bogeda–Haerlike Belt,
and formed Bogeda–Haerlike island arcs and Yamansu back-arc
basin. The subduction probably terminated in the Late Carbonifer-
ous, and subsequent orogenesis occurred between Late Carbonifer-
ous and Early Permian (Su et al., 2011).

The eastern Tianshan is characterized by a number of economic
Cu–Ni sulfide, Au, and Fe deposits. The mafic–ultramafic
complexes-related Cu–Ni sulfide deposits widely crop out in the
eastern Tianshan, and mainly formed between 301 and 269 Ma
(Mao et al., 2003; Qin et al., 2011). The gold deposits locate in
the Jueluotage belt of the region and also formed during the Early
Permian (Zheng et al., 2015). Iron deposits in the eastern Tianshan
can be further divided into three major types: (1) Volcanic and
subvolcanic rocks-hosted iron deposits, (2) Sedimentary-
metamorphic iron deposit, and (3) Fe-Ti oxide deposit (Chen
et al., 2008; Mao et al., 2005). The volcanic and subvolcanic
rocks-hosted iron deposits include those at Bailingshan, Yamansu,
Shaquanzi, and Cihai, whereas the sedimentary-metamorphic iron
, disseminated Fe skarn, massive iron ores, and post-ore diabase dikes in the Cihai
e. (d) Diabase was enclosed by garnet + clinopyroxene assemblage. (e) Garnet
clinopyroxene + brown garnet + magnetite + pyrite. (g) Massive iron ore, abundant
ioclase, Bi = biotite, Mt = magnetite, Cc = calcite, Amp = amphibole, Gt = garnet,
er is referred to the web version of this article.)



Fig. 5. Schematic profile of the Cihai drill hole and representative samples of the main alteration and mineralization styles in the deposit. (a) Schematic profile of the Cihai
drill hole, showing the relationship between diabase, skarn, and iron ore. (b) The ore-hosted diabase, the clinopyroxene partly altered into biotite. (c) The spatial contact
relation between granite and iron skarn. (d) The main minerals of granite are potassium feldspar, quartz, and clinopyroxene, with minor magnetite. (e) Ilmenite lamellae lying
on the magnetite host in granite. (f) Skarn breccias are cemented by massive magnetite assemblage. (g) Magnetite vein crosscut early skarn. (h) Magnetite intergrowth with
epidote in massive iron ore. (i) Pyrite vein crosscut massive iron ore. Mineral abbreviations: Cpx = clinopyroxene, Pl = plagioclase, Bi = biotite, Kfs = potassium feldspar,
Q = quartz, Ilm = ilmenite, Gt = garnet, Mt = magnetite, Cc = calcite, Amp = amphibole, Ep = Epidote, Py = pyrite.
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deposit and Fe-Ti oxide deposit are represented by the Tianhu and
Weiya, respectively (Fig. 1b). Located in the Middle Tianshan ter-
rane, the Tianhu iron deposit (>104 Mt at 42% Fe) has a pyrite
Re–Os age of �530 Ma (Huang et al., 2015), whereas Fe-Ti oxide-
bearing Weiya mafic intrusion has been dated at 236 Ma by zircon
U-Pb method (Zhang et al., 2005). The Yamansu and Shaquanzi iron
deposits in the Jueluotage belt were formed between 324–300 Ma
(324 Ma for the Yamansu by zircon U-Pb dating, Hou et al., 2014;
�300 Ma for the Shaquanzi by magnetite Re-Os dating, Huang
et al., 2014). As one of the largest Fe deposits in the eastern Tian-
shan, the Cihai iron deposit (>100 Mt at 45% Fe) is situated in the
Beishan terrane. Amphibole separated from massive iron ore gives
a 40Ar–39Ar plateau age of 281.9 ± 2.2 Ma (MSWD = 0.74; Zheng
et al., 2015), which represents the time of massive iron ore forma-
tion at Cihai.
3. Geology of the Cihai magnetite deposit

The exposed rocks in the Cihai ore district include Mesoprotero-
zoic metamorphic rocks, Ordovician slate and chert, and Permian
sandstone, siltstone, volcanic and pyroclastic rocks (Fig. 2). The
Mesoproterozoic metamorphics are exposed in the central parts
of the ore district and hosts parts of the Cihai iron ore. The Ordovi-
cian slate and chert outcrop in the northeastern parts of the ore
district. The Permian volcanic and pyroclastic rocks are exposed
in the western and northern ore district, and consist of andesite,
dacite, basalt, tuff, and volcanic breccia. The Permian sandstone
and siltstone outcrops in the western ore district.

The Cihai ore district is located between two regional deep-
seated NW-SE striking faults as Hongliuhe-xingxingxia Fault and
Liuyuan Fault (Fig. 1b). The area around the Cihai Fe deposit is
characterized by NE-striking faults (Fig. 2). Intrusive rocks are
exposed widely in the central parts of the Cihai ore district, and
are predominantly composed of gabbro, monzonite, monzodiorite,
and granite stocks, multiple pulses of diabase emplaced into mon-
zodiorite and Mesoproterozoic strata. The diabase is the most com-
mon intrusive rock within the Cihai ore district, and is spatially
associated with iron mineralization (Fig. 2). The orebodies of the
Cihai Fe deposit are generally hosted in the diabase (Fig. 3), how-
ever, some late diabase dikes crosscut previously emplaced diabase
as well as iron orebodies, indicating they were also emplaced after
the formation of the orebodies (Fig. 4a). Some small granitoid dikes
(�286–284 Ma; Zheng et al., 2016c) emplaced into diabase and
formed disseminated iron skarn as shown in drillholes (Fig. 5c).
The granitoid dikes mainly consist of feldspar, quartz, and clinopy-
roxene, with magnetite as accessory minerals (Fig. 5d), and ilme-
nite exsolution in magnetite has been recognized (Fig. 5e). Zheng
et al. (2015) obtained zircon U-Pb age of iron ore hosting diabase
in the ore district, yielding an age of 286.5 ± 1.8 Ma, and massive
iron ore has an amphibole 40Ar–39Ar plateau age of�282 Ma. These



Fig. 6. Photographs showing major types of iron ores and magnetite characteristics in the Cihai deposit. (a) Disseminated magnetite in garnet-clinopyroxene skarn. (b)
Banded ores with thin interbed of clinopyroxene + garnet + minor magnetite assemblage and magnetite + clinopyroxene + minor garnet assemblage. (c) Massive ores
associated with amphibole and calcite. (d) Disseminated magnetite grain in textural equilibrium with garnet, BSE. (e) Magnetite dominated band in banded ores, with minor
clinopyroxene, BSE. (f) Massive iron ores, magnetite grain in textural equilibrium with epidote. (g) Closeup views for magnetite grains of (d), exsolution of Fe-Ti oxide in
magnetite, BSE. (h) Closeup views for magnetite grains of (e), magnetite grains are homogeneous and in textural equilibrium with clinopyroxene, BSE. (i) Closeup views for
magnetite grain of (f), magnetite grain is homogeneous and in textural equilibrium with epidote, BSE. Mineral abbreviations: Gt = garnet, Cpx = clinopyroxene,
Mt = magnetite, Cc = calcite, Amp = amphibole, Ep = epidote.
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data indicate that the Cihai iron skarn must have been formed
between 286 and 282 Ma. Sulfides, which formed later than mas-
sive iron ores (Fig. 5i), have a wide error range for the Re–Os iso-
chron age of 267 ± 30 Ma (Huang et al., 2013). The different post-
ore diabase dikes give zircon U–Pb ages 275.8 ± 2.2 Ma or
128.5 ± 0.3 Ma (Hou et al., 2013; Zheng et al., 2015).

The Cihai iron deposit is divided into three mining sections:
Cihai, Cixi and Cinan (Fig. 2). The Cihai mining section is the largest
open pit located in the northeast of the district, the total resources
are estimated at >100 Mt with an average grade of 45.7% (Wang
et al., 2007), and comprises 90% of the iron ore reserve in the dis-
trict, while the Cixi and Cinan section are relatively small in scale
and are mining underground.

The magnetite ore bodies are usually lens-shaped, and mainly
occur within the diabase with minor amounts in the contact zone
between diabase and schist. In the Cihai mining section the mon-
zodiorite was intruded by diabase, and the monzodiorite does
not show any close spatial relations with iron ore bodies. The
pyroxene- garnet skarn are well developed in the diabase and spa-
tially related to the iron ore bodies. The diabase was intruded by
granite (Fig. 3).

In the Cihai open pit, massive iron ores are present within the
garnet-pyroxene skarn or between the skarn and diabase (Fig. 4).
The garnet-pyroxene skarns are exposed as parallel or nearly
parallel bands, ranging from �1 m to >10 m thick, adjacent to
the diabase. The diabase is dark green (Fig. 4a) or dark brown
(Fig. 5b). The skarn is mainly composed of garnet and pyroxene
with varying amount of disseminated magnetite, and there is
no obvious large-scale pyroxene-rich zone or garnet-rich zone.
The massive, small-scale garnet-dominated skarn is brown red,
whereas similar textured pyroxene-dominated skarn is dark
green (Fig. 4f). The high grade massive magnetite ores consist
of assemblages of magnetite + amphibole + calcite ± epidote
(Figs. 4g and 5h).

The alteration characteristics in a drillhole section in the Cihai
deposit are similar to those of the Cihai open pit (Fig. 5a). The drill



Fig. 7. Photomicrographs showing mineralization-related skarn minerals. (a) Disseminated magnetite grains in garnet. (b) Disseminated magnetite grains are interstitial to
clinopyroxene. (c) Garnet was overprinted by amphibole. (d) Abundant amphibole replaced garnet, and amphibole are associate with massive magnetite. (e) Early formed
clinopyroxene breccia was enclosed by massive magnetite. (f) Magnetite intergrowth with epidote in massive iron ore. (g) Disseminated magnetite grains are mainly
interstitial to clinopyroxene. (h) Ilvaite replaced clinopyroxene and associated with the formation of magnetite. (i) Pyrite vein crosscut massive iron ore. Mineral
abbreviations: Gt = garnet, Mt = magnetite, Cpx = clinopyroxene, Amp = amphibole, Ep = Epidote, Ilv = ilvaite, Py = pyrite.
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hole consists of altered diabase hosting (Fig. 5b), disseminated
magnetite in garnet-pyroxene mineral assemblage and massive
ores. Some diabase experienced skarn alteration. Retrograde alter-
ation overprints or crosscuts the early formed skarn and is closely
associated with the massive iron ore (Figs. 5g and h). Both garnet-
dominated and clinopyroxene-dominated skarn assemblages also
appear as breccias, which are cemented by massive magnetite
assemblage (Fig. 5f). Sulfide vein formed after massive iron ores
(Fig. 5i).
4. Alteration, mineralization, and paragenesis

4.1. Alteration

The Cihai iron deposit is different from traditional skarn Fe
deposits. As observed in the Cihai open pit and drill holes, the dia-
base has experienced various alteration. The alteration includes
two types, K-Na alteration (Fig. 4b) and skarn-type alteration
(Figs. 4c–e). The main K-Na alteration minerals are biotite and
albite; Ca-rich plagioclase has undergone sodic alteration and
clinopyroxene biotite alteration. It is noteworthy that there is no
magnetite grains in the diabase, all iron oxides in fresh and altered
diabase are ilmenite. Skarn alteration in diabase evolved from gar-
net veins in the diabase (Fig. 4c), followed by garnet + clinopyrox-
ene assemblage (Fig. 4d) by complete replacement by a garnet
+ clinopyroxene ± magnetite assemblage (Fig. 4e).

Most individual garnet crystals have relatively homogeneous
compositions, whereas some garnet grains are anisotropic, and
contain oscillatory zoning (Fig. 9a). Individual clinopyroxene crys-
tals have relatively homogeneous compositions. Garnet and
clinopyroxene grains are closely associated and in textural equilib-
rium with disseminated magnetite (Figs. 7a and 10a); whereas
amphibole is closely associated and in textural equilibrium with
massive magnetite (Fig. 10c).

4.2. Iron mineralization

The Cihai deposit mainly consists of three types of iron miner-
alization: (1) Disseminated magnetite in garnet-pyroxene skarn
(Fig. 6a) where magnetite grains are closely associated and in tex-
tural equilibrium with garnet (Figs. 6d and 7a). Some orientated
exsolution lamellae of Fe-Ti oxides in the low Ti magnetite are pre-
sent in the disseminated iron ore (Fig. 6g). Clinopyroxene (Fig. 7b)
and garnet was overprinted by amphibole (Fig. 7c). (2) Banded iron
ores are characterized by thin interbeds of clinopyroxene + garnet



Fig. 8. Paragenetic sequence of minerals in the Cihai Fe deposit.
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+ minor magnetite and magnetite + clinopyroxene + minor garnet
(Figs. 6b and e). The magnetite grains in banded and massive iron
ores are homogenous (Figs. 6h and i). (3) Massive iron ores, with
magnetite as dominant mineral with minor amphibole, calcite,
and epidote (Figs. 6c, f and 5 h). Magnetite is closely associated
and in textural equilibrium with amphibole, epidote, and ilvaite
(Figs. 7d, f, h and i).

Two distinct generations of magnetite, namely early magnetite
(Mt1) and late magnetite (Mt2), have been recognized in the iron
ores. In general, the late magnetite is darker than the early mag-
netite under BSE imaging (Fig. 12d). The early formed magnetite
is in equilibrium with garnet whereas the late magnetite has weak
oscillatory zoning.

4.3. Paragenesis

On the basis of field investigation and microscope observations,
four paragenetic stages of mineralization have been recognized as
follows: (I) pre-ore K-Na alteration, (II) skarn stage with minor dis-
seminated iron mineralization, (III) retrograde skarn alteration
associated with massive iron mineralization, and (IV) calcite-
quartz-sulfide stage associated with minor cobalt mineralization
(Fig. 8).
5. Samples and analytical techniques

5.1. Electron microprobe analysis

Mineral compositions were carried out using a JXA-8230 elec-
tron microprobe at the Chinese Academy of Geological Sciences,
Beijing. The ZAF correction method, consisting of atomic number
correction (Z), absorption correction (A), and fluorescence correc-
tion (F), was used for standardization. The standards are the fol-
lowing: albite (Al, Na), rutile (Ti), hematite (Fe), MnO (Mn), MgO
(Mg), potassium feldspar (K), nepheline (Si). The samples were
analyzed with an accelerating voltage of 15 kV and a beam current
of 20 nA. The regular minerals were analyzed with 5 lm beam
diameter and the samller minerals (<10 lm) were analyzed with
1 lm spot. Peak and background counting times were set at 10
and 5 s, respectively.
5.2. Fluid inclusions and microthermometric measurements

Thirty-seven garnet, pyroxene, epidote, quartz and calcite sam-
ples were selected from the skarn, retrograde altered skarn and
quartz-sulfide -carbonate stage in the Cihai deposit. Fluid inclu-
sions are widely present in skarn minerals, quartz, and calcite of
the Cihai Fe deposit. Most of these inclusions are isolated, thought
to be primary, and interpreted to represent the fluid from which
garnet, pyroxene, epidote, quartz, and calcite formed during differ-
ent stages. These inclusions have ellipsoidal, columnar, irregular
shapes and range from 5 to 40 lm in size. The types of fluid inclu-
sion and their characteristics are listed in Table 3 and shown in
Fig. 13.

For prograde skarn stage, garnet has more abundant inclusions
than clinopyroxene. Three types of primary fluid inclusions were
recognized in garnet and clinopyroxene: hypersaline inclusions
with halite (H; 10–40 vol% halite) at room temperature
(Figs. 13a, b, e and g); liquid-rich two phase inclusions (L; 60%–
95 vol% liquid) with relatively small vapor bubbles and opaque



Fig. 9. Photomicrographs and compositions of garnet in the Cihai deposit. (a) Photomicrographs of garnet crystal with zoned texture, spot numbers are shown along the
profile, plane-polarized light. (b) The variations in FeOT and Al2O3 of garnet grain along the profile. (c) End number composition of garnet crystal with zoned texture. (d) End
number composition of all garnet crystals from Cihai iron deposit. The compositional fields for garnet in Fe skarn deposits (Meinert et al., 2005) are shown in diagram for
comparison. Mineral abbreviations: And = andradite, Alm = almandine, Gro = grossular, Pyr = pyrope, Spe = spessartine.
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minerals (Figs. 13f and h); and vapor-rich (V; >70 vol% vapor)
inclusions (Figs. 13a, c and d). Epidote is an ideal host mineral for
retrograde skarn stage inclusions, in which liquid-rich two phase
inclusions are commonly present (Figs. 13i and j). For the quartz-
calcite-sulfide stage, abundant liquid-rich two-phase inclusions
are present in quartz and calcite (Figs. 13k and l).

The petrographic characteristics of fluid inclusions were stud-
ied, and their types and assemblages were distinguished by optical
microscopy of doubly polished sections (�200–300 lm in thick-
ness). The microthermometric measurements of fluid inclusions
follow the procedure of Shepherd et al. (1985). Microthermometric
analysis was undertaken using a LINKAM THMGS-600 pro-
grammable heating and freezing stage with a temperature range
of �196 �C–600 �C at the China University of Geosciences, Beijing,
China. The reproducibility of these measurements is ±0.1 �C below
30 �C, and heating and freezing temperatures were reproducible
within ±1 �C and ±0.1 �C, respectively. Salinities of all inclusions
are reported as wt.% NaCl equiv (Table 3; Fig. 14).
5.3. Oxygen and hydrogen isotopes

A total of seventeen garnet and quartz samples were used for
oxygen and hydrogen isotope analysis. Six magnetite samples were
used for oxygen isotope analysis. Mineral separation was carried
out at the Langfang Geochemical Laboratory in Hebei Province,
China. All mineral separates were examined using a binocular
microscope prior to isotope analysis to ensure 99% purity.

Isotope analyses were performed using a MAT-253 EM spec-
trometer at the Isotopic Laboratory of the Institute of Mineral
Resources, Chinese Academy of Geological Sciences (CAGS), Beijing,
China. The analytical uncertainty was ±0.2‰ for oxygen and ±2‰
for hydrogen isotope analysis. Oxygen isotopic analysis was under-
taken using the BrF5 method (Clayton and Mayeda, 1963), where
12 mg of pure quartz is reacted with BrF5 for 15 h to produce oxy-
gen, before this oxygen is transferred to a CO2 transformation sys-
tem at a temperature of 700 �C for CO2 collection after 12 min, as
outlined in Mao et al. (2002). Hydrogen isotope analysis involved
the release of water from fluid inclusions by crushing; this water
was then reacted with zinc for 30 min at temperature of 400 �C
to produce hydrogen (Coleman et al., 1982), which was transferred
to a sample bottle filled with activated carbon after freezing in liq-
uid nitrogen.

For the oxygen isotope analyses we used an approach where
calcite was reacted with phosphoric acid to release CO2 at 25 �C
(McCrea, 1950). Chinese high-quality carbonate reference materi-
als for oxygen (GBW04416 and GBW04417) were used as a work-
ing standard, and the d18OPDB (Peedee Belemnite, PDB) values of
GBW04416 and GBW04417 were �11.59‰ and �24.12‰, respec-
tively. The d18OPDB value of calcite was directly measured from the
CO2 obtained during the reaction between calcite and phosphoric
acid. The d18O are reported with respect to Standard Mean Ocean



Fig. 10. (a) Photomicrographs of clinopyroxene crystal associated with iron mineralization, crossed-polarized light. (b) End number composition of all clinopyroxene crystals
associate with iron mineralization from Cihai iron deposit. The compositional fields for clinopyroxene in Fe skarn deposits (Meinert et al., 2005) are shown in diagram for
comparison. (c) Photomicrographs of amphibole intergrowth with massive magnetite, plane-polarized light. (d) Composition of amphibole from the Cihai retrograde
alteration stages associated with massive magnetite. The compositional fields for amphibole in Fe skarn deposits (Pons et al., 2009) are shown in diagram for comparison.
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Water (SMOW). The d18OSMOW = 1.03086 * d18OPDB + 30.86
(Friedman and O’Neil, 1977) equation was used to determine d18-
OSMOW values from d18OPDB.
6. Results

6.1. EMPA results

Results of EPMA for garnet, clinopyroxene, and amphibole in
the Cihai deposit are listed in Supplemental Table 1–3, respec-
tively. Microprobe analyses of garnet crystals show a wide compo-
sitional range (And9–74Gro24–85; Fig. 9d) as well as zonation of
individual crystals from cores of grossularite composition (And23–

29Gro65–69) to more andraditic rims (And52–60Gro38–45)
(Figs. 9b and c). Microprobe analyses of iron mineralization associ-
ated clinopyroxene crystals indicate that they belong to diopside,
and show a wide compositional range (Hd16–56Di44–83Jo0–3;
Fig. 10b). Overall, most garnet and clinopyroxene in the Cihai Fe
deposit display compositions similar to those from other skarn Fe
deposits (Figs. 9d and 10b; Meinert et al., 2005). The results of
microprobe analyses indicate that amphibole are iron rich, and
most of them belong to ferropargasite (Fig. 10d; Supplemental
Table 3). Amphibole grains in the Cihai Fe deposit also show com-
positions similar to those from other skarn Fe deposits (Fig. 10d;
Pons et al., 2009).
Results of EPMA for magnetite in disseminated, banded, and
massive magnetite ores are presented in Table 1. Generally,
TiO2 contents of magnetite from the disseminated ores
(n = 25; 0–1.75 wt.%, mean = 0.56 wt.%), banded ores (n = 15;
0–0.79 wt.%, mean = 0.28 wt.%), and massive ores (n = 24; 0–
0.34 wt.%, mean = 0.09 wt.%) generally decrease (Figs. 11a and c).
In contrast, MgO contents of magnetite from the disseminated
ores (n = 25; 0–0.37 wt.%, mean = 0.08 wt.%), banded ores
(n = 15; 0–0.43 wt.%, mean = 0.10 wt.%), and massive ores
(n = 24; 0–1.25 wt.%, mean = 0.15 wt.%) gradually increase. In
the Ca + Al + Mn versus Ti + V diagram, magnetite from the dis-
seminated, banded, and massive ores at Cihai are plotted in or
close to the skarn field (Fig. 11b), consistent with its crystalliza-
tion from hydrothermal fluids. Similarly, all three type ores
have very low concentration of V2O3, with average concentra-
tion V2O3 = 0.02 wt.%, 0.02 wt.% and 0.01 wt.%, respectively
(Fig. 11c).

Results of EPMA for a representative single magnetite grain
with two distinct generations including early-formed magnetite
(Mt1) and late magnetite (Mt2) in the banded ores are presented
in Table 2. The early-formed magnetite (Mt1) has much higher
FeOT (91.75–93.38 wt.%), TiO2 (0.20–0.49 wt.%), and Al2O3

(0.45–1.89 wt.%) contents than FeOT (86.77–88.36 wt.%), TiO2

(0.02–0.07 wt.%), and Al2O3 (0.56–0.90 wt.%) contents of the late
magnetite (Mt2). However, the Mt1 has lower CaO and SiO2 con-



Table 1
EMPA data for magnetite in disseminated, banded, and massive iron ores from the Cihai iron deposit.

No. Sample SiO2 TiO2 Al2O3 Cr2O3 FeOT MnO NiO MgO CaO Na2O K2O P2O5 V2O3 Total

Disseminated iron ores
1 CH12-05-2-1 0.02 0.36 1.60 0.00 89.81 0.30 0.00 0.06 0.00 0.00 0.01 0.00 0.04 92.21
2 CH12-49-1-1-1 0.07 0.39 0.71 0.02 92.30 0.03 0.04 0.06 0.00 0.02 0.00 0.00 0.00 93.65
3 CH12-49-1-2-2 0.05 0.80 1.37 0.08 91.11 0.13 0.00 0.04 0.00 0.00 0.00 0.00 0.11 93.68
4 CH12-50-1-3-3 0.03 0.09 0.86 0.03 91.28 0.16 0.03 0.02 0.00 0.00 0.00 0.02 0.00 92.51
5 CH12-50-1-4-1 0.64 0.17 0.88 0.06 90.35 0.13 0.01 0.33 0.00 0.05 0.01 0.00 0.00 92.62
6 CH12-102-1-3 0.09 1.75 1.28 0.03 90.62 0.28 0.00 0.03 0.01 0.14 0.01 0.00 0.01 94.24
7 CH12-102-2-4 0.01 1.33 0.99 0.05 91.80 0.17 0.00 0.06 0.01 0.05 0.00 0.01 0.04 94.53
8 CH12-117-1-3 0.06 0.82 0.97 0.01 91.89 0.16 0.01 0.03 0.00 0.02 0.00 0.01 0.03 94.00
9 CH12-117-2-3 0.10 0.20 0.21 0.06 92.15 0.03 0.01 0.00 0.00 0.09 0.02 0.00 0.03 92.90
10 CH12-117-3-3 0.69 0.20 1.07 0.02 90.65 0.02 0.00 0.17 0.00 0.07 0.01 0.00 0.00 92.88
11 CH12-135-1-3 0.09 0.16 0.56 0.00 93.12 0.25 0.09 0.02 0.00 0.04 0.00 0.00 0.01 94.35
12 CH12-135-2-3 0.73 0.80 1.29 0.06 89.42 0.47 0.00 0.37 0.00 0.20 0.00 0.02 0.02 93.37
13 CH12-135-3-1 0.07 0.04 1.60 0.00 91.38 0.51 0.01 0.21 0.00 0.13 0.00 0.02 0.01 93.98
14 CH12-135-3-2 0.05 0.16 1.04 0.00 91.40 0.50 0.02 0.09 0.00 0.38 0.02 0.00 0.00 93.66
15 CN12-2-1-1 0.23 0.69 1.63 0.07 89.56 0.01 0.00 0.05 0.03 0.05 0.00 0.00 0.10 92.42
16 CN12-02-3-2-1 0.07 0.68 5.03 0.06 88.27 0.16 0.00 0.07 0.00 0.00 0.00 0.00 0.04 94.40
17 CN12-08-3-1 0.12 1.37 2.09 0.07 89.25 0.12 0.00 0.02 0.00 0.00 0.01 0.00 0.07 93.10
18 CN12-09-1-1 0.04 0.34 2.09 0.07 90.55 0.64 0.00 0.07 0.00 0.03 0.00 0.01 0.02 93.86
19 CN12-09-2-1 0.03 1.06 2.95 0.03 89.33 0.58 0.00 0.10 0.00 0.05 0.00 0.00 0.02 94.14
20 CN12-64-1-2 0.09 0.30 0.78 0.11 90.60 0.16 0.01 0.00 0.00 0.02 0.00 0.01 0.00 92.09
21 CN12-64-2-2 0.12 0.53 0.93 0.10 90.84 0.13 0.00 0.00 0.08 0.01 0.00 0.00 0.00 92.74
22 CN12-64-3-3 0.11 1.00 2.18 0.15 89.65 0.20 0.00 0.04 0.00 0.07 0.00 0.01 0.00 93.40
23 CN12-84-1-3 0.10 0.00 0.46 0.02 92.67 0.05 0.03 0.04 0.03 0.08 0.01 0.06 0.01 93.54
24 CN12-84-2-2 0.06 0.58 3.02 0.00 89.48 0.29 0.00 0.05 0.05 0.08 0.01 0.00 0.00 93.63
25 CN12-84-3-3 0.14 0.09 0.19 0.04 90.98 0.10 0.00 0.01 0.06 0.31 0.01 0.01 0.00 91.94

Banded iron ores
1 CX12-43-1-3 1.16 0.16 1.41 0.00 90.30 0.21 0.01 0.33 0.16 0.02 0.00 0.00 0.05 93.80
2 CX12-43-2-2 0.05 0.39 1.39 0.00 91.79 0.14 0.00 0.00 0.11 0.00 0.00 0.03 0.04 93.94
3 CX12-43-2-3 4.08 0.00 0.57 0.03 88.88 0.08 0.00 0.05 0.70 0.12 0.05 0.00 0.04 94.61
4 CX12-43-2-4 0.06 0.43 1.48 0.00 92.26 0.21 0.00 0.08 0.00 0.15 0.02 0.00 0.04 94.72
5 CX12-43-3-2 0.08 0.27 1.85 0.00 90.77 0.34 0.00 0.27 0.00 0.01 0.00 0.00 0.04 93.63
6 CX12-44-1-3 0.07 0.30 1.28 0.01 92.69 0.16 0.00 0.00 0.00 0.02 0.00 0.01 0.02 94.55
7 CX12-44-1-4 0.08 0.31 1.51 0.00 91.57 0.16 0.03 0.05 0.00 0.06 0.01 0.00 0.00 93.77
8 CX12-44-2-2 0.06 0.46 1.39 0.01 91.58 0.16 0.00 0.06 0.05 0.05 0.00 0.00 0.02 93.84
9 CX12-44-2-3 0.20 0.28 2.23 0.01 89.08 0.22 0.02 0.43 0.04 0.00 0.00 0.00 0.00 92.50
10 CX12-44-3-2 0.09 0.23 1.41 0.00 90.73 0.18 0.00 0.03 0.02 0.06 0.01 0.01 0.00 92.77
11 CX12-44-3-3 0.05 0.12 1.04 0.00 91.85 0.18 0.00 0.09 0.00 0.02 0.01 0.01 0.00 93.37
12 CX12-44-3-4 0.13 0.16 0.31 0.00 92.71 0.11 0.00 0.00 0.00 0.06 0.01 0.01 0.01 93.51
13 CX12-21-1-2 0.25 0.08 1.02 0.00 91.67 0.13 0.00 0.03 0.00 0.21 0.01 0.04 0.04 93.48
14 CX12-21-3-2 0.11 0.79 1.76 0.04 88.54 0.39 0.05 0.01 0.41 0.21 0.02 0.04 0.05 92.39
15 CX12-21-3-3 0.42 0.19 1.13 0.00 92.37 0.14 0.00 0.04 0.00 0.15 0.00 0.00 0.01 94.45

Massive iron ores
1 CH12-25-1-1 0.03 0.09 0.82 0.00 91.59 0.43 0.02 0.10 0.00 0.04 0.01 0.01 0.00 93.13
2 CH12-25-2-2 0.02 0.00 0.72 0.00 93.10 0.31 0.00 0.05 0.00 0.05 0.01 0.00 0.00 94.28
3 CH12-25-3-1 0.06 0.04 0.86 0.03 92.27 0.34 0.00 0.05 0.00 0.00 0.01 0.00 0.00 93.66
4 CH12-25-3-2 0.08 0.03 0.78 0.05 92.88 0.18 0.00 0.02 0.00 0.03 0.02 0.00 0.00 94.07
5 CH12-25-4-1 0.00 0.12 0.90 0.03 93.44 0.07 0.02 0.02 0.00 0.00 0.01 0.00 0.00 94.60
6 CH12-84-1-2 0.11 0.34 2.19 0.01 91.98 0.28 0.01 0.02 0.00 0.07 0.00 0.00 0.06 95.06
7 CH12-84-2-1 0.17 0.07 2.27 0.04 91.44 0.32 0.03 0.14 0.00 0.18 0.01 0.00 0.00 94.66
8 CH12-84-3-1 0.22 0.03 2.41 0.00 89.55 0.32 0.04 0.13 0.00 0.15 0.01 0.00 0.04 92.90
9 CH12-139-2-1 0.23 0.08 1.73 0.00 90.71 0.11 0.00 0.14 0.00 0.07 0.02 0.00 0.02 93.12
10 CH12-139-3-1 0.28 0.16 0.95 0.01 90.67 0.17 0.00 0.05 0.00 0.04 0.00 0.01 0.00 92.34
11 CH12-139-4-3 0.16 0.15 1.77 0.00 91.42 0.11 0.02 0.12 0.03 0.00 0.00 0.00 0.00 93.77
12 CH12-144-1-1 0.13 0.00 0.95 0.00 91.48 0.32 0.01 0.12 0.00 0.04 0.02 0.02 0.00 93.08
13 CH12-144-2-2 0.06 0.13 0.91 0.01 91.68 0.08 0.03 0.00 0.00 0.00 0.00 0.00 0.02 92.93
14 CH12-144-3-2 0.11 0.03 0.62 0.03 92.25 0.09 0.00 0.01 0.00 0.05 0.00 0.00 0.01 93.21
15 CH12-171-1-2 0.20 0.04 0.89 0.00 91.77 0.19 0.00 0.04 0.00 0.13 0.02 0.05 0.00 93.33
16 CH12-171-4-1 0.34 0.12 1.04 0.04 91.65 0.15 0.00 0.11 0.00 0.12 0.00 0.03 0.01 93.61
17 CH12-171-2-1 0.08 0.00 1.24 0.00 91.98 0.09 0.00 0.07 0.00 0.00 0.00 0.00 0.00 93.46
18 CH12-171-2-2 0.26 0.00 0.95 0.01 91.02 0.14 0.00 0.02 0.00 0.04 0.00 0.01 0.00 92.45
19 CH12-171-3-1 1.34 0.22 5.67 0.02 84.87 0.12 0.00 1.25 0.68 0.20 0.00 0.00 0.02 94.38
20 CN12-05-1-1 0.05 0.18 2.10 0.00 89.65 0.15 0.04 0.18 0.00 0.12 0.03 0.00 0.01 92.49
21 CN12-05-2-2 0.11 0.11 2.12 0.04 89.69 0.03 0.00 0.15 0.00 0.03 0.00 0.00 0.00 92.29
22 CN12-86-1-2 1.50 0.00 0.01 0.03 89.27 0.12 0.04 0.65 0.24 0.00 0.00 0.00 0.00 91.84
23 CN12-86-1-4 0.07 0.00 2.26 0.00 92.18 0.07 0.00 0.12 0.00 0.02 0.00 0.00 0.00 94.71
24 CN12-86-2-4 0.11 0.10 2.86 0.01 89.99 0.06 0.00 0.05 0.00 0.08 0.00 0.03 0.00 93.27
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tents than Mt2, with 0.12–0.34 wt.% CaO and 0.04–0.11 wt.% SiO2

compared to 0.87–1.89 wt.% CaO and 3.59–5.24 wt.% SiO2

(Fig. 12). The Ti + V vs. Al + Mn plot for Mt1 and Mt2 (Fig. 12i)
shows a decreasing temperature trend as suggested by Nadoll
et al. (2014).
6.2. Microthermometric results

A total of 262 fluid inclusions from 37 samples from the pro-
grade skarn stage, retrograde skarn stage, and quartz- calcite- sul-
fide stage were analyzed, and the results are summarized in in



Fig. 11. Compositional variations of magnetite from disseminated, banded and massive iron ores in the Cihai deposit. (a) Plot of V2O5 vs. TiO2 (wt.%) of magnetite from the
disseminated, banded, and massive iron ores. The reference area is from Hou et al. (2011); (b) Plot of Ti + V vs. Ca + Al + Mn of magnetite from the disseminated, banded, and
massive iron ores. The reference fields are from Dupuis and Beaudoin (2011); (c) FeOT vs. TiO2 plot showing that magnetite from the disseminated iron ores has geochemical
characteristics significantly different from the banded and massive iron ores.

Table 2
EMPA data for zoned magnetite grain from Cihai iron deposit.

No. Sample SiO2 TiO2 Al2O3 Cr2O3 FeOT MnO NiO MgO CaO Na2O K2O V2O3 Total

1 CX12-43-2-3 Line 001 3.59 0.07 0.56 0.00 87.09 0.13 0.11 0.07 1.89 0.13 0.04 0.01 93.68
2 CX12-43-2-3 Line 002 4.72 0.03 0.72 0.00 88.34 0.14 0.01 0.05 1.11 0.21 0.08 0.05 95.46
3 CX12-43-2-3 Line 003 5.24 0.02 0.90 0.00 88.36 0.14 0.01 0.08 0.87 0.19 0.11 0.05 95.96
4 CX12-43-2-3 Line 004 0.11 0.20 0.45 0.07 93.21 0.09 0.02 0.00 0.16 0.00 0.01 0.12 94.42
5 CX12-43-2-3 Line 005 0.04 0.39 1.10 0.04 92.34 0.12 0.00 0.01 0.12 0.05 0.00 0.00 94.22
6 CX12-43-2-3 Line 006 0.09 0.49 1.89 0.00 91.75 0.07 0.00 0.02 0.15 0.00 0.01 0.01 94.48
7 CX12-43-2-3 Line 007 0.09 0.37 1.36 0.00 92.17 0.09 0.00 0.01 0.14 0.02 0.00 0.01 94.26
8 CX12-43-2-3 Line 008 0.10 0.30 1.39 0.00 92.66 0.07 0.00 0.00 0.22 0.03 0.00 0.00 94.77
9 CX12-43-2-3 Line 009 0.08 0.38 0.89 0.04 93.38 0.11 0.00 0.00 0.34 0.06 0.00 0.06 95.34
10 CX12-43-2-3 Line 010 4.42 0.03 0.68 0.02 86.77 0.15 0.00 0.09 1.41 0.16 0.08 0.00 93.81
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Table 3 and shown in Fig. 14. Salinities of L- and V-type fluid inclu-
sions were calculated using the equation for the NaCl-H2O system
given by Bodnar (1993).

A total of 102 fluid inclusions were analyzed from garnet and
clinopyroxene from the prograde skarn stage. Heating measure-
ment yielded final homogenization temperatures between 271�
and 600 �C, most of which were between 520� and 600 �C
(Fig. 14a). Ice-melting temperatures from the two-phase aqueous
inclusions range from �21.0� to �5.2 �C, corresponding to moder-
ate salinities from 8.1 to 23.1 wt.% NaCl equiv. Halite dissolution
temperatures varying from 388� to 569 �C, corresponding to salin-
ities from 46.2 to 69.5 wt.% NaCl equiv (Fig. 14d).

Forty-eight fluid inclusions within epidote from the retrograde
skarn stage were analyzed. Heating measurement yielded final
homogenization temperatures between 160� and 456 �C, most of
which were between 220� and 456 �C (Fig. 14b). Ice-melting tem-
peratures from the two-phase aqueous inclusions range from
�12.4� to �5.4 �C, corresponding to moderate salinities from 8.4
to 16.3 wt.% NaCl equiv (Fig. 14e).

In the calcite-quartz-sulfide stage, a total of 112 fluid inclusions,
of which 63 were from quartz and 49 were from calcite, were ana-
lyzed. Heating measurement yielded final homogenization tem-
peratures between 128� and 367 �C, most of which were between
140� and 340 �C (Fig. 14c). Ice-melting temperatures from the
two-phase aqueous inclusions range from �20.7� to �0.1 �C, corre-
sponding to moderate salinities from 0.2 to 22.9 wt.% NaCl equiv
(Fig. 14f).
6.3. Pressure estimation

Selected microthermometric determination of fluid inclusions
can provide information on pressure conditions (Hedenquist



Fig. 12. Compositional transects of representative magnetite sample from the Cihai banded ores. (a) Euhedral-subhedral magnetite grains in the banded ores, reflected-light;
(b–f) Compositional zoning of a magnetite including early stage magnetite (Mt1) and late stage magnetite (Mt2); (g and h) Variations in FeOT, TiO2, CaO and SiO2 of the
magnetite grain along the profile; (i) The Ti + V vs. Al + Mn plot for Mt1 and Mt2 show a decreasing temperature trend (after Nadoll et al. 2014). Mineral abbreviations:
Cpx = clinopyroxene, Mt = magnetite, Cc = calcite, Gt = garnet.
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et al., 1998). Boiling assemblages will give exact fluid entrapment
temperatures (Roedder and Bodnar, 1980), which can be estimated
for trapping pressure. By contrast, pressures determined for non-
boiling assemblages are derived from the homogenization temper-
ature and represent minimum values (Rusk et al., 2008).

As described above, evidence for boiling in a prograde skarn
assemblage suggesting that homogenization temperatures can be
interpreted to closely approximate trapping temperatures, thus
trapping pressures can also be estimated. Lack of evidence for boil-
ing in the retrograde skarn silicate minerals only permits the esti-
mation of minimum trapping temperatures and pressures for the
late fluids. Estimated trapping pressures from fluid inclusions can
be obtained by fluid data in the binary system NaCl–H2O in the
prograde skarn ore stage (Fig. 15; Driesner and Heinrich, 2007).
As shown in Fig. 15, the average estimated trapping pressures for
fluid inclusions near the critical curve of the prograde skarn stage
are at �700 bars, corresponding to �2 km under lithostatic condi-
tions. The estimated trapping pressures for H-type fluid inclusions
of the prograde skarn stage are concentrated at �500 bars. Liquid
rich type fluid inclusions occur within retrograde skarn stage min-
erals are also displayed in Fig. 15 and their trapping pressures are
concentrated at �100 bars, representing their minimum trapping
pressures at �1 km under hydrostatic conditions.
6.4. Stable isotope geochemistry

The oxygen and hydrogen isotope compositions of samples
from the prograde skarn and quartz-sulfide stage in the Cihai Fe
deposit are listed in Table 4 and plotted in Fig. 16. The dDV-SMOW

values of 5 garnet samples vary widely from �116‰ to �76‰,
although the d18OV-SMOW values fall in a relatively narrow range
from 6.3‰ to 10.6‰. Using the fractionation factors of Bottinga
and Javoy (1975) for garnet and the average homogenization tem-
perature of fluids inclusions of the same sample, the d18Ofluid val-
ues of the mineralizing fluids are calculated to be 4.5‰–8.7‰.
The dDV-SMOW values of 12 quartz samples vary widely from
�116‰ to �78‰, by contrast, the d18OV-SMOW values fall in a rela-
tively narrow range from 9.0‰ to 14.4‰. Using the quartz–water



Table 3
Fluid inclusion data from the Cihai deposit.

Sample Stage Mineral Phase composition Th (L + V) (�C) Tm ice (�C) Salinity (wt.% NaCl eq.)

CH12-95 Prograde skarn(II) Pyroxene L + V, V 311–526 �6.8/�5.2 8.14–10.24
CH12-95 Prograde skarn(II) Garnet L + V 463–600
CH12-96 Prograde skarn(II) Pyroxene L + V 485–563
CH12-96 Prograde skarn(II) Garnet L + V, H, V 377–597 46.16–69.49
CH12-118 Prograde skarn(II) Garnet L + V 556–600
CH12-118 Prograde skarn(II) Pyroxene L + V 454–600
CH12-123 Prograde skarn(II) Garnet L + V 412–598
CH12-123 Prograde skarn(II) Pyroxene L + V, 543–596
CN12-55 Prograde skarn(II) Garnet L + V, 271–599 �6.7 10.11
CN12-60 Prograde skarn(II) Garnet L + V 454–586
CX12-39 Prograde skarn(II) Garnet L + V 384–596 �21.0/�20.5 22.71–23.05
CX12-40 Prograde skarn(II) Garnet L + V, H, V 569–599 59.90–61.13
CX12-41 Prograde skarn(II) Garnet L + V, H, V 341–594 �20.0/�10.8 8.41–63.77
CX12-52 Prograde skarn(II) Garnet L + V 342–597 �8.2 11.93
CX12-52 Prograde skarn(II) Pyroxene L + V 422–598 �20.8/�10.2 14.15–22.91
CN12-41 Retrograde skarn(III) Epidote L + V 229–409 �11.0/�8.7 12.51–14.97
CN12-42 Retrograde skarn(III) Epidote L + V 272–456 �12.4/�8.9 12.73–16.34
CN12-63 Retrograde skarn(III) Epidote L + V 160–343 �9.4/�5.4 8.41–13.29
CH-81 Quartz-sulfide-calcite(IV) Quartz L + V 194–367 �13.8/�5.8 8.95–17.61
CH-82 Quartz-sulfide-calcite(IV) Quartz L + V 147–197 �13.8/�1.1 1.91–17.61
CH-83 Quartz-sulfide-calcite(IV) Quartz L + V 158–207 �10.1/�0.5 0.88–14.04
CH-119 Quartz-sulfide-calcite(IV) Quartz L + V 138–320 �6.5/�0.1 0.18–9.86
CH-161 Quartz-sulfide-calcite(IV) Quartz L + V 190–360 �6.0/�1.0 1.74–9.21
CH-164 Quartz-sulfide-calcite(IV) Quartz L + V 230–299 �20.7/�6.0 9.21–22.85
CH-165 Quartz-sulfide-calcite(IV) Quartz L + V 282–332 �20.1/�16.3 19.68–22.44
CN12-49 Quartz-sulfide-calcite(IV) Quartz L + V 192–300 �9.4/�7.5 11.10–13.29
CN12-67 Quartz-sulfide-calcite(IV) Quartz L + V 171–198 �18.5/�12.1 16.05–21.33
CN12-68 Quartz-sulfide-calcite(IV) Quartz L + V 176–192 �15.2/�12.5 16.43–18.80
CX12-31 Quartz-sulfide-calcite(IV) Quartz L + V 246–338 �11.0/�6.2 9.47–14.97
CX12-32 Quartz-sulfide-calcite(IV) Quartz L + V 211–347 �10.4/�5.3 8.28–14.36
CH12-45 Quartz-sulfide-calcite(IV) Calcite L + V 142–350 �10.0/�2.0 3.39–13.94
CH12-46 Quartz-sulfide-calcite(IV) Calcite L + V 140–320 �12.0/�2.0 3.39–15.96
CH12-104 Quartz-sulfide-calcite(IV) Calcite L + V 145–193 �14.8/�8.7 12.51–18.47
CH12-122 Quartz-sulfide-calcite(IV) Calcite L + V 142–167 �11.8/�3.1 5.11–15.76
CX12-27 Quartz-sulfide-calcite(IV) Calcite L + V 147–187 �5.2/�2.7 4.49–8.14
CX12-28 Quartz-sulfide-calcite(IV) Calcite L + V 149–259 �5.9/�3.7 6.01–9.08
CN12-47 Quartz-sulfide-calcite(IV) Calcite L + V 128–258 �3.9/�0.2 0.35–6.30

Fluid inclusion type: H = hypersaline, L + V = liquid rich, V = vapor rich
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fractionation equation of 1000lna = 3.38 � 106T�2 � 3.40 (Clayton
et al., 1972) and the average homogenization temperature of fluids
inclusions of the same sample, the d18Ofluid values of the mineral-
izing fluids are calculated to be �3.7‰–6.5‰.

The oxygen isotope compositions of magnetite separated from
the iron ores in the Cihai Fe deposit are listed in Table 5. The dis-
seminated and massive iron ores from the main ore body yield
d18O values, between +4.1 and +8.5‰ [n = 6] (Fig. 17).
7. Discussion

7.1. Genetic type of the Cihai deposit

The Cihai iron skarn deposit contains some features that have
brought about different interpretations of its formation. Firstly,
both the iron ores and the associated garnet- clinopyroxene skarn
mineral assemblage are hosted in diabase, as opposed to carbonate
sedimentary rock. Secondly, some of the magnetites within the
deposit have relatively high TiO2 content (Wang et al., 2006),
which has been interpreted as of magmatic origin.

Two different models have been proposed to explain these fea-
tures. One hypothesis invokes direct crystallization of immiscible
Fe-rich melt that separated from a parent silicate magma, and with
a later hydrothermal events overprints the former (Sheng, 1985;
Zhao, 2000; Wang et al., 2006; Tang et al., 2010). The other hypoth-
esis invokes deposition of magnetite from hydrothermal fluids only
(Xue et al., 2000; Hou et al., 2013; Huang et al., 2013). The contro-
versy focuses on whether there is a Fe-rich melt involved in the
formation of the Fe mineralization. According to previous studies,
the main evidence of a Fe-rich melt during mineralization are:
(1) some magnetite grains have high TiO2 contents (TiO2 0.086–
1.558 wt.%, Wang et al., 2006) which were explained to be iron ores
crystallized from a Fe-rich melt, (2) some massive iron ore bodies
have sharp contact with host diabase and very weak or without
alteration halos (Sheng, 1985; Zhao, 2000).

As the most dominant mineral in iron ores, magnetite can form
in various environments including magmatic and hydrothermal,
and usually has distinct concentrations of trace elements such as
Ti, V, Si, Al, Mg, Cr, Mn, and Ca (Newberry et al., 1982;
Westendorp et al., 1991; Shimazaki, 1998; Ryabchikov and
Kogarko, 2006; Huberty et al., 2012; Nadoll et al., 2012; Hu et al.,
2014). Thus, the compositions of magnetite can be used as a
genetic indicator of different ore deposit types including Fe-Ti-V,
Kiruna, BIF (banded iron formation), and skarn deposit (Dupuis
and Beaudoin, 2011; Dare et al., 2014; Nadoll et al., 2014;
Knipping et al., 2015a).

The disseminated, banded, and massive iron ores of the Cihai
deposit represent gradual enrichment of iron (Fig. 6). As described
above, the most distinctive feature of magnetite composition from
these different ores is the TiO2 content which generally decreases
from disseminated, banded, and massive iron ores
(Figs. 11a and c). The occurrence of relative high TiO2 content mag-
netite grains from the Cihai deposit were considered as the evi-
dence of Fe-rich melts (Wang et al., 2006). However, our study
shows that the relatively high TiO2 content of magnetite is only
present in disseminated form in the prograde skarns, which are
the alteration products of diabase. Our new data show that these



Fig. 13. Photomicrographs of representative primary fluid inclusions of different types in different stages. (a) Coexistence of primary halite-bearing and V-type fluid
inclusions in prograde skarn stage garnet. (b) and (c) are closeup views for parts of (a). (d) Liquid-rich inclusion and (e) Primary inclusion containing a halite in prograde skarn
stage garnet and clinopyroxene. (f) Primary inclusion containing an opaque phase and a halite (g) in prograde skarn stage garnet. (h) Two-phase aqueous inclusion in
prograde skarn stage garnet. (i) and (j) Two-phase aqueous inclusions in retrograde skarn stage epidote. (k) Two-phase aqueous inclusion in quartz. (l) Two-phase aqueous
inclusion in calcite.
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Fig. 14. Homogenization temperature (a–c) and salinity (d–f) histograms for all inclusion types separated into different stages and host minerals.
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relatively high TiO2 content (TiO2 > 1 wt.%) magnetite have very
low concentration of V2O3 (average V2O3 = 0.02 wt.%), distinct from
magmatic magnetite grains directly crystallized from immiscible
Fe-rich melt, which have both relatively high Ti and V contents
(Fig. 11a; Nyström and Henriquez, 1994; Pang et al., 2008; Hu
et al., 2014). In addition, in the Ca + Al + Mn versus Ti + V diagram,
the main data from magnetite grains plot in the skarn type deposit
area with minor data in the IOCG and porphyry type area (Fig. 11b;
Dupuis and Beaudoin, 2011) instead of in the Fe-Ti-V and Kiruna-
type area, which are both deposits of magmatic formation, either
by crystallization from immiscible Fe-rich melt (Philpotts, 1967;
Naslund, 1983; Charlier and Grove, 2012; Chen et al., 2013) or by
magnetite flotation through exsolved magmatic fluid (Knipping
et al. 2015a,b) respectively.

The compositional variations in hydrothermal magnetite may
be governed by fluid composition-element availability, host rock
buffering, re-equilibration processes, temperature, oxygen and sul-
fur fugacity, silicate and sulfide activity, and intrinsic crystallo-
graphic controls (Nadoll et al., 2014, and references therein). All
magnetite from the Cihai deposit have high Al, Si, Mg, Mn concen-
trations, which are comparable to magnetite expected from global
skarn deposit, reflecting their elevated temperatures compared to
the other types of hydrothermal magnetite and significant fluid-
host rock interaction (Meinert, 1987; Nadoll et al., 2014). We inter-
pret the gradual increasing MgO contents of magnetite in dissem-
inated, banded to massive ores likely reflect the enhanced
hydrothermal replacement (Duan et al., 2012).

Previous research has shown that titanium is an element with
two characteristics: it is relatively immobile at sub-magmatic tem-
peratures (Van Baalen, 1993) and it is compatible into magnetite
(Dare et al., 2014). Our study reveals that the relative high TiO2

content only occurs in the disseminated ores which are the prod-
ucts of altered diabase, and the TiO2 content generally decreases
from disseminated, banded to massive iron ores as more iron-
carrying fluids developed in the system (Figs. 11a and c). Discrim-
ination diagrams are consistent with the Cihai magnetites being of
hydrothermal rather than magmatic origin (Fig. 11b). Besides, all
iron oxide in the diabase protoliths are ilmenite (Zheng et al.,
2017). Thus, the relatively high Ti content in some magnetite
grains were likely inherited from the diabase protoliths rather than
directly crystallized from iron-rich melts.

The magnetite from iron ores at the Cihai have relatively high
d18O values range from +4.1 to +8.5‰ (average = 5.83‰), which
are comparable to those (4.35–6.81‰; average = 5.53‰) from
Ren(1985). The O isotope values of magnetite are mainly con-
trolled by temperatures (Jonsson et al., 2013; Nyström et al.,
2008). In general, magnetites from Kiruna type and Fe-Ti oxide
deposits have low d18O values, which are suggested formed by
magmatic high temperatures (Bilenker et al., 2016; Yu et al.,
2015). By contrast, magnetites from the lower hydrothermal tem-



Table 4
Oxygen and hydrogen isotopic data of the Cihai deposit.

Sample Mineral dDV-SMOW/‰ d18OV-SMOW/‰ Th/�C d18Ofluid/‰

CH13-64 Garnet �81 7.3 543 5.37
CH13-60 Garnet �92 6.3 570 4.49
CX13-6 Garnet �116 7.0 560 5.15
CX13-11 Garnet �110 7.0 526 4.99
CN13-9 Garnet �76 10.6 541 8.66
CH12-81 Quartz �116 12.2 244 2.96
CH12-82 Quartz �95 12.9 163 �1.47
CH12-83 Quartz �97 13.1 189 0.67
CH12-119 Quartz �91 12.1 221 1.66
CH12-161 Quartz �92 13.4 280 5.75
CH12-164 Quartz �86 12.0 282 4.43
CH12-165 Quartz �106 10.8 305 4.09
CN12-49 Quartz �78 14.4 231 4.50
CN12-67 Quartz �99 9.0 185 �3.70
CN12�68 Quartz �91 10.8 184 �1.97
CX12-31 Quartz �101 13.5 296 6.47
CX12-32 Quartz �102 13.4 282 5.83

Calculated fluid compositions for garnet are based on fractionation factors of Bottinga and Javoy (1975). Calculated fluid compositions for quartz are based on fractionation
factors of Clayton et al. (1972).

Fig. 15. NaCl-H2O P-T-X phase diagram (after Driesner and Heinrich, 2007).
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peratures exhibit high d18O values (Zürcher et al., 2001). As thed18O
values for magnetite ores at Cihai overlap with the general range
for those from hydrothermal skarn iron deposit but distinct those
from magmatic iron deposits (Fig. 17). Thus, a direct role for a pri-
mary iron-oxide melts at the Cihai deposit can be ruled out on the
basis of high d18O values of magnetite in both disseminated and
massive iron ores.

Furthermore, our field observation reveal that multiple pulses
of diabase dykes were emplaced into gabbros and Neoproterozoic
strata, and some later formed diabase dikes crosscut the early
formed ore-hosted diabase and iron orebodies. In the Cihai open
pit, previous studies have shown that zircon U-Pb ages of diabase
documented at least three magmatic events, including
286.5 ± 1.8 Ma for ore-hosted diabase, 275.8 ± 2.2 Ma and
128.5 ± 0.3 Ma for post-ore diabase (Hou et al., 2013; Zheng
et al., 2015). Thus, the sharp contact between some magnetite ore-
bodies and diabase were likely formed by the post-ore diabase
dikes that crosscut the iron orebodies.



Fig. 16. Calculated oxygen and hydrogen isotopic compositions of fluids in
equilibrium with garnets and quartz from the Cihai deposit. The isotopic fields
for common geological waters are from Taylor (1974).

Table 5
Oxygen isotopic data of magnetite from the Cihai deposit.

Sample Ore type d18OV-SMOW/‰

CN13-8 Massive magnetite ore 7.0
CN13-9 Skarn magnetite ore 8.5
CX13-6 Skarn magnetite ore 4.1
CH13-56 Skarn magnetite ore 4.7
ZKCH13-59 Massive magnetite ore 5.3
CH13-15 Massive magnetite ore 5.4

Fig. 17. Comparison of magnetite d18O(‰) in the Cihai iron deposit with those from
other skarn, Kiruna-type, and magmatic Fe-Ti oxide deposits worldwide. The range
of magmatic magnetites (d18O between +1‰ and +4‰) was based on Jonsson et al.
(2013) and references therein.

J. Zheng et al. / Ore Geology Reviews 86 (2017) 404–425 421
The characteristics of the Cihai iron deposit show that: (1)
pyroxene-garnet dominated skarn-like mineral assemblages are
well developed in the Cihai open pit and they are closely related
with disseminated magnetite (Figs. 4, 6a, 7a, b); (2) some breccia-
tion of skarn mineral assemblages were observed in drill holes in
this study (Figs. 5f and 7e), which is common in global skarn
deposits (Ciobanu and Cook, 2004; Meinert et al., 2005) and has
been interpreted as the mechanism responsible for initiation of
pervasive infiltration (Gaspar et al., 2008); (3) massive magnetite
ores are closely related to retrograde skarn minerals such as
amphibole, epidote, and ilvaite (Fig. 7d, f and h), and these features
are typical characteristics of skarn deposits worldwide (Einaudi
and Burt, 1982; Kwak, 1986; Meinert et al., 2003). Accordingly,
most field evidence points to hydrothermal process as the mecha-
nism that formed the Cihai iron deposit. We therefore propose that
the Cihai is a hydrothermal skarn deposit.

7.2. Fluid evolution and ore genesis

The iron origin of Cihai deposit is still unclear. Wang et al.(2006)
proposed that the Cihai iron ores are closely related to the diabase.
However, the geochemistry of ore-hosted diabase suggests that
hydrothermal alteration has enriched iron in the diabase, rather
than removed iron from the diabase (Hou et al., 2013). Therefore,
the diabase is not the main source of massive iron ores. Overall,
many authors consider a source at depth is the most reasonable
source for massive iron ores in Cihai deposit (Sheng,1985; Xue
et al., 2000; Hou et al., 2013).

Previous research has shown that most iron skarns are closely
related to granitoids (Einaudi and Burt, 1982; Meinert et al.,
2005; Pons et al.,2009), we infer this may also be the case for the
Cihai iron skarn on the basis of following evidences: (1) field evi-
dence indicates the granitoid rocks have a close spatial relationship
with iron skarn in examined drillholes (Fig. 5c), (2) zircon laser
ablation inductively coupled plasma mass spectrometry U-Pb anal-
yses of granitoid rocks in the Cihai open pit and drill hole yielded
the age of 286.5 ± 0.7 Ma and 284.3 ± 3.3 Ma (Zheng et al.,
2016c), which are closely related to the ore-forming age of massive
iron ore in the Cihai open pit (281.9 ± 2.2 Ma, Zheng et al., 2015),
(3) d34S values of pyrite, pyrrhotite, and chalcopyrite (�1.36 to
+4.14‰; Ren, 1985) and dD-d18O isotopes of skarn minerals
(Fig. 16) also point to a magmatic-hydrothermal origin. Thus, we
suggest the Cihai deposit may associate with granitoids at depth.

In a skarn deposit, skarn minerals can provide evidence for the
evolution of the hydrothermal fluid. The calculated d18O values of
waters in equilibrium with garnet (4.5‰–8.7‰) are similar to the
d18O values of the magmatic fluids (Taylor, 1974). One garnet sam-
ple has dD value which is typical of the range of compositions of
igneous minerals, whereas other garnets have relatively low com-
positions. The relatively low dD values may record the degassing of
the parental magma chamber (Suzuoki and Epstein, 1976). Fluid
exsolving from a granitoid magma chamber at a few kilometers
depth will generally be a single-phase fluid of relatively low salin-
ity (2–13 wt.% NaCl equiv; Audétat et al., 2008). The estimated
trapping pressures for fluid inclusions in Cihai deposit are rela-
tively low, and in magmas that crystallized at low pressure
(<1.3 kbars), the salinity of the magmatic fluid increases with
increasing degree of crystallization (Audétat et al., 2008). Subse-
quent ascent and cooling of magma results in this fluid intersecting
its solvus at a temperature of �550� to 600 �C and separate into a
saline liquid phase (8–24 wt.% NaCl equiv, and >60 wt.% NaCl
equiv) and a low-salinity vapor phase. Fluid inclusions trapped in
prograde skarn minerals (garnet and pyroxene) recorded this phe-
nomenon. This immiscibility between saline liquid and low-
salinity vapor in prograde skarn minerals are typical of other skarn
deposits worldwide (Meinert et al., 2003; Baker et al., 2004; Pons
et al.,2009; Shu et al., 2013).

In the retrograde skarn stage, the fluids are cooler (220�–456 �C)
and more dilute (12–16 wt.% NaCl equiv) than the fluids from pro-
grade skarn stage. Fluid inclusions in quartz-sulfide stage quartz
and calcite also record similar conditions, with temperature range
from 128� to 367 �C and salinity range from 0.2 to 22.9 wt.% NaCl
equiv. Calculated d18O values of the fluid in equilibrium with the
quartz (�3.7‰–6.5‰) are generally lower than the d18O values of
the garnets, suggesting that significant meteoric water influx with
time.

Iron mainly presents in the form of FeCln in a magmatic-
hydrothermal system (Chou and Eugster, 1977; Boctor et al.,



Fig. 18. Schematic representation of the Cihai skarn hydrothermal system, including formation of high-Ti magnetite (Mt1) and low-Ti (Mt2) magnetite.

Table 6
Major characteristics of the Cihai iron deposit and other iron skarns worldwide.

Cihai Calcic iron skarns worldwide

Size >100 Mt 5–200 Mt, some >1000 Mt
Grade 45% Fe �40% Fe
Metal associated Fe, (Co) Fe, (Cu, Co, Ni, Au)
Associated igneous rocks Granitoids; diabase Granitoids; some with diabase
Wall rocks Diabase Mostly carbonate rocks, some volcanic rocks
Early skarn minerals Garnet, diopside, hedenbergite Garnet, diopside, hedenbergite, and scapolite
Early stage temperature Mostly 520�–600 �C 450�–690 �C
Late skarn minerals Amphibole, epidote, ilvaite Amphibole, epidote, actinolite, ilvaite, and chlorite
Late stage temperature 220�–456 �C 370�–460 �C
Other alterations K-Na metasomatism Extensive Na metasomatism, K metasomatism
Ore minerals Magnetite, (pyrrhotite, cobaltitc) Magnetite, some hematite, (chalcopyrite, cobaltitc, pyrrhotite, native gold)
Magnetite compositions Mostly low Ti (TiO2 < 1 wt.%); Mostly low Ti (TiO2 < 1 wt.%);

Minor high Ti (TiO2 > 1 wt.%); Some high Si (SiO2 > 1 wt.%)
Some high Si (SiO2 > 1 wt.%)

Magnetite O isotopes d18O 4.1–8.5‰ d18O 3.87–8.97‰
Tectonic setting Post-collision extension environment Oceanic island arc; active continental margin

Major characteristics of the iron skarns worldwide are from Einaudi and Burt, 1982; Meinert, 1984; Zürcher et al., 2001; Meinert et al. (2005); Pons et al. (2009); Jansson and
Allen, 2013; Hu et al. (2014)
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1980; Baker et al., 2004). The presence of disseminated magnetite
and high salinity fluids (up to >60 wt.% NaCl equiv) at high-
temperature (homogenization temperatures up to 600 �C) in the
early prograde skarn stage indicates that these fluids were capable
of transporting abundant iron in solution. During the prograde
skarn stage, some disseminated magnetites with high Ti content
were formed by inheriting Ti from the diabase protoliths (Fig. 18a).
By contrast, the fluid inclusions in epidote associated with the
massive iron ore indicate lower temperature (220��456 �C) and
lower salinity (8.4–16.3 wt.% NaCl equiv) fluids at hydrostatic pres-
sures during the retrograde skarn stage. Experiments on Fe solubil-
ity under these conditions (Simon et al., 2004) indicate that a
decrease in temperature and salinity documented for the Cihai
skarn system would cause a notable decrease in iron solubility
and massive magnetite precipitation. Consequently, massive mag-
netites with low Ti content were formed at the retrograde stage
(Fig. 18b).

7.3. Comparison with other skarn Fe deposits worldwide

Skarns in the Cihai deposit are similar to other calcic Fe skarn
deposits worldwide (Table 6; Einaudi and Burt, 1982; Meinert,
1984; Zürcher et al., 2001; Pons et al., 2009) since they have sev-
eral main features common to other Fe skarns: (1) the size, ore
grade, associated metal, and related igneous rocks of the Cihai iron
deposit are similar to those from other calcic skarn Fe deposits, (2)
two typical skarn alteration types, including an early prograde
skarn alteration with anhydrous minerals, such as garnet, diopside,
and hedenbergite, and a later retrograde skarn alteration with
hydrous minerals, such as amphibole, epidote, and ilvaite plus
massive iron ore minerals, (3) the prograde skarn alteration forms
from relatively high temperature, high salinity liquid, whereas the
retrograde skarn alteration forms from lower temperature, lower
salinity fluids, (4) the Na and K metasomatism were well devel-
oped, (5) magnetite is the predominant iron ore mineral, the most
important iron orebodies are associated with retrograde mineral
assemblages and disseminated iron ores are associated with pro-
grade skarn minerals, (6) most magnetite grains have similar low
Ti content and relatively high d18O value, (7) overall, skarn miner-
als include garnet, diopside, and amphibole in the Cihai Fe deposit
display compositions similar to those from other calcic skarn Fe
deposits.

Nonetheless, several features of the Cihai Fe skarn deposit differ
from other Fe skarns: (1) iron ores are hosted in the diabase, (2)
some magnetite grains exhibit relatively high TiO2 content, (3)
and the deposit was formed in a post-collision extension environ-
ment (Zheng et al., 2015).

8. Conclusions

1. The Cihai Fe deposit is hosted in the diabase, and contains vein
and lenticular orebodies. The ore-forming process comprises:
K–Na alteration stage (I), prograde skarn stage (II), retrograde
skarn stage (III), and quartz–calcite–sulfide stage (IV). Mag-
netite is the predominant iron ore mineral, Fe mineralization
formed during stages (II) and (III).

2. Overall, skarn minerals include garnet, diopside, and amphibole
in the Cihai Fe deposit display compositions similar to those
from other skarn Fe deposits. Some relatively high Ti content
in some magnetite grains may be inherited from the diabase
protoliths rather than directly crystallized from iron-rich melts
because V concentration in these grains are much lower than
observed in magmatic magnetite grains. The d18O values of
magnetite ores are similar to values reported in other skarn
Fe deposits but distinct from those of other Kiruna-type and
magmatic Fe-Ti-V deposits worldwide.
3. The prograde skarn stage indicates high temperature (cluster in
520–600 �C) and moderate- to high-salinity (8–24 wt.% NaCl
equiv, and >60 wt.% NaCl equiv) fluids. In comparison, the retro-
grade stage reveals lower temperature (cluster in 220–460 �C)
and salinity (12–16 wt.% NaCl equiv) fluids. Quartz–calcite–sul
fide stage shows fluids of lower temperature (cluster in 150–
250 �C) and variable salinity (0.2–22 wt.% NaCl equiv). H-O iso-
tope compositions indicate that the prograde skarn stage com-
prises dominantly magmatic fluids, and significant meteoric
water influx with time. A decrease in temperature and salinity
documented for the Cihai skarn system would cause a notable
decrease in iron solubility and massive magnetite precipitation.

4. The geology, mineral assemblages and compositions, ore gene-
sis, and hydrothermal evolution processes of the Cihai Fe skarn
deposit are similar to many other calcic Fe skarns that have
been documented worldwide. Taken together, we suggest that
the Cihai is a typical Fe skarn deposit rather than is associated
with iron-rich melts as previously suggested.
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