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Abstract: Magmatic fluids and leaching of rocks are regarded as the two sources of magmatic
hydrothermal deposits, but their relative contributions to the metals in the deposits are still unclear.
In this study, we combine major elements and Fe isotopes in two sets of rocks from the Han-Xing
iron skarn deposit in China to constrain the iron sources. The positive correlation between the 5°°Fe
and ) Fe;O3/TiO; of altered diorites (3 Fe,O3 refers to the total iron) demonstrates that heavy Fe
isotopes are preferentially leached from diorites during hydrothermal alteration. However, except
for the pyrite, all the rocks and minerals formed in the skarn deposit are enriched in the light Fe
isotope relative to the fresh/less altered diorites. Therefore, besides the leaching of rocks, the Fe
isotopically light magmatic fluid also provides a large quantity of iron for this deposit. Based on the
mass balance calculation, we conclude that iron from magmatic fluid is almost 2.6 times as large as
that from the leaching of rocks. This is the first study to estimate the relative proportions of iron
sources for Fe deposits by using Fe isotopes. Here, we propose that the high §°°Fe of magmatic
intrusions combining the positive correlation between their ) Fe,O3/TiO; and 5°Fe could be taken as
a fingerprint of exsolution or interaction with magmatic fluids, which contributes to the exploration
of magmatic hydrothermal ore deposits.

Keywords: Han-Xing iron deposit; iron isotopes; metal source; isotope fractionation; mass balance

1. Introduction

One of the main prerequisites for the genetic modeling and exploration strategies of metallic
mineral deposits is the understanding of their metal source and the mechanism of concentration.
Magmatic hydrothermal ore deposits are the most common metalliferous ore deposits and provide
much of the Cu, Mo, Au, W and Fe for the needs of modern society [1]. However, there is still
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controversy over the metal sources of magmatic hydrothermal ore deposits, e.g., [2,3]. As early as the
1960s, light stable isotopes (e.g., H, C, O, N and S) had been used to constrain the origin of fluids in
hydrothermal ore deposits, e.g., [4-8]. Since these elements are not ore-forming elements, it is difficult
to decipher the metal source based on their isotopic compositions. For example, H and O isotopes of
hydrothermal minerals and fluid inclusions in skarn deposits often display mixing between magmatic
and meteoric water, whereas S isotopes often show the dominance of magmatic sulfur with minor
sedimentary sulfur [9]. Therefore, none of these isotopes can provide direct and explicit information
about the metal source. The emerging field of metal stable isotopes (e.g., Fe, Cu, Mg, Mo, Zn and Cr)
provides a potential tool to constrain the metal sources directly through the application of isotopes of
ore-forming elements, e.g., [10-12].

Metals leached from rocks on the fluid pathway have been regarded as the main metal sources of
hydrothermal ore deposits, e.g., [13-15]. This viewpoint is well consistent with the field geological
observation, which shows that altered wall rocks near the ore bodies commonly lack ore-forming
elements. Moreover, many studies of H and O isotopes of hydrothermal minerals and fluid inclusions
indicate that both magmatic water and meteoric water play important roles in a variety of types of
hydrothermal ore deposits, e.g., [6,16], and chemical dissolution of rocks will be enhanced in the hot
and acidic ore-forming fluid [2]. Therefore, a large school of thought emphasizes that metals can
be largely scavenged from pre-existing rocks and enter into ore-forming fluid to form ore deposits,
e.g., [13,14]. However, experimental studies have led to a different point of view that the extraction of
metals from the silicate magma into magmatic fluids is a key stage in the evolution of the mineralized
hydrothermal system [3], implying that magmatic fluids are the primary source of the major components
in hydrothermal ore deposits. However, the extent to which magmas contribute water, metals and
other components to hydrothermal systems remains debated [2].

The Han-Xing iron deposit is a typical iron skarn deposit in China and has been well documented by
numerous studies, e.g., [15,17,18]. Albitization is extensively developed in the associated intrusive rock
near the ore bodies and iron leaches from the wall rocks during this process [15]. Thus, the Han-Xing
iron deposit is an ideal example to study iron isotope fractionation during leaching and to constrain
the source of its iron. Based on the study of the Kuangshan (Wu’'an district) skarn deposit, the authors
found a large iron isotope fractionation during the skarn-type alteration and proposed that magmatic
fluids might dominate the iron source of the Han-Xing iron deposits [12]. It is worth to note that
the lithology of intrusive rocks in the Han-Xing iron skarn ore cluster is diverse (ranging from the
intermediate-basic hornblende diorite to the intermediate-acidic quartz diorite). Whether these rocks
have the same fractionation features during the skarn-type alteration is still unknown. In addition,
more iron isotopic data are needed to calculate the relative contributions of the iron leached from the
rock and that from the magmatic fluid. In this study, we analyzed two sets of rocks (different intrusive
rocks) from the Han-Xing iron skarn ore cluster for their major elements and Fe isotopes to understand
iron isotope fractionation and to evaluate the relative proportion of the two metal sources mentioned
above. Each set includes intrusive rocks, skarn, ores and limestone, to cover a whole spectrum of rock
types for skarn deposits.

2. Geological Setting

The Han-Xing iron skarn ore cluster is located in the central part of the North China
Craton (NCC) (Figure 1A). The basement rocks in this region are mainly composed of
tonalite-trondhjemite-granodiorite (TTG) gneisses and amphibolites, whose protoliths were formed
during the Meso—Neoarchean and were metamorphosed during the late Paleoproterozoic coeval
with the final cratonization of the NCC [19]. 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 (Figure 1B). Mesozoic magmatic rocks intruded into the Precambrian
basement as well as the sedimentary cover. Previous studies proposed that the source magmas of these
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intermediate intrusive rocks were generated by crust-mantle interactions with zircon SHRIMP U-Pb

ages of 126-138 Ma [20].

The Han-Xing Fe ore cluster consists of 73 iron skarn deposits with a total reserve of 830 Mt tons
of metallic iron (average 40% to 60%) [21]. It has been widely accepted as the product of contact
metamorphism between Mesozoic plutons and surrounding Ordovician carbonate sedimentary
strata [18]. The associated intrusive suites can be divided into two groups: Fushan gabbroic diorite in
the west and Wu'an diorite-monzonite in the east (Figure 1B). The two sets of rocks analyzed in this
study are collected from the two districts. Rocks from Fushan are outcrop samples, while rocks from

Baijian (Wu’an district) are drill core samples.
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Figure 1. (A) Simplified geological map showing major tectonic subdivisions of the North China Craton
(NCC) with emphasis on the distribution of Mesozoic magmatic rocks (after the references [22,23]).

(B) Local geological map of the Han-Xing Fe skarn deposit (modified from the reference [18]).
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3. Samples and Methods

The Fushan intrusive complex consists of hornblende diorite, diorite and quartz diorite and
the Wu'an intrusive complex consists of monzodiorite and diorite (detailed descriptions of mineral
composition are given in Table 1). Petrological observations indicate that most of these intrusive rocks
(hereafter collectively referred to as “diorite”) underwent various degrees of hydrothermal alteration.
In slightly altered diorites, hornblende was transformed into aggregates of diopside, biotite, albite and
magnetite (Figure 2C,E). With the increase in intensity of hydrothermal alteration, the newly formed
diopside and biotite were further transformed to albite or epidote accompanied by the dissolution of
magnetite. Almost no magnetite remains in intensively altered diorites (Figure 2B,D,F). The skarn
assemblage is mainly composed of garnet, diopside and epidote with taxitic and massive structures.
Ores are composed of magnetite, skarn minerals and minor sulfides with dense disseminated, taxitic
and massive structures. Magnetite in ores occurs as anhedral fine grains or euhedral medium to coarse
grains. Sulfides are anhedral to euhedral fine to medium grains and predominantly occur between the
magnetite and gangue minerals (dominance of diopside and epidote), suggesting that they formed
after the magnetite and gangue minerals.

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

Type Sample Description

Fresh to less altered quartz diorite consists of medium-grained, black-green amphibole

FS12-01 (10%), plagioclase (75%), quartz (10%) and K-feldspar (5%).
FS12-02 Altered quartz diorite consists of medium-grained, green amphibole (5%), plagioclase
(75%), K-feldspar (10%) and quartz (10%).
FS12-03 Less altered diorite consists of medium-grained, euhedral black-green amphibole (20%),
biotite (5%) and plagioclase (70%) with K-feldspar and quartz less than 5%.
FS12-04 Altered diorite consists of medium-grained, green amphibole (15%), biotite (3%) and
plagioclase (75%) with K-feldspar and quartz less than 7%.
Igneous FS12-05 Fresh hornblende diorite consists of coarse-grained, euhedral black-green amphibole (40%)

Rock and plagioclase (55%) with pyroxene and quartz less than 5%.
BJ0818-21 Intensively altered monzodiorite with porphyritic-like texture, consists of plagioclase
(80%) and K-feldspar (10%) with quartz and pyroxene less 10%.
Less altered monzodiorite with equigranular texture, consists of medium-grained,
BJ0818-23 euhedral black-green amphibole (20%) and plagioclase (75%) with K-feldspar and quartz
less than 5%.
Most intensively altered monzodiorite with porphyritic-like texture, close to the skarn;
BJ0818-27 consists of coarse-grained yellow-green epidote (10%) and plagioclase (80%) with quartz
and pyroxene less than 10%.

Skarn with taxitic structure mainly consists of coarse-grained garnet (80%) and

FS12-08 fined-grained diopside (15%) with quartz and calcite less than 5%.
Skarn with taxitic to massive structure mainly consists of medium-grained diopside (85%)
FS12-09 - 0/ ok . o
Skarn and coarse-grained garnet (10%) with quartz and calcite less than 5%.
BJ0818-28 Skarn with taxitic to massive structure mainly consists of medium-grained epidote (80%)
and diopside (10%) with quartz and calcite less than 10%.
BJ0818-30 Skarn with taxitic structure mainly consists of medium-grained epidote (70%) and garnet
(20%) with biotite, quartz and calcite less than 10%.
Medium-fine-grained ore with dense disseminated structure, contains 45% magnetite;
FS12-13 . - L . ! . )
gangue minerals consist of diopside, garnet, epidote, calcite and minor sulfides.
FS12-17 Medium-fine-grained ore with massive structure, contains 80% magnetite; gangue
Ores minerals consist of diopside, garnet, epidote, calcite and minor sulfides.
BJ0818-36 Fine-grained ore with taxitic-massive structure, contains 60% magnetite; gangue minerals

consist of epidote, diopside, calcite and minor sulfides.
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Figure 2. Microphotographs in transmitted light illustrate the characteristics of altered plutonic rocks
from the Han-Xing iron deposit. (A) Fresh quartz diorite (FS-01) with medium-grained equigranular
texture; it is characterized by fresh euhedral hornblende. (B) Intensively altered quartz diorite (FS-02);
hornblende has been replaced by epidote without magnetite residual. (C) Less altered diorite (FS-03);
at the edge of hornblende, it has been altered to the aggregates of diopside, albite, magnetite and biotite.
(D) Intensively altered diorite (FS-04); euhedral hornblende has been totally replaced by the diopside
remaining with its previous morphology. (E) Less altered monzodiorite (BJ0818-23); hornblende has
been altered to the diopside and magnetite. (F) Intensively altered monzodiorite (BJ0818-21); hornblende
and magnetite have been dissolved from the monzodiorite, leaving the plagioclase and diopside as
residuals. Abbreviations: Hb—hornblende; Di—diopside; Bi—Dbiotite; Ep—epidote; Pl—Plagioclase;
Kf—K-feldspar; Qz—quartz; Spn—sphene; Mgt—magnetite.

Whole rocks were powdered with an agate mill to 200 mesh and 0.5 g powders were mixed
with 5 g of Li;B4O7. A glass slice was prepared via fusion. Major elements were determined using a
Phillips PW 2400 sequential X-ray fluorescence spectrometer at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (Beijing, China). The analytical precision and the accuracy are better
than +2% for major oxides. Loss on ignition was measured after heating to 1000 °C for 1.5 h. The FeO
was determined by redox titration using KMnOjy solution and the analytical precision is estimated to
be <1%.

The chemical purification of iron was achieved in the Isotope Geochemistry Lab, China University
of Geosciences, Beijing (CUGB). Typically, 2-30 mg whole rock powders or mineral separates were
dissolved in a mixture of HF-HNO3;-HCI-HCIOy. After complete dissolution, iron was purified using
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the AG1-X8 (200-400 mesh chloride form, Bio-Rad, Hercules, CA, USA) resin in HCl medium. Matrix
elements were removed by 8 mL 6 mol/L HCl, and iron was then collected by 9 mL 0.4 mol/L HCI.
The same column procedure was repeated to ensure complete removal of the matrices. The final iron
eluate was acidified with 0.1 mL HNOs;. The dried sample was then dissolved in 3% HNOj for isotope
measurements [24].

Iron isotope measurements were conducted on a Thermo-Finnigan Neptune Plus MC-ICPMS in the
Isotope Geochemistry Lab, CUGB under the “medium” high-mass resolution mode. The instrument
mass bias was corrected by the sample—standard bracketing method. The standard-sample sequences
were repeated a minimum of four times, and the reported isotopic composition is an average of
repetitive analyses. Errors were preferentially reported as 2 s.e., 95% confidence interval after the
reference [25]. The two USGS standards BCR-2 and GSP-2 were processed with the unknown samples
and their analytical 5°CFe {6°0Fe = [(°°Fe/?*Fe) Samp16/(56Fe/5413e) IRMM-014 — 1] X 1000} values (+0.110%o
and +0.151%o) were in good agreement with the recommended values [24,26].

4. Result

Eighteen whole rocks (including diorites, skarn, iron ores and limestone) were analyzed for
their major elements. The results are listed in Table 2. Diorites have a large span of SiO, content
(52.4-65.4 wt.%) for the different lithologies (hornblende diorite, monzodiorite and quartz diorite).
Their LOI (loss on ignition) is relatively large, ranging from 0.78 to 2.69 wt.%. Skarn has lower SiO,,
Al,O3 and NayO but higher MgO, CaO and LOI contents than diorites. The } Fe,O3 content of the
ore is more than 62%. Limestone has high CaO and low MgO, which indicates that they are mainly
composed of calcite but not dolomite.

Table 2. Major elements concentration of whole rocks from the Han-Xing iron skarn deposit.

Sample Description Si0; TiO; Al,O3 YFe;O3 MnO MgO CaO Na,O KO P,O5 LOI TOTAL FeO
Fushan district %o % %o %o %o %o % %o %o %o %o %o %o
FS12-01 Quartz Diorite 654 038 167 3.29 0.05 104 4.04 466 268 016 0.78 99.1 1.08
FS12-02 Altered Quartz Diorite 614 039 184 2.02 0.06 196 253 839 150 025 232 99.2 1.23
FS12-03 Less Altered Diorite 584 0.69 163 7.56 014 282 591 372 278 030 084 99.5 3.53
FS12-04 Altered Diorite 55.0 073 136 4.95 006 783 896 422 098 025 230 98.8 3.03
FS12-05 Hornblende Diorite 524 121 146 10.3 012 654 720 496 084 027 1.08 99.5 4.65
FS12-09 Gt-Di Skarn 402 092 123 8.99 023 168 133 173 094 041 314 98.9 3.99
Wu’an district
BJ0818-21 Altered Monzodiorite 603 055 169 2.54 0.07 303 605 828 022 022 216 100.3 1.67
BJ0818-22 Altered Monzodiorite 61.0 050 165 2.75 008 325 581 834 010 021 156 100.1 1.71
BJ0818-23 Less altered Monzodiorite 585 055 165 5.87 0.08 337 424 566 368 023 096 99.5 2.85
BJ0818-24 Altered Monzodiorite 60.1 056 164 2.59 007 286 595 58 364 025 1.08 99.3 1.45
BJ0818-25 Altered Monzodiorite 595 051 167 2.18 006 293 638 833 024 024 272 99.8 1.44
BJ0818-25P Altered Monzodiorite 59.6 051 167 2.21 0.06 293 638 829 022 024 266 99.8 1.44
BJ0818-26 Altered Monzodiorite 613 053 164 2.28 0.06 295 620 834 034 025 184 100.5 1.50
BJ0818-27 Altered Monzodiorite 60.6 052 167 2.34 007 305 716 748 062 025 1.04 99.8 1.38
BJ0818-28 Epidote Skarn 51.8 042 456 5.97 013 119 186 067 276 043 2.04 99.3 3.90
BJ0818-30 Gt-Ep Skarn 463 007 246 434 007 160 191 018 137 048 943 99.7 3.11
BJ0818-36 Iron Ore 216 004 052 62.0 0.06 829 648 0.08 006 0.06 -1.02 981 na
BJ0818-50 Limestone 220 0.02 041 0.22 0.01 046 555 0.06 003 001 421 101.0 na
BJ0818-51 Limestone 250 0.04 0.80 042 0.02 227 522 020 009 002 421 100.7 na

Note: samples named by FS were collected from the outcrops, and samples named by BJ were collected from the
drill cores. ) Fe;Os represents the total content of iron. FeO was determined by redox titration using KMnOj,
solution. BJ0818-25P represents the duplicate of sample BJ0818-25; “na” means not analyzed.

Twenty-four whole rocks (including diorites, skarn, iron ores and limestone) and twenty-five
mineral separates from iron ores and skarns (including magnetite, skarn silicate minerals and sulfides)
were analyzed for their Fe isotopes. The results are listed in Table 3. The §°°Fe values of whole rocks
range from —0.203%o to +0.172%o. Among them, limestone has a lower §°°Fe than diorites. Skarn and
ores have various §°°Fe values which should be caused by their heterogeneous composition. The 5°¢Fe
values of mineral separates range from —0.210%o to +0.359%o. Among them, sulfides host the highest
5°°Fe values. Magnetite has limited §°0Fe variation (+0.052%o to +0.147%o). Skarn silicates have
various 6°Fe values, which is consistent with the large variation of mineral compositions in skarn.
In addition, an approximate sequence may exist, i.e., 656FeEp > §%Feg; > 5°°Fep;.
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Table 3. Fe isotope composition of whole rocks and mineral separates from the Han-Xing iron
skarn deposit.

Sample Description 5%6Fe 2SE 5%"Fe 2SE n
Bulk Samples
BCR-2 Basalt Standard 0.110 0.028 0.144 0.062 4
GSP-2 Granodiorite Standard 0.151 0.034 0.223 0.040 4
FS12-01 Quartz Diorite 0.167 0.028 0.233 0.062 4
FS12-02 Altered Quartz Diorite —0.026 0.028 0.007 0.065 4
FS12-03 Less Altered Diorite 0.082 0.028 0.161 0.065 4
FS12-04 Altered Diorite 0.051 0.028 0.097 0.062 4
FS12-05 Hornblende Diorite 0.172 0.028 0.246 0.062 4
FS12-06 Garnet Skarn 0.008 0.028 0.037 0.062 4
FS12-08 Di-Gt Skarn —0.006 0.028 —-0.018 0.062 4
FS12-09 Gt-Di Skarn —0.203 0.028 -0.282 0.062 4
FS12-10 Ep-Gt Skarn 0.160 0.028 0.223 0.062 4
FS12-13 Iron Ore —0.037 0.028 —-0.007 0.062 4
FS12-15 Garnet Skarn 0.124 0.028 0.223 0.062 4
FS12-17 Iron Ore 0.167 0.028 0.223 0.062 4
BJ0818-21 Altered Monzodiorite 0.043 0.019 0.047 0.037 4
BJ0818-22 Altered Monzodiorite 0.048 0.019 0.055 0.037 4
BJ0818-23 Less altered Monzodiorite 0.166 0.019 0.261 0.037 4
BJ0818-24 Altered Monzodiorite 0.108 0.019 0.167 0.037 4
BJ0818-25 Altered Monzodiorite 0.054 0.019 0.103 0.037 4
BJ0818-26 Altered Monzodiorite 0.073 0.019 0.066 0.037 4
BJ0818-27 Altered Monzodiorite 0.086 0.019 0.126 0.037 4
BJ0818-28 Epidote Skarn 0.083 0.019 0.088 0.037 4
BJ0818-28P Epidote Skarn 0.071 0.019 0.105 0.037 4
BJ0818-30 Gt-Ep Skarn 0.058 0.019 0.087 0.037 4
BJ0818-36 Iron Ore 0.145 0.019 0.223 0.037 4
BJ0818-50 Limestone -0.157 0.019 —-0.238 0.037 4
BJ0818-51 Limestone 0.042 0.019 0.063 0.037 4

Mineral separates

FS12-12 Magnetite 0.088 0.023 0.131 0.053 6
FS12-13 Magnetite 0.052 0.023 0.097 0.053 6
FS12-14 Magnetite 0.091 0.023 0.145 0.053 6
FS12-14 Magnetite 0.071 0.028 0.055 0.065 4
FS12-16 Magnetite 0.105 0.028 0.149 0.065 4
FS12-17 Magnetite 0.147 0.028 0.209 0.065 4
FS12-06 Pyrite 0.359 0.023 0.542 0.053 6
FS12-13 Pyrite 0.293 0.023 0.441 0.053 6
FS12-14 Pyrite 0.293 0.028 0.423 0.065 4
FS12-16 Pyrite 0.222 0.028 0.326 0.065 4
FS12-05 Amphibole 0.094 0.023 0.140 0.053 6
FS12-06 Garnet 0.105 0.025 0.130 0.058 5
FS12-08 Garnet 0.152 0.023 0.222 0.053 6
FS12-10 Garnet 0.158 0.023 0.230 0.053 6
FS12-08 Diopside -0.028 0.023 -0.032 0.053 6
FS12-09 Diopside -0.210 0.023 -0.317 0.053 6
FS12-12 Diopside -0.177 0.023 —-0.262 0.053 6
FS12-08 Epidote 0.218 0.023 0.343 0.053 6
BJ0818-36 Magnetite 0.127 0.019 0.205 0.037 4
BJ0818-38 Magnetite 0.146 0.019 0.245 0.037 4
BJ0818-43 Magnetite 0.137 0.019 0.207 0.037 4
BJ0818-46 Magnetite 0.143 0.019 0.190 0.037 4
BJ0818-59 Magnetite 0.114 0.019 0.162 0.037 4
BJ0818-59 Pyrite 0.270 0.019 0.365 0.037 4
BJ0818-59P Pyrite 0.273 0.025 0.408 0.065 4
BJ0818-59 Pyrrhotite 0.242 0.025 0.363 0.065 4
Note: BJ0818-28P represents the duplicate of sample BJ0818-28. “SE” is the standard error; “n” is the number
of repeat.

5. Discussion

5.1. Fe Leached from the Diorites during the Hydrothermal Alteration

The large variation in LOI (0.78-2.69 wt.%) of diorites indicates that they underwent various
degrees of hydrothermal alteration, consistent with the petrological observation mentioned above.
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As for the altered diorites with the same lithology, the more intensively altered samples (with higher
LQI) are usually correlated with lower ) Fe;O3 (3_Fe;O3 = Fe;O3 + 1.1 x FeO) contents (Figure 3A
and Table 2), which indicates that iron has been leached from diorites during hydrothermal alteration.
Fe3* and Ti** have similar charges and ionic radii, so the iron content and titanium content generally
show similar trends of variation in magmatic series [27]. In the )} Fe,O3 vs. TiO, diagram (Figure 3B),
there is a clear linear positive correlation (R? = 0.924) between Y Fe,O5 and TiO, for the fresh or less
altered intrusive rocks in different lithologies. However, during hydrothermal alteration, iron is more
readily mobilized than titanium [28,29]. As showing in Figure 3B, the } Fe,O3 content of diorites
decreased, while their TiO, contents were almost unchanged during the hydrothermal alteration
(Figure 3B). Therefore, the }"Fe,O3/TiO; ratio is a useful proxy for constraining the possible mobilization
and transport of iron among different igneous rocks during the hydrothermal process [28,29]. Based on
the petrological observations and major elements results, here diorites with LOI lower than 1.1 wt.%
and ) Fe;O3/TiO; ratios higher than 8.5 are regarded as fresh or less altered diorites or, conversely,
regarded as intensively altered diorites. By comparing the ) Fe,O3/TiO, ratios of fresh or less altered
diorites with those of intensively altered diorites, as much as 60% iron can be extracted during the
leaching process. This indicates that leaching of diorites could provide a large quantity of iron for the
Han-Xing skarn deposit. Compared with the diorites, limestone has a very low } Fe,O3 content, so its
contribution of iron is insignificant.
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Figure 3. (A) Y.Fe;O3 vs. loss on ignition (LOI) diagram of intrusive rocks with different lithologies,
especially for the less altered and intensively altered samples. (B) Y Fe;O3 vs. TiO; diagram of intrusive
rocks with different lithologies, especially for the less altered and intensively altered samples.

5.2. Fe Isotopic Variation of Whole Rocks and Mineral Separates

Overall, the 5°°Fe values of whole rocks and mineral separates from the Han-Xing iron skarn
deposit vary from —0.210%o to +0.359%o (Figure 4 and Table 3). Diorites display a large range
of variation in §°°Fe values (—0.026%o to +0.172%o), indicating Fe isotope fractionation during
hydrothermal alteration. Among them, the fresh and less altered diorites host the heaviest Fe isotopic
compositions, which are significantly heavier than the mean mafic earth defined in the reference [30]
but consistent with the granitic rocks [31]. Limestone samples host the lightest Fe isotopic compositions.
Skarn samples display a large variation in 5°6Fe values (—0.203%o to +0.160%so) (Table 3), which can be
ascribed to the complex mineral compositions and the heterogeneous distribution of minerals. In skarn
minerals, diopside hosts the lowest 5°0Fe values (—0.210%o to —0.028%o); garnet has moderate 5°0Fe
values (+0.105%o to +0.158%o0); and epidote has the highest 5°6Fe value (+0.218%o). In metallic minerals,
magnetite has a narrow range of 5°0Fe values (+0.052%o to +0.147%so) (Table 3), which excludes the
possibility of kinetic fractionation and indicates an Fe isotopic equilibrium between magnetite and the
ore-forming fluid. Heavy Fe isotope enrichment is the most significant feature of sulfides (+0.222%o to
+0.359%o0), which may be ascribed to the higher covalence of iron chemical bonds in pyrite than that in
silicates or oxides [32,33].
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Figure 4. 5°°Fe of whole rocks and mineral separates from the Han-Xing Fe skarn deposit. Data from
this study are shown by black circles. Data from published literature are shown by gray circles [12,34].
Skarn minerals, magnetite and sulfides are picked from skarn and ores. The shaded area corresponds to
the Fe isotopic composition (0.07 + 0.03) of the mean mafic earth defined in Literature [30]. Error bars
indicate 95% confidence interval (CI) of the mean.

Theoretical Fe isotopic fractionation between minerals is a function of temperature. That is to say,
if isotopic equilibrium is achieved between minerals during precipitation, then any pair of minerals
could be used to calculate the temperature of their formation. For skarn deposits, silicate minerals
(e.g., garnet and diopside), iron oxides (e.g., magnetite and hematite) and sulfides (e.g., pyrite and
pyrrhotite) are formed in different stages under different temperatures. Thus, it is not proper to use the
mineral pairs chosen from different stages to calculate their forming temperature. Here, we tried to use
the iron isotopes of pyrite and pyrrhotite to calculate their forming temperature, while the calculated
result shows that the two minerals do not attain iron isotope equilibrium.

5.3. Fe Isotopes Fractionation of Diorites during the Hydrothermal Alteration

A good correlation between 5°°Fe and Y Fe,03/TiO; ratios of diorites from the Han-Xing deposit
was observed (Figure 5A), which demonstrates that Fe isotopes fractionated during the hydrothermal
alteration of diorites. The low )} Fe,O3/TiO, ratio represents a high degree of alteration with a
substantial loss of iron. Therefore, the positive correlation between 5°Fe and Y Fe,05/TiO, indicates
that Fe isotopes of diorites evolve towards to the light Fe isotope enrichment, i.e., heavy Fe isotopes
are preferentially leached from diorites during hydrothermal alteration.
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Figure 5. (A) Variations of 5°6Fe values as a function of Y Fe,O3/TiO, ratios in diorites from the
Han-Xing Fe skarn deposit. (B) Variations of 556Fe values as a function of Fe?*/Fe3* ratios in diorites
from the Han-Xing Fe skarn deposit. Data of Wu’an are from the reference [12]. Error bars indicate 95%
CI of the mean.

The 6°°Fe values of altered diorites decrease with their Fe>*/Fe3* ratios (Figures 5B and 6), especially
for the diorites with the same lithology, which hints that valence states of iron should be the main factor
controlling the Fe isotopic fractionation in this process. Asnoted before, during hydrothermal alteration,
hornblende is replaced by the diopside, biotite, albite and magnetite (Figure 2C,E), followed by the
dissolution of magnetite from the diorites (Figure 2B,D,F). Since hornblende and magnetite are enriched
in Fe3* while the altered residues (e.g., diopside and biotite) are enriched in Fe?*, the Fe?*/Fe3* ratios of
altered diorites increase with the intensity of the hydrothermal alteration (Table 4). Furthermore, Fe**
compounds are usually enriched in heavy Fe isotopes than Fe?*-bearing species [32,35], which explains
why the Fe isotopic composition of diorites became light during hydrothermal alteration.

If we assume that iron was leached from diorites following Rayleigh fractionation, the equation
(1000 + 5°°Fe,)/(1000 + 6°°Fe;) = F(xg_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 §°Fe values and
F (F = (X Fep03/TiO,)A/(Y.Fep,O3/TiO,);) refers to the proportion of iron in the altered diorites to the
initial content. In this present case, i is represented by fresh or less altered diorites. The fractionation
factor between leached iron and altered residues is calculated. «g.p varies from 1.00006 to 1.00043
(Table 4 and Figure 7) (except one data of 1.00112) with an average of 1.00020, which is consistent
with the iron isotope fractionation factor between magnetite and Fe silicates (0.2%o to 0.25%o at
700 °C) [36,37]. Thus, iron isotope fractionation during hydrothermal alteration may be dominantly
controlled by the dissolution of magnetite from diorites.
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Figure 6. A synopsis of the magmatic—stratigraphic column of drill core samples BJ0818 with zonal
divisions, stratigraphic variations of FeZ*[Fe3*ratios of diorites and §°°Fe values of whole rocks,
magnetite and sulfides. The solid line represents the §°°Fe value of the mean mafic earth. The dashed
line represents the 5°°Fe value of less altered diorite. Diorites show a clear inverse trend between their
Fe?*/Fe3*ratios and 6°°Fe values. Except for the late-stage pyrite, all the rocks and minerals have lower
§°°Fe values than the less altered diorite. Error bars indicate 95% CI of the mean.
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Table 4. Selected major elements and Fe isotope composition of altered plutonic rocks from the

Han-Xing iron skarn deposit.

Sample Description Y Fe;O3; FeO  TiO, Fe?*/Fe3* Y Fe,03/TiO, §5°Fe 2SE  LOI F op.a  8%°Fereached

FS12-01  Quartz Diorite 329  1.08 038 057 8.66 0167 0028 078  1.000

Fsipgp Altered 202 123 039 2.02 5.18 —0.026 0028 232 0598 1.00038 0455
Quartz Diorite

FSio-03  Less Altered 756 353 0.69 1.05 11.0 0082 0028 084  1.000
Diorite

FS12-04 g:;e::: 495 303 073 2.07 6.78 0051 0028 230 0619 100006 0.131

Fsio05 Homblende g5 465 101 099 8.50 0172 0028 108  1.000
Diorite
Altered

BJ0818-21 . 254 167 055 2.63 464 0043 0019 216 0438 100015 0262
Monzodiorite
Altered

BJ0818-22 . 275 171 050 215 549 0048 0019 156 0518 100018 0293
Monzodiorite

Blosis23 Lessaltered g oes 055 115 10.6 0166 0019 096  1.000
Monzodiorite
Altered

BJ0818-24 . 259 145 056 1.60 461 0108 0019 108 0435 100007 0210
Monzodiorite
Altered

BJ0818-25 . 220 144 051 257 429 0054 0019 272 0404 100012 0242
Monzodiorite
Altered

BJ0818-26 . 228 150 053 262 426 0073 0019 184 0402 100010 0228
Monzodiorite
Altered

BJ0818-27 o 234 138 052 1.84 454 008 0019 104 0428 100009 0.226
Monzodiorite
Altered

WA12-07 o 672 210 065 052 10.3 0130 0030 068 0935 100112 1285
Monzodiorite
Altered

WA12-08 . 494 154 061 052 8.10 0101 0030 190 0732 100033 0489
Monzodiorite
Altered

WA12-13 o 329 158 063 1.12 522 0035 0030 389 0472 100023 0357
Monzodiorite

WAI2-14 Lessaltered 586 177 053 050 11.1 0205 0030 1.08  1.000
Monzodiorite
Altered

WA12-23 L 248 126 057 1.28 435 —0071 0030 298 0394 1.00030  0.384
Monzodiorite

WAlp.3) Altered 472 112 060 0.35 7.80 0056 0030 192 0706 100043 0562
Monzodiorite

Note: A represents the iron in the residual altered diorite, and B represents the iron leached from the diorite,
5°6Fe] eached represents the Fe isotopic composition of leached iron from diorite during hydrothermal alteration.
Data named by WA are from the reference [12].
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Figure 7. Rayleigh fractionation of Fe isotopes in diorites during hydrothermal alteration in the

Han-Xing Fe skarn deposits.
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However, the Fe3* is highly insoluble in aqueous solutions, e.g., [38,39], so it cannot be easily
ascribed to the leaching of Fe3* from diorites. The simplest explanation is that reduced and isotopically
light fluid derived from another source altered the diorites to varying degrees, causing the dissolution
of magnetite and precipitation of isotopically light phases. During this process, the isotopically light
fluid interacted with the isotopically heavy rocks, leading the heavy Fe isotopes to be preferentially
leached from the diorites.

5.4. Iron Sources of the Han-Xing Fe Skarn Deposit

Major elements results demonstrate that plenty of iron can be leached from the diorites during
hydrothermal alteration. As discussed above, heavy Fe isotopes are preferentially leached from diorites,
which means that the leached iron should be Fe isotopically heavier than the fresh diorite. If the
leached iron contributes to the main iron source of the ore-forming fluid, then the minerals formed
from the ore-forming fluid should be characterized by a heavier Fe isotope than that of the fresh diorite
(or less altered diorite). However, our data show that except for the pyrite, all the rocks and minerals
formed in the skarn deposits are more enriched in light Fe isotopes relative to the fresh diorite (Figure 4
and Table 3). Therefore, other sources with light Fe isotope enrichment need to be involved to explain
the light Fe isotopic compositions of ores and skarn.

Exsolution of magmatic fluids is a common phenomenon in cooling intrusive rocks [40].
Measurements of drilled fluid samples and fluid inclusions have proved that magmatic fluids
can own as much as 9.3 wt.% iron [41]. Moreover, iron-bearing species in the magmatic fluids are
dominated by Fe?*-chloride complexes (FeCl* and FeCly), e.g., [38,39], therefore magmatic fluids
have been speculated to be characterized by light Fe isotope enrichment relative to the host igneous
rocks [36,42]. The Fe**-rich magmatic fluid contributes to the formation of ferrous silicate minerals
(e.g., diopside) and dissolution of magnetite, which result in an increase in Fe?*/Fe>* ratios of diorites
during hydrothermal alteration. More importantly, hydrogen and oxygen isotopes of fluid inclusions
in diopside and garnet from the Han-Xing iron skarn deposit clearly indicate that magmatic fluid
dominates the composition of ore-forming fluid [15]. Therefore, we consider magmatic fluid as the
other important iron source of the Han-Xing iron skarn deposit.

5.5. Estimation of the Relative Proportions of Iron Sources for the Han-Xing Fe Skarn Deposit

For the Han-Xing iron skarn deposit, many researchers emphasize that the scale of altered diorite
(albitization) is quite large. By using the mass balance of the iron element, their calculated content
of leached iron is quite enough for forming the ore deposit (e.g., references [15,17]). However, it is
hard to estimate accurately the scale of altered diorite, and the extent of alteration is not homogenous.
Compared with the iron element, iron isotopes can contain more information of the iron source.

As we mentioned above, both leaching of diorites and the magmatic fluid provide the iron for the
Han-Xing iron deposit. Here, we try to estimate their relative proportions for the Han-Xing iron skarn
deposit using the mass balance equation of iron isotopes below:

56 _ 556 56
b Feore-forming fluid = 8”7 Feleached X f+o Femagmatic fluid X (1 = f) 1)

where £ is the fraction of leached iron in the ore-forming fluid. In order to calculate factor f, we need to
know the Fe isotopic compositions of the ore-forming fluid, leached iron and magmatic fluid.

At equilibrium, Fe isotopic fractionation between fluid and mineral is a function of temperature.
Therefore, the Fe isotopic composition of the ore-forming fluid can be calculated by the §°°Fe values of
minerals which are equilibrated with the fluid at a specified temperature. Magnetite in ores has limited
variation in §°°Fe values (+0.052%o to +0.147%o) and there is no difference between coarse-grained
and fine-grained magnetite with regard to their Fe isotopic composition. Moreover, the coarse-grained
magnetite has a perfect octahedral crystal shape without composition zoning [12]. Therefore, magnetite
should attain isotopic equilibrium with the ore-forming fluid. Fluid inclusion work [43] in this deposit
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demonstrates that the average decrepitation temperature of magnetite is 416 °C. The Fe isotopic
equilibrium fractionation factor between Fe (II) 5q and magnetite 10% X Inape (I1) ag-magnetite 1S —0.205%0
at 416 °C calculated by the formula given in the reference [44]. Thus, the 6°°Fe of magnetite will be
0.205%o greater than the ore-forming fluid from which it precipitates. Magnetite in the Han-Xing iron
deposit has a mean 5°€Fe of 0.111%o (n = 11); therefore, the 5°°Fe of the ore-forming fluid should be
near —0.094%o.

Using the mass balance equation: 5%°Fe; ~ 6°°Fejered diorite X F + 8°°Feleached X (1 — F),
where 5°°Fe; refers to initial 5°Fe, i.e., the Fe isotopes of fresh diorite, and F (F = (3 Fe,O3/TiO,)
altered diorite/ (. Fe203/TiO7) initial) refers to the fraction of iron that remained in the altered diorite.
The §°°Fe value of leached iron from the fresh quartz diorite FS-01 to the altered quartz diorite FS-02 is
calculated, which is up to +0.455%o. Considering that the diorites have undergone different degrees
of alteration, here we use the mean 5°°Fe value of leached iron (+0.320%o) (excluding the data of
+1.285%o0) to represent the average Fe isotopic composition of leached iron (Table 4).

Previous studies have proposed that exsolved fluids could remove isotopically light iron and
result in heavy Fe isotopes enrichment in the silicate melt, e.g., [36,42,45]. The fresh and less altered
diorites in the Han-Xing district show heavy Fe isotope enrichment, suggesting that isotopically light
fluid had exsolved from the magma before the diorites formed. Considering that the §°°Fe of the
unaltered diorites is about 0.10%o0 higher than that of the mean mafic earth, and a large quantity of iron
would partition into the magmatic fluid as a potential source for the iron skarn deposit, e.g., [41,46],
the 8°°Fe of the magmatic fluid could not be too low. Here, we assume that the magma has the same
Fe isotopic composition as the mafic earth and 1/4 iron partitions into the exsolved fluid, taking the
mean §°°Fe values (0.177%o) of fresh or less altered diorite as the initial diorite, then the calculated
§°Fe of magmatic fluid is —0.251%o. This value is well consistent with the §°°Fe of the exsolved fluid
(=0.30%o to +0.04%o) calculated in the reference [36] and the mean §°°Fe of hydrothermal fluids from
the mid-ocean ridge (—0.29%o and —0.23%o) reported in the references [47] and [48], respectively.

Bring the 5°0Fe values of the ore-forming fluid (—0.094%so), leached iron (+0.320%o0) and magmatic
fluid (-0.251%o0) into Equation (1), the calculated “f” is 0.275. That is to say, iron provided by the
magmatic fluid is about 2.6 times as large as the leached iron. The calculated results indicate that both
the magmatic fluid and leaching rocks provide significant iron for the iron skarn deposit, while the
contribution of magmatic fluid is much greater than that of the leaching process. Here, we must admit
that the calculated result is based on the referred iron isotopic compositions of the three members from
limited data, thus the exact ratio between the ore-forming fluid and leached iron may be in doubt.

Based on the discussion above, we propose a scenario for the origin of the Han-Xing iron skarn
deposit as follows. During the late stage of magmatic evolution, Fe?*-rich magmatic fluid exsolved
from the magma extracts the light Fe isotope from the melt. Subsequently, the magmatic fluid might
mix with the meteoric water and groundwater but its Fe isotopic composition will not be changed
because of the low iron content of these fluids (ppb level) [49]. During the hydrothermal alteration,
ferrous iron-enriched and isotopically light magmatic fluid altered the diorites to various degrees,
causing the dissolution of isotopically heavy phases (magnetite and amphibole) and precipitation of
isotopically light phases (diopside), and leading the heavy Fe isotopes to be preferentially leached
from the diorites. Since the quantity of iron from magmatic fluid is about 2.6 times as large as that
from the leaching process, the Fe isotopic composition of the ore-forming fluid is dominated by the
isotopically light magmatic fluid. With the changes of physicochemical conditions (such as the decrease
in temperature or the increase in oxygen fugacity caused by the dissolution of gypsum in limestone),
iron was deposited from the ore-forming fluid as skarn minerals and magnetite inheriting the light Fe
isotopic composition.

6. Conclusions

Based on the observations and discussions above, the following conclusions can be drawn:



Minerals 2020, 10, 951 15 0f 17

(1) Iron, especially for the heavy Fe isotopes, is preferentially leached from the dioritic rocks
during the hydrothermal alteration in the formation of the Han-Xing Fe skarn deposit.

(2) Fe isotopically light magmatic fluid contributes the major iron budget for the iron skarn
deposit (2.6 times of the leached iron, based on the mass balance calculation). This result supports the
hypothesis that fluid exsolution from cooling and crystallizing intrusive rocks could lead to heavy Fe
isotope enrichment. It is worth to note that, in our studies, the intrusive rocks are hornblende diorites,
monzodiorite and quartz diorites which are not highly evolved granites. Thus, an important corollary
to our study is that isotopically light fluids can be exsolved not only from highly differentiated granitic
magmas but also from the intermediate magmas.

(3) High 6°Fe values of magmatic intrusions combining the positive correlation between their
Y Fe;03/TiO, and 6°°Fe could be taken as a fingerprint of exsolution or interaction with magmatic fluids,
which contributes to the exploration of magmatic hydrothermal ore deposits. Actually, available data
on Fe isotopes of hydrothermal ore deposits show that the associated magmatic intrusions are enriched
in heavy Fe isotopes, e.g., [50,51].
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