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The Han-Xing iron mineralization in the central North China Craton is a typical Fe skarn deposit associated with
altered diorites. Here we report the Fe isotopic compositions of whole rocks and mineral separates from this
deposit with a view to evaluate the Fe isotope fractionation during the formation of Fe skarn deposit, and to
constrain the metal source. The Fe isotopes show a large variation both in whole rocks and mineral separates.
Altered diorites show a wide range in δ56Fe values (−0.07‰ to +0.21‰ relative to the Fe isotope standard
IRMM-014) which positively correlate with their TFe2O3/TiO2 ratios (Fe2O3 and FeO calculated as TFe2O3). The
positive correlation indicates that heavy Fe isotopes were preferentially leached from diorites during the
skarn-type alteration. Among the metallic minerals, pyrite and pyrrhotite are isotopically heavier (+0.12‰
to +0.48‰) than the magnetite (+0.07‰ to +0.21‰). Fe isotope fractionation between mineral pairs demon-
strates that magnetite did not attain Fe isotopic equilibrium with pyrite and pyrrhotite, whereas pyrite and pyr-
rhotite might have attained isotopic equilibrium. Petrological observations and major element data also suggest
that iron was leached from the diorites during the skarn-type alteration. If the leached iron provides the main Fe
budget of the Han-Xing Fe skarn deposit, magnetite in ores would be isotopically heavier than the unaltered
diorite. However, our results are in contrast with the magnetite being isotopically lighter than the unaltered
diorite. This suggests that the major Fe source of the Han-Xing Fe skarn deposit is not from the leaching of
diorites, and might be from magmatic fluid which is isotopically lighter than the silicate melt. Our data demon-
strate that Fe isotopes can be used as important tracers in deciphering the metal source of Fe skarn deposits.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Tracing the source ofmetals is a key issue in investigations related to
the genesis of ore deposits. Light stable isotopes such as H, C, O, N, and S
have been used to trace the origin ofmetal deposits (e.g., Jia and Kerrich,
1999; Ohmoto, 1972; Rye, 1966; Sheppard et al., 1971; Taylor, 1974).
However, these elements are not metallogenic elements themselves
and have different isotopic signatures under different tectonic settings
(Hedenquist and Lowenstern, 1994), which makes it difficult to deci-
pher the metal source. For example, the hydrogen and oxygen isotopic
compositions of hydrothermal minerals from Cu porphyry deposit
often show a mixed feature of magmatic and meteoric water, whereas
sulfur isotope records the isotopic composition of mantle sulfur. Thus
none of these proxies provide direct information on the source of
copper. Therefore, metal stable isotopes (e.g., Fe, Mg, Cu, Zn, Cr and Mo)
eophysics, Chinese Academy of
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have emerged as more precise tracers. As an important rock-forming
and metallogenic element, iron occurs in either reduced ferrous iron or
oxidized ferric iron in nature. The differences in the behavior of iron
with different redox states and significant isotopic variations make Fe
isotope useful for tracing the iron geochemical cycle (Beard and
Johnson, 2004).

The application of Fe isotopes to trace metal source is still debated,
due to lack of precise information on the Fe isotope fractionation during
metallogenic processes. In a study of the Grasberg Cu–Au porphyry
deposit, Graham et al. (2004) found that Fe isotopic compositions of
pyrite and chalcopyrite from the Grasberg Igneous Complex and the
skarn overlapped, based on which they invoked a genetic relationship.
However, this conclusion can be debated since Fe isotopes can fraction-
ate during many processes (e.g., Bullen et al., 2001; Icopini et al., 2004;
Skulan et al., 2002; Teng et al., 2008; Cheng et al., 2015). Markl et al.
(2006) suggested that Fe isotopes are not suitable to derive information
on metal sources as the isotopic composition is strongly dependent on
the characteristic of fluid and precipitation history. However, in another
case, Wang et al. (2011) studied the Fe isotopic fractionation of the
metallogenic processes in the Xinqiao Cu–S–Fe–Au deposit and exclud-
ed the sedimentary strata as the iron source.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2015.11.001&domain=pdf
http://dx.doi.org/10.1016/j.oregeorev.2015.11.001
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As the largest skarn deposit type on the globe, Fe skarn deposits
occur in different times and geological settings (Meinert et al., 2005).
In China, Fe skarn deposits constitute the dominant source of
high-grade iron ores (Zhang et al., 2014a). The variousmodels proposed
for the metal sources of Fe skarn deposits can be grouped into three:
1) recycling of pre-existing ore deposits (e.g., Johnson et al., 1990;
Wang et al., 1981); 2) alteration of associated igneous rocks
(e.g., Feng, 1998; Zheng et al., 2007); and 3) products of magmatic
hydrothermal system (e.g., Shimazaki, 1980). Apart from a few
examples for skarn formation through the recycling of pre-existing ore
deposits, most researchers favor the second and third models above
(e.g., Hedenquist and Lowenstern, 1994; Jin et al., 2015; Xie et al.,
2015; Zhang et al., 2014b). In this paper, we report Fe isotopic composi-
tions of altered diorites, limestone and metallic minerals from the
Han-Xing Fe skarn deposit as well as the major element compositions
of altered diorites, in an attempt to evaluate the behavior of elemental
iron and iron isotopes during the formation of Fe skarn deposit, as
well as to constrain the Fe source. Our results demonstrate that heavy
Fe isotopes were preferentially leached from the diorites during the
skarn-type alteration and the main Fe budget was derived from
magmatic fluid.

2. Geological setting

2.1. Regional geology

The NCC is a collage of Archeanmicrocontinents whichwere assem-
bled into major crustal blocks at the end of Archean followed by rifting-
subduction-accretion collision that culminated by endPaleoproterozoic,
building the fundamental cratonic architecture (Santosh et al., 2015;
Yang and Santosh, 2015; Yang et al., 2015; Zhai and Santosh, 2011;
Zhai, 2014; Zhao and Zhai, 2013), The Han-Xing iron district is located
Fig. 1. (A) Simplified geological map showing major tectonic subdivisions of the North China C
et al., 2005; Qian and Hermann, 2010). (B) Local geological map of the Wu'an iron deposit (m
in the central part of the NCC (Fig. 1A). The basement rocks in this
region are mainly composed of tonalite-trondhjemite-granodiorite
(TTG) gneisses and amphibolites, the protoliths which formed
during Meso–Neoarchean and were metamorphosed during late
Paleoproterozoic coeval with the final cratonization of the NCC (Zhai
and Santosh, 2011). Regionally, the sedimentary rocks in this area are
dominated by Cambrian–Ordovician carbonates in the western part
and Carboniferous–Permian clastic rocks in the eastern part (Fig. 1B).
Mesozoic magmatic rocks intruded into the Precambrian basement as
well as the sedimentary cover. Previous studies proposed that the
source magmas of these intermediate intrusive rocks with zircon
SHRIMP U-Pb ages of 126–138 Ma were generated by crust-mantle
interaction (Chen et al., 2008).

2.2. Ore geology

The samples for this study were collected from the Wu'an iron
cluster region which is composed of several iron deposits, about
10 kmaway from theWu'an County, Hebei Province (Fig. 1B). The dom-
inant basement rocks in this region belong to the Archean Zanhuang
Complex, intruded by theMesozoic intermediate plutons of monzonite,
monzodiorite, diorite, and quartz–diorite. The major sedimentary unit
associated with the deposit is the Middle Ordovician Majiagou
limestone.

Themain ore-controlling structure is a set of NNE extensional faults.
Most of the Fe deposits formed around theWu'an fault basin (Li, 1986)
(Fig. 1 B). Ore bodies occur as complex lenses with serrated and inter-
spersed features typically at the contact zone of the dioritic plutons
and the Majiagou limestone. The well developed alteration zone
between the dioritic plutons and limestone can be further divided into
five zones as: altered diorite, endoskarn, magnetite ore, exoskarn and
marmorized limestone zone. In general, the endoskarn shows a wider
raton (NCC) with an emphasis on the distribution of Mesozoic magmatic rocks (after Zhao
odified from Shen et al., 2013).
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distribution than the exoskarn and the diopside-type skarn dominates
the Fe skarn deposit. The ore minerals are dominated by magnetite
with minor hematite, pyrite, pyrrhotite and chalcopyrite. Skarn min-
erals mainly include diopside, garnet, epidote, actinolite, phlogopite
and serpentine. The marmorized limestone at the external contact
zone often has been brecciated or altered by chlorite. The content of
magnetite in ores varies from 40 to 90% (Fig. 2).

3. Sampling and analytical methods

3.1. Sampling

Six diorites with various degrees of skarn-type alteration were
collected from the altered diorite zone for major elements and Fe
isotope analyses. With increasing alteration, the color of diorites
becomes lighter (Fig. 2). Samples WA12-14 and WA12-07 are weakly
altered diorites which mainly consist of plagioclase, amphibole,
K-feldspar, and pyroxene with minor biotite and quartz. Magnetite,
allanite, sphene, apatite and zircon occur as accessoryminerals. Samples
Fig. 2.Hand specimens of altered diorites and ores from theHan-Xing Fe skarn deposit. Abbreviatio
Ep-epidote; Py-pyrite; Cal-calcite.
WA12-08 and WA12-31 are moderately altered diorites, where most
amphibole has been replaced by diopside, and K-feldspar was altered
to albite. SamplesWA12-13 andWA12-23 are intensely altered diorites,
which are close to the endoskarn and mainly composed of albite,
K-feldspar and minor pyroxene without amphibole (Table 1 and
Fig. 2). The “diorite skarn-type alteration” in this study refers to the
whole alteration effect on the diorite during the formation of skarn
deposit, whereas in many previous studies of the Han-Xing skarn
deposit, researchers used “albitization” to represent the “diorite
skarn-type alteration” following the observation of albite formation
during this process. The syenite occurring next to the location of sample
WA12-14 was also analyzed for comparison, which is composed of
K-feldspar (60–80%), plagioclase (15–20%), amphibole (5%), biotite
(5%), minor quartz and clinopyroxene. Two limestones have been
marmorized. All the rocks mentioned above show compact structure
without any secondary alteration features after the skarn formation.

Amphibole in diorites was altered to aggregates of diopside, albite,
biotite and magnetite during the skarn-type alteration (Fig. 3A). The
newly-formed magnetite is associated with the diopside (Figs. 3A-B
ns: Am-amphibole; Px-pyroxene; Di-diopside;Mgt-Magnetite; Kf-K-feldspar; Pl-plagioclase;



Fig. 2 (continued).
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and 4). With the increase in the degree of alteration, the newly-formed
minerals (diopside and biotite) were progressively transferred to albite.
Meanwhile, both the newly formed hydrothermal magnetite and the
pre-existing magmatic magnetite were dissolved from the altered
diorites (Fig. 3C–D). In some cases, amphibole was completely replaced
by albite with only the preservation of grain morphology.

Thirty ore mineral separates of magnetite, pyrite and pyrrhotite were
separated from twelve ore samples for Fe isotope analyses. These ores are
mainly composed ofmagnetite, epidote, diopside and sulfideswithminor
calcite and serpentine in certain samples. The ores showmassive, dissem-
inated, banded and taxitic structures (Table 1 and Fig. 2). Most of the ores
are of high grade, with an average of 40–60% Fe.

Magnetite can be divided into two groups: anhedral to subhedral
fine magnetite grains in a range of 0.1–0.25 mm and euhedral coarse
magnetite grains of 1–4 mm (Figs. 2I–N and 3E–H). Generally, the
coarse magnetite coexists with the calcite (Fig. 2N). Pyrite and pyrrho-
tite are anhedral to euhedral fine or medium grains (0.1–0.5 mm) and
mainly exist between the magnetite and gangue minerals, implying
that they were formed after the formation of themagnetite and gangue
minerals (Figs. 2K and 3G–H).

According to our petrological observations and the fluid inclusions
work by Zheng et al. (2007), three stages can be recognized during
the formation of Han-Xing Fe skarn deposit. The early stage includes
the alteration of diorites and prograde skarn stage (resulting in the
formation of garnet and diopside). The middle retrograde skarn stage
is also the main mineralization stage, at which the magnetite, biotite
and epidote were formed. The late stage is characterized by the
chlorite-calcite-sulfide assemblage.

3.2. Analytical methods

3.2.1. Major elements
Whole rocks were powdered with an agate mill to 200 mesh and

0.5 g powders were mixed with 5 g of Li2B4O7. A glass slice was formed
via fusion. Major elements were determined using a Phillips PW 2400
sequential X-ray fluorescence spectrometer (XRF) at the Institute of
Geology and Geophysics (IGG), Chinese Academy of Sciences. The
analytical precision and accuracy is better than ±2% for major oxides.
Loss on ignition (LOI) was measured after heating to 1000 °C. The FeO
was determined by Redox Titration using KMnO4 solution and the
analytical precision is estimated to be b0.5%.

The analyses of major elements of rock-forming minerals and
backscattered electron images were performed on a JEOL JXA-8100
microprobe at the IGG. The accelerating voltage, beam current, spot
diameter and peak counting time for electron microprobe (EMP)
analysis were 15 kV, 10 nA, 5 μm and 20 s, respectively.

3.2.2. Fe isotopes
The chemical purification of Fe was carried out in the Isotope

Geochemistry Lab at the IGG. Approximately 30 mg whole rock
powders were weighted into a Teflon beaker and dissolved in amixture
of 1.5 ml ultrapure concentrated HF and 0.5 ml ultrapure HNO3. For
mineral separates, 3 to 7 mg powders were dissolved in a mixture of
2 ml ultrapure concentrated HCl and HNO3. After complete dissolution,
the solution was evaporated to dryness and HF was eliminated. Follow-
ing this, 0.5 ml HCl was added and then evaporated to dryness twice in
order to convert the cation to chloride-form. Then added 1 ml purified
7 M HCl to resolve. Finally iron was separated using AGMP-1 anion
exchange resin (200–400 mesh) in HCl medium. Detailed procedures
were reported in Zhu et al. (2002).

Fe isotope measurement was conducted by a Thermo-Finnigan
Neptune Plus MC-ICPMS in the Isotope Geochemistry Lab, China
University of Geosciences (Beijing), at “medium” mass resolution mode
(MR). The instrument mass bias was corrected by the sample-standard
bracketing (SSB) method. Data were reported in the commonly used δ
notation (δiFe = [(iFe/54Fe) sample/(iFe/54Fe) standard − 1] ∗ 1000, where i
is 56 or 57 and (iFe/54Fe) standard is an average of the bracketing two
standards relative to IRMM-014. The standard-sample sequences were



Table 1
Sample description of hand specimens of altered diorites and ores from Han-Xing iron deposit.

Type Sample Description

Igneous
Rock

WA12-14 Fresh or less altered diorite consists of coarse-grained, euhedral black-green amphibole (20%), plagioclase (50%), K-feldspar (25%), with green pyroxene,
biotite and quartz less than 5%.

WA12-07 Less altered diorite consists of coarse-grained, euhedral black-green amphibole (15%), pyroxene (4%), plagioclase (45%), K-feldspar (30%) with biotite and
quartz less than 6%.

WA12-08 Moderately altered diorite, most amphibole was replaced by pyroxene; consists of euhedral amphibole (5%), pyroxene (10%), plagioclase (70%),
K-feldspar (10%) with biotite and quartz less than 5%.

WA12-31 Moderately altered diorite, most amphibole was replaced by pyroxene; consists of euhedral amphibole (3%), pyroxene (10%), plagioclase (65%),
K-feldspar (15%) with biotite and quartz less than 7%.

WA12-13 Intensively altered diorite, close to the skarn; amphibole was completely altered by pryoxene, consists of pyroxene (10%), plagioclase (70%), K-feldspar (15%),
with biotite and quartz less than 5%.

WA12-23 Most intensively altered diorite, close to the skarn; consists of fine-grained green pyroxene (5%), coarse-grained yellow-green epidote (5%),
plagioclase (70%), K-feldspar (20%).

Ores WA12-01 Magnetite powders, collected from the concentrating mill of Han-Xing deposit, representing the average composition of magnetite of this area.
WA12-04 Medium-fine grained ore with dense disseminated structure, contains 45% magnetite; gangue minerals consist of diopside, epidote, calcite and minor sulfides.
WA12-16 Fine-grained ore with massive structure, contains 90% magnetite; gangue minerals consist of epidote, calcite and minor sulfides.
WA12-17 Fine-grained ore with massive structure, contains 85% magnetite; gangue minerals consist of dioposide, epidote, calcite and minor sulfides.
WA12-19 Coarse-grained ore with massive structure, contains 50% magnetite; gangue minerals consist of diopside, epidote calcite, quartz and minor sulfides.
WA12-20 Coarse-grained ore with massive structure, contains 65% magnetite; gangue minerals consist of diopside, epidote calcite, quartz and minor sulfides.
WA12-24 Fine-grained ore with banded structure, contains 50% magnetite; gangue minerals consist of dioposide, epidote and minor sulfides.
WA12-33 Fine-grained ore with taxitic structure, contains 40% magnetite; gangue minerals consist of dioposide, epidote and minor sulfides.
WA12-34 Medium-coarse grained ore with massive structure, contains 45% magnetite; gangue minerals consist of dioposide, epidote, serpentine calcite and

minor sulfides.
WA12-35 Fine-coarse grained ore with massive to taxitic structure, contains 45% magnetite; gangue minerals consist of dioposide, epidote, calcite and minor sulfides.
WA12-36 Fine-coarse grained ore with massive to taxitic structure, contains 50% magnetite; gangue minerals consist of dioposide, epidote, calcite and minor sulfides.
WA12-37 Fine-coarse grained ore with massive and taxitic structure, contains 50% magnetite; gangue minerals consist of dioposide, epidote, calcite and minor sulfides.
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repeated four times, and the isotopic composition given is an average of
repetitive analyses. Errors were preferentially reported as 2se, 95%
confidence interval after Dauphas et al. (2009) and He et al. (2015). The
external precision and accuracy are estimated to be within 0.04‰ for
δ56Fe. Details of the mass spectrometry have been described elsewhere
(He et al., 2015).

TheUSGS standard BCR-2was processedwith the unknown samples
to control the data quality. The analytical δ56Fe values (+0.087 ±
0.020‰, 2se) is well agreement with the long-term mean (+0.084 ±
0.029‰, N = 17) from the lab (He et al., 2015) and the recommended
value (Craddock and Dauphas, 2011a). A duplicate of sample
WA12-37 was processed twice and yields identical result within the
quoted uncertainty. All the data yielded a slope of 1.47 ± 0.031 (R2 =
0.983) in a δ57Fe versus δ56Fe diagram, consistent with the theoretical
mass-dependent fractionation value for Fe isotope (Young et al., 2002).

4. Results

4.1. Major elements

Major element data from whole rocks and representative minerals
of sampleWA12-07 are given in Tables 2 and 3, respectively. The results
of altered diorites are consistent with the data reported by Chen et al.
(2004). The limited variation in SiO2 (54–58%), TiO2 (0.53–0.65%),
Al2O3 (16–18%), and P2O5 (0.32–0.41%) suggests homogeneous compo-
sition of these diorites before alteration. In contrast, large variations in
MgO (1.7–3.0%), CaO (4.1–7.9%), Na2O (3.9–7.3%), K2O (0.73–6.7%),
and TFe2O3 (2.5–6.7%) indicates that these elements are mobile during
diorite alteration. The negative correlations are noted between LOI
and TFe2O3, CaO and TFe2O3, and Na2O and K2O (Fig. 5), suggesting
that Ca and Na entered into the diorites whereas Fe and Kwere leached
from the diorites during alteration. Both syenite and limestonehave low
TFe2O3 contents.

The FeO (total Fe oxides) of amphibole from sampleWA12-07 varies
from 13.4% to 15.3%, whereas in the altered products, diopside and
albite, the range is from 8.04 to 9.63% and 0.26%, respectively. In
addition, the newly formed diopside and albite have lower K2O than
amphibole (Table 3). All above features indicate that Fe and K were
leached from the diorites during alteration in mineral scale, consistent
with the data from whole rock analyses.
4.2. Fe isotopes

A significant Fe isotopic variation has been observed both for whole
rocks and mineral separates (δ56Fe = −0.22‰ to +0.48‰) (Table 4
and Fig. 6).

Altered diorites show a large variation in δ56Fe values (−0.07‰
to +0.21‰) among the investigated samples and the weakest altered
diorite (WA12-14) possesses the heaviest Fe isotopic composition. The
syenite has a similar δ56Fe value (+0.18‰) with sample WA12-14.
Two limestones host the lowest δ56Fe values (−0.22‰ and −0.10‰)
falling within the field of sedimentary carbonates (e.g., Craddock and
Dauphas, 2011b; Dideriksen et al., 2006).

Formineral separates, significant Fe isotopic features are observed as
follows. (1) Large variation in δ56Fe values exists between mineral
separates (+0.07‰ to +0.48‰). (2) Fe isotopes fractionated between
different minerals. Magnetite has limited and low δ56Fe values
(+0.07‰ to +0.21‰). Sulfides (pyrite and pyrrhotite) span a wider
range in δ56Fe values (+0.12‰ to +0.48‰) and are isotopically
heavier than the magnetite. As a result, a clear sequence in Fe isotopes
can be traced among these minerals from individual ore sample
with δ56FePy N δ56FePo N δ56FeMgt. (3) No discernible difference in Fe
isotopic composition between fine and coarse-grained magnetite has
been observed.
5. Discussion

5.1. Fe isotope fractionation in diorites during the skarn-type alteration

Themarked variation in Fe isotopic compositions of diorite from the
Han-Xing skarn deposit suggests significant fractionation of Fe isotopes
during the skarn formation processes. The limited variation in immobile
elements such as Si, Ti, Al and P (Table 2) demonstrates that the diorites
were homogenous before alteration, without any significant influence
of magmatic processes (e.g., partial melting and crystallization differen-
tiation). Moreover, during the evolution of magmas, heavy Fe isotope
enrichment occurs in the melt with the decrease of iron content
(e.g., Foden et al., 2015; Heimann et al., 2008; Poitrasson and Freydier,
2005), which is not consistent with the present data where the diorite
with low iron content is enriched in light Fe isotope. Similarly,



Fig. 3. Photomicorgraphs in transmitted light (A–F) and reflected light (G-H) illustrating the characteristics of altered diorites and ores from the Han-Xing iron deposit. (A) Euhedral am-
phibolewas replaced by the diopside and albitewith the formation ofmagnetite along the edge of the amphibole. (B) Amphibolewas completely altered and replaced by the aggregates of
diopside, biotite, magnetite and albite. (C) With the increase in the degree of alteration, the newly-formed diopside was further transformed to albite, showing the residual diopside
surrounded by albite. (D) Extensive alteration, all the minerals were dissolved except for albite and minor diopside left as the residues. (E) Scanned image of thin section, showing the
fine-grained anhedral–subhedral magnetite in ores. (F) Scanned image of thin section, showing the coarse-grained euhedral magnetite in ores. (G) Fine-grained anhedral–subhedralmag-
netite, gangueminerals and anhedral pyrrhotite. (H) Coarse-grained euhedral magnetite, subhedral gangueminerals and anhedral–euhedral pyrite. Abbreviations: Am-amphibole; Di-di-
opside; Bi-biotite; Ab-albite; Mgt-magnetite; Py-pyrite; Po-pyrrhotite; GM-gangue minerals.
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Fig. 4.The BSE image showing the reaction texture of amphibole in altereddiorite (Sample
WA12-07). The euhedral amphibole reacted with fluids and was replaced by the newly-
formed diopside, albite and magnetite.

Table 3
Major elements concentration of representativeminerals in altered diorite sampleWA12-07.

Comment Am Am Am Am Am Di Di Di Ab

SiO2 41.7 41.8 41.5 41.0 41.4 51.4 53.6 52.3 67.0
TiO2 1.95 1.84 1.90 1.93 2.08 0.42 0.01 0.31 0.00
Al2O3 12.5 12.6 12.7 13.0 12.5 2.80 0.31 2.27 20.7
Cr2O3 0.00 0.00 0.03 0.02 0.00 0.00 0.01 0.02 0.02
FeO 13.4 13.8 13.4 15.3 14.4 9.04 9.63 8.04 0.26
MnO 0.23 0.23 0.21 0.24 0.32 0.48 0.12 0.28 0.00
MgO 12.2 12.0 12.2 10.8 11.4 12.8 12.9 13.5 0.04
CaO 11.6 11.2 11.4 11.5 11.6 22.2 21.0 22.4 0.67
NiO 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00
Na2O 2.47 2.38 2.42 2.28 2.38 0.65 1.71 0.31 10.6
K2O 1.23 1.24 1.21 1.49 1.32 0.00 0.01 0.01 0.71
Total 97.3 97.1 97.0 97.6 97.3 99.8 99.3 99.3 100.0

Note: Am, amphibole; Di, diopside; Ab, albite.
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secondary alteration after skarn-type alterationwill result in the light Fe
isotope preferentially leaching from the diorites (Chapman et al., 2009;
Cheng et al., 2015). Petrological observations did not reveal any signifi-
cant secondary alteration in these diorites. Therefore, the large variation
of δ56Fe in the diorites cannot be result of early magmatic processes and
late secondary alteration. The negative correlations between LOI and
TFe2O3 from these diorites indicate that skarn-type alteration might
have resulted in the Fe isotopic fractionation.

Iron and titanium have similar geochemical property in magmatic
system, and therefore magmatic rocks belonging to the same suite dis-
play positive relationship between iron and titanium (Ragland, 1989).
However, during the alteration process, iron is a mobile element
whereas titanium is an immobile element. Therefore, TFe2O3/TiO2

ratio is a good proxy for constraining the possible mobilization and
transport of iron (Dauphas et al., 2004; Rouxel et al., 2003). The good
correlation between δ56Fe values and their TFe2O3/TiO2 ratios of altered
diorites demonstrates that Fe isotope fractionationmight have occurred
during the diorite skarn-type alteration (Fig. 7). The low TFe2O3/TiO2

ratio indicates a high degree of alteration and substantial loss of iron.
The most intensely altered sample WA12-23 has the lowest TFe2O3/
TiO2 ratio and its low δ56Fe value demonstrates that heavy Fe isotopes
were preferentially leached from the diorites during the skarn-type
alteration.

We also note a negative correlation between Fe2+/Fe3+ and TFe2O3/
TiO2 ratios of the altered diorites (Fig. 7), which indicates that the
diorite skarn-type alteration heavily affected Fe3+ over Fe2+. This is
Table 2
Major elements concentration of altered diorites, synetite and limestones from Han-Xing iron

Sample WA12-07 WA12-08 WA12-13 WA12-14

Description Altered diorite Altered diorite Altered diorite Altered diorite

SiO2 57.6 58.2 54.1 58.5
TiO2 0.65 0.61 0.63 0.53
Al2O3 16.1 17.0 16.7 17.0
TFe2O3 6.72 4.94 3.29 5.86
FeO 2.10 1.54 1.58 1.77
MnO 0.07 0.06 0.06 0.06
MgO 2.13 2.19 3.04 1.68
CaO 4.57 6.21 7.90 4.10
Na2O 3.89 7.34 7.09 5.54
K2O 6.70 0.73 1.99 4.52
P2O5 0.41 0.41 0.39 0.37
LOI 0.68 1.90 3.89 1.08
Total 99.6 99.5 99.0 99.2
consistentwith our petrological observation.When amphibolewas con-
verted to diopside, Fe2+ was left in the diopside but Fe3+ was
partitioned into the newly-formed magnetite (Figs. 3A-B and 4). With
the increase in the degree of alteration, both the newly-formed
hydrothermal magnetite and the pre-existing magmatic magnetite
were dissolved from the diorites, with albite and minor diopside
left as the residue (Figs. 3C–D). Previous studies have well
documented that 56Fe/54Fe will usually be higher in Fe3+ compounds
than in Fe2+-bearing species (e.g., Bullen et al., 2001; Johnson et al.,
2002; Polyakov andMineev, 2000; Schauble et al., 2001) and that mag-
netite is enriched in heavy Fe isotopes relative to the silicate minerals,
with the fractionation factor Δ56FeMgt–Fe sil predicted as large as
+0.25‰ (e.g. Heimann et al., 2008; Shahar et al., 2008; Telus et al.,
2012). These factors explain why the heavy Fe isotopes were preferen-
tially leached from the diorites during the skarn-type alteration.

If we assume that iron was leached from diorites following Rayleigh
fractionation, the Rayleigh equation ((1000 + δ56FeA)/
(1000 + δ56Fei) = F(αB − A−1) can be applied, where A refers to the
altered diorite as the residual phase, B refers to the iron leached from
the diorites, i refers to the initial δ56Fe values and F (F = (TFe2O3/
TiO2)A/(TFe2O3/TiO2)i) refers to the proportion of iron in the altered
diorites to the initial content. In this present case, i is represented by
sample WA12-14. The fractionation factor between leached iron and
altered residues has been calculated, αB-A varies from 1.0002 to
1.0011 (Table 4). Using mass balance equation: δ56Fei ≈ δ56Fealtered
diorite ∗ F + δ56Feleached ∗ (1 − F), we calculated the mean Fe isotopic
composition of the iron leached from the weakest altered sample
WA12-14 to the most extensively altered sample WA12-23,
i.e., δ56Feleached is +0.381‰. The results show that the δ56Fe value of
the iron leached from the diorites can be 0.18‰ heavier than that of
the initial diorite (Sample WA12-14).
deposit.

WA12-23 WA12-31 WA12-14-1 WA12-10 WA12-30

Altered diorite Altered diorite Synetite Limestone Limestone

58.3 58.3 64.3 2.94 1.15
0.57 0.61 0.18 0.04 0.02

17.6 17.3 17.6 0.64 0.36
2.48 4.75 1.25 0.34 0.49
1.26 1.12 0.25 0.20 0.25
0.08 0.07 0.02 0.01 0.03
2.65 1.79 1.70 13.2 21.7
4.51 6.82 0.96 40.2 31.1
6.61 6.96 6.26 0.08 0.04
3.08 1.29 5.72 0.10 0.02
0.32 0.39 0.04 0.02 0.01
2.98 2.04 1.34 43.1 46.18

99.1 100.3 99.4 100.7 101.1



Fig. 5. TFe2O3 vs. LOI, TFe2O3 vs. CaO, and K2O vs. Na2O contents of altered diorites.
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5.2. Fe isotope fractionation between ore minerals

Distinguishing the isotopic equilibrium among minerals is quite
important for interpreting the characteristic of Fe isotope ratios. The
“δ56Fe–δ56Fe” plot in different minerals is useful to determine whether
the mineral pairs are equilibrated in Fe isotope or not. For the
Han-Xing Fe skarn deposit, it appears that pyrite and pyrrhotite may
attain Fe isotopic equilibrium, since a concord line with a slope of 0.78
(Fig. 8) is yieldedwhich is close to 1. However, magnetite did not attain
Fe isotopic equilibrium with pyrite and pyrrhotite as suggested by the
gentle slopes of 0.24 and 0.13, respectively (Fig. 8). This means that
magnetite did not re-equilibrate with the late stage sulfides. As shown
in Fig. 6, magnetite spans a narrow range in δ56Fe values, which
excludes the possibility of kinetic fractionation (Skulan et al., 2002)
and suggests that magnetite should have attained Fe isotopic equilibri-
um with the ore-forming fluid when it precipitated. Furthermore, the
two types of magnetite with identical Fe isotopic compositions suggest
an equilibrium fractionation between magnetite and ore-forming fluid.

At equilibrium conditions, the theoretical Fe isotope fractionation
between minerals can be calculated using published reduced partition
functions (e.g., Polyakov and Mineev, 2000; Polyakov and Soultanov,
2011). For a typical magmatic-hydrothermal temperature of 350 °C, it
can be predicted as 103 ln β py N mgt N po, which is not completely
consistent with our observation, i.e., δ56Fepy N δ56Fepo N δ56Femgt. This
inconsistency also suggests the Fe isotopic disequilibrium between
magnetite and sulfides. The “δ56Fe–δ56Fe” plot suggests equilibrium
fractionation between pyrite and pyrrhotite with a small isotopic
fractionation factor (Fig. 8), whereas the predicted fractionation factor
is much larger (e.g., Polyakov andMineev, 2000). One possible explana-
tion is that pyrite and pyrrhotite did not attain Fe isotopic equilibrium
and resulted from the kinetic fractionation as reported by Syverson
et al. (2013). The slope of 0.78 may be just a coincidence for the few
data points. The other explanation is that pyrite and pyrrhotite attained
isotopic equilibrium, but the reduced partition function of troilite is not
suitable for pyrrhotite, since these minerals do not have same chemical
composition and structure, although some researchers use troilite to
represent pyrrhotite (e.g.,Wawryk and Foden, 2014). More experimen-
tal work on the Fe isotope fractionation between pyrite and pyrrhotite
are needed in future.

5.3. Metal source of the Han-Xing Fe skarn deposit

In order to use Fe isotopes to constrain the metal source of the
Han-Xing Fe skarn deposit, a key point is the information on the Fe iso-
topic composition of ore-forming fluid. As discussed before, magnetite
might have attained Fe isotopic equilibrium with the ore-forming fluid
when it was deposited. Therefore, combining the Fe isotopic composi-
tion of magnetite and the equilibrium fractionation factor, it is possible
to calculate the Fe isotopic composition of ore-forming fluid. Frierdich
et al. (2014) used the three-isotope method to determine the
equilibrium Fe isotope fractionation factor between Fe (II) solutions
and magnetite and provided the experimental formula as: 103 lnαFe

(II) aq – mgt = −0.145 (±0.002) × 106/T2 + 0.10(±0.02), where T is in
K. Fluid inclusionwork by Zhang et al. (1996) in this area demonstrated
that the average temperature of ore-forming fluid was 416 °C when
the magnetite deposited. Thus, the calculated equilibrium Fe
isotope fractionation factor between Fe (II) aq and magnetite,
103 lnαFe (II) aq − mgt, is−0.21. Even if themagnetite did not completely
equilibrate with the ore-forming fluid, it should also preferentially
fractionate heavy Fe isotopes (e.g., Johnson et al., 2005; Frierdich et al.,
2014). Therefore, for the Han-Xing Fe skarn deposit, the ore-forming
fluid should be isotopically lighter thanmagnetite. Based on this conclu-
sion, the metal source of Fe skarn deposit is addressed in the next
section.

5.3.1. Recycling of pre-existing ore deposits?
Earlier studies considered the Han-Xing iron deposit as a product of

recycling of sedimentary deposits by the later hydrothermal fluid
(Wang et al., 1981), since the ore bodies are found in association with
the Majiagou limestone although several limestone units are in contact
with the plutonic rocks in this region. In addition, sulfur isotopic compo-
sition of the pyrite in ores shows a mixture of sedimentary and igneous
sulfur (Shen et al., 2013).

As seen in Fig. 6, magnetite has limited δ56Fe values with an average
of +0.12‰. If the magnetite is a product of recycling of pre-existing
sedimentary deposit, it should have a large range in δ56Fe values
because of the various degrees of recycling and the initial large Fe isoto-
pic variation in sedimentary iron deposits as observed by Johnson et al.
(2003). More importantly, if the iron in the earlier sedimentary deposit
occurs as siderite, the newly magnetite should have similar Fe isotopic



Table 4
Fe isotopic compositions of altered diorites, syenite, limestones and mineral separates from Han-Xing iron deposit.

Sample Description TFe2O3(%) TFe2O3/TiO2 Fe2+/Fe3+ δ56Fe 2SE δ57Fe 2SE n F αB − A

Bulk samples
BCR-2 Basalt standard – – – 0.087 0.024 0.122 0.036 9 – –
WA12-14 Altered diorite 5.86 11.1 0.49 0.205 0.030 0.251 0.053 4 1.00 –
WA12-07 Altered diorite 6.72 10.3 0.52 0.130 0.030 0.177 0.060 4 0.94 1.0011
WA12-08 Altered diorite 4.94 8.10 0.54 0.101 0.030 0.103 0.053 4 0.73 1.0003
WA12-31 Altered diorite 4.69 7.79 0.35 0.056 0.030 0.091 0.053 4 0.70 1.0004
WA12-13 Altered diorite 3.29 5.22 1.13 0.035 0.030 0.045 0.053 4 0.47 1.0002
WA12-23 Altered diorite 2.48 4.35 1.27 −0.071 0.030 −0.171 0.053 4 0.39 1.0003
WA12-14-1 Syenite 1.25 6.90 0.22 0.181 0.030 0.215 0.053 4 – –
WA12-10 Limestone – – – −0.102 0.030 −0.159 0.053 4 – –
WA12-30 Limestone – – – −0.223 0.030 −0.305 0.053 4 – –

Mineral separates
WA12-01 Magnetite – – – 0.152 0.034 0.229 0.061 4 – –
WA12-04 Fine magnetite – – – 0.207 0.034 0.271 0.061 4 – –
WA12-16 Fine magnetite – – – 0.147 0.030 0.232 0.053 4 – –
WA12-17 Fine magnetite – – – 0.102 0.030 0.170 0.053 4 – –
WA12-19 Coarse magnetite – – – 0.121 0.030 0.161 0.053 4 – –
WA12-20 Coarse magnetite – – – 0.094 0.030 0.095 0.053 4 – –
WA12-24 Fine Magnetite – – – 0.137 0.029 0.241 0.055 4 – –
WA12-33 Fine magnetite – – – 0.072 0.029 0.146 0.055 4 – –
WA12-34 Coarse magnetite – – – 0.098 0.029 0.133 0.055 4 – –
WA12-35 Coarse magnetite – – – 0.112 0.029 0.147 0.055 4 – –
WA12-35 Fine magnetite – – – 0.137 0.029 0.213 0.055 4 – –
WA12-36 Coarse magnetite – – – 0.080 0.029 0.115 0.055 4 – –
WA12-36 Fine magnetite – – – 0.115 0.029 0.129 0.055 4 – –
WA12-37 Coarse magnetite – – – 0.112 0.029 0.187 0.055 4 – –
WA12-37P Coarse magnetite – – – 0.109 0.029 0.161 0.055 4 – –
WA12-04 Pyrite – – – 0.482 0.030 0.685 0.053 4 – –
WA12-19 Pyrite – – – 0.393 0.030 0.604 0.053 4 – –
WA12-20 Pyrite – – – 0.346 0.032 0.511 0.074 4 – –
WA12-33 Pyrite – – – 0.117 0.029 0.194 0.055 4 – –
WA12-34 Pyrite – – – 0.116 0.029 0.145 0.055 4 – –
WA12-36 Pyrite – – – 0.327 0.029 0.498 0.055 4 – –
WA12-37 Pyrite – – – 0.355 0.029 0.496 0.055 4 – –
WA12-16 Pyrrhotite – – – 0.334 0.030 0.478 0.053 4 – –
WA12-17 Pyrrhotite – – – 0.304 0.030 0.450 0.053 4 – –
WA12-19 Pyrrhotite – – – 0.353 0.030 0.483 0.053 4 – –
WA12-24 Pyrrhotite – – – 0.343 0.029 0.532 0.055 4 – –
WA12-34 Pyrrhotite – – – 0.120 0.029 0.139 0.055 4 – –
WA12-35 Pyrrhotite – – – 0.255 0.029 0.347 0.055 4 – –
WA12-36 Pyrrhotite – – – 0.281 0.029 0.402 0.055 4 – –
WA12-37 Pyrrhotite – – – 0.278 0.029 0.410 0.055 4 – –

Note: 2SE = [(2SDstandard/n1/2)2 + 2SE2chemical process]1/2, where n is the number of replicate analyses.

Fig. 6. δ56Fe variation in different rock types andmineral separates from theHan-Xing iron
deposit. The shaded area corresponds to the Fe isotopic composition (0.07 ± 0.03 and
δ56Fe was recalculated as δ57Fe ∗ 0.67) of the mean mafic earth as defined by Poitrasson
et al. (2004).

Fig. 7. δ56Fe and Fe2+/Fe3+ vs. TFe2O3/TiO2 for altered diorites from the Han-Xing iron
deposit.
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Fig. 8. Inter-mineral Fe isotope fractionation in ores from the Han-Xing iron deposit.
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composition with that of siderite. Both theoretical prediction
(e.g., Blanchard et al., 2009; Polyakov and Mineev, 2000) and experi-
mental measurements (e.g., Craddock and Dauphas, 2011b; Heimann
et al., 2010; Johnson et al., 2003; Markl et al., 2006; Steinhoefel et al.,
2010) have demonstrated that siderite is enriched in light Fe isotope
with an average δ56Fe value of −0.39‰ (n = 70). Thus, the Han-Xing
Fe skarn deposit cannot be the product of recycling of pre-existing sed-
imentary deposit.

5.3.2. Alteration of associated igneous rocks?
Alteration of associated igneous rocks, especially albitization, was

also proposed for the metal sources of the Han-Xing Fe skarn deposit
(e.g., Feng, 1998; Zheng et al., 2007). This model has been applied in
several regions where albitization and albitite have been regarded as
important signs for exploration of potential iron mineralization
(Zheng et al., 2007).

At the beginning of diorite skarn-type alteration, amphibole in
diorites was replaced by diopside, albite, biotite and magnetite
(Figs. 3A-B and 4). With the increase in the degree of alteration, the
newly formed diopside and biotite were further transferred to albite.
Meanwhile the newly formed magnetite and pre-existing magmatic
magnetite were dissolved from the diorites. The whole alteration
process was accompanied by the removal of iron from the diorites.
Whole rock geochemical data show that as much as 63% iron in the
diorites might have been lost during alteration. On the other hand,
EPMA data show that when amphibole, the main iron-bearing mineral
in diorite, was transformed to diopside and albite, the FeO content
decreases from15.3% to 8.04% and 0.26%, respectively. In summary, sub-
stantial iron was released from the diorites during the skarn-type alter-
ation. This raises the question whether the iron leached from diorites
composed the main iron budget of the Han-Xing Fe skarn deposit.

As discussed in Section 5.1, iron leached from the diorites was
enriched in heavy Fe isotopes relative to unaltered diorite. If the leached
iron contributed to the main iron budget of the Han-Xing Fe skarn
deposit, the ore-forming fluid should be isotopically heavier than the
unaltered diorite. In this case, the magnetite which deposited from the
ore-forming fluid also should be isotopically heavier than the unaltered
diorite. However, this is in contradiction to our observation where the
magnetite is isotopically lighter than the unaltered diorite. This demon-
strates that iron leached from the diorites is not the dominant source of
the Han-Xing Fe skarn deposit.

5.3.3. Magmatic hydrothermal system?
Magma plays an important role in forming hydrothermal ore

deposits. It has long been recognized that cooling and crystallizing
magmas may exsolve chloride-rich, metal-bearing fluids that form
economic ore deposits (e.g., Candela and Holland, 1984; Eugster,
1985; Lindgren, 1906; Richards, 2003). Magmatic fluid is the primary
source for hydrothermal ore deposits (Hedenquist and Lowenstern,
1994; Baker et al., 2004). However, there is still considerable debate
about the extent towhich themagma contributeswater, metals, ligands
and other components to the hydrothermal system (Hedenquist and
Lowenstern, 1994), especially to themetals forwhich there are nodirect
isotope tracers.

Our observation shows that magnetite in ores is enriched in light Fe
isotope relative to unaltered diorite. Combining the−0.21‰ equilibri-
um Fe isotope fractionation factor between Fe (II) aq and magnetite,
the ore-forming fluid should be isotopically much lighter than the unal-
tered diorite. Before the magnetite deposited from the ore-forming
fluid, part of iron which is isotopically heavy was added into the initial
fluid, since heavy Fe isotopes were preferentially leached from the
diorites during skarn-type alteration. Thus, the initial fluid might have
been enriched in light Fe isotope with high iron content in order to
overcome the effect of leaching of diorites and to maintain its original
Fe isotopic composition.

The H and O isotope analyses of fluid inclusions contained in the
hydrothermal minerals from the Han-Xing skarn deposit demonstrate
that magmatic water dominates the ore-forming fluid (Zheng et al.,
2007). It has been well documented that ferrous Fe-chloride complexes
are the dominant iron-bearing species in magmatic fluids (e.g., Chou
and Eugster, 1977; Fein et al., 1992; Simon et al., 2004; Saunier et al.,
2011). Therefore, theoretically, the magmatic fluids will preferentially
fractionate the light Fe isotope. Poitrasson and Freydier (2005) and
Heimann et al. (2008) have speculated that magmatic fluid exsolved
from host magma is enriched in light Fe isotope relative to silicate
melt in order to explain the origin of high-56Fe/54Fe igneous rocks.
This hypothesis was also supported by the positive correlation between
δ56Fe and δ66Zn values of the pegmatites and many granitoids (Telus
et al., 2012). Moreover, magmatic fluids can have high iron content as
large as 9.3 wt.% measured from fluid samples and fluid inclusions
(Yardley, 2005 and references therein). We therefore infer that mag-
matic fluid might have been the initial fluid with high iron content
and light Fe isotope enrichment. Although the wall rock limestone is
also isotopically lighter than the unaltered diorite (Fig. 6), its contribu-
tion to the Han-Xing Fe skarn deposit should be insignificant because
of its low iron content (Table 2). Here we propose that the main iron
budget of the Han-Xing Fe skarn deposit is the magmatic fluid which
was exsolved from the associated intermediate magma.

6. Conclusions

Large Fe isotopic variation has been observed from the Han-Xing Fe
skarn deposit. The associated limestone is isotopically lighter than the
altered diorites. Sulfides (pyrite and pyrrhotite) are isotopically heavier
than the magnetite. The limited Fe isotopic composition of magnetite
suggests equilibrium fractionation between magnetite and ore-
forming fluid. The “δ56Fe–δ56Fe” plot indicates that magnetite did not
equilibrate with the pyrite and pyrrhotite, and suggests equilibrium
fractionation between pyrite and pyrrhotite with a small fractionation
factor. However, this fractionation factor is not consistent with the
theoretical prediction, which can be explained by either the disequilib-
riumbetween pyrite and pyrrhotite or the inappropriate representation
of troilite for the pyrrhotite.

The large Fe isotopic variation and positive correlation between
δ56Fe values and TFe2O3/TiO2 ratios in altered diorites demonstrate
that Fe isotopes indeed fractionated and that the heavy Fe isotopes
were preferentially leached from the diorites during the skarn-type
alteration. However, magnetite in ores is isotopically lighter than the
unaltered diorite. This reveals that the leached iron did not constitute
the main Fe source for the Han-Xing Fe skarn deposit although the
petrological and major element investigations demonstrate that
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massive ironwas leached from thediorites during alteration. Our results
support the hypothesis that magmatic fluid is isotopically lighter than
the source intrusion. Moreover, magmatic fluid provides the dominant
iron budget of the Han-Xing Fe skarn deposit.

Our work provides a good example for the application of Fe isotopes
to constrain the metal source of ore deposit through detailed studies on
Fe isotope fractionation. Themagmatic hydrothermal ore deposits results
from a complex physicochemical system leading to the formation and/or
dissolution ofmanyminerals. Therefore, further studies applying the new
technology for in-situ Fe isotope measurement in minerals combined
with fluid inclusions would provide further insights into Fe isotope frac-
tionation and its implications on various geological processes.
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