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The Handan–Xingtai region is one of the important production areas of
skarn-type iron deposits in China. The magmatic rocks associated with
iron mineralization in this region are predominantly intermediate-basic and
intermediate-felsic in composition, and different intrusive complexes exhibit
distinct metallogenic intensity. This study focuses on the major and trace-
element geochemical analysis of magnetite in the Kuangshan and Fushan
complexes to explore the controlling factors of the metallogenic intensity of
Han–Xing-type skarn iron deposits. Through partial least squares discriminant
analysis (PLS-DA) and orthogonal partial least squares discriminant analysis
(OPLS-DA), it has been found that magnetite in the Kuangshan complex is
enriched in Ti, Si, Cu, and Mn but depleted in V, Cr, Ni, Co, Ga, Al, and
Mg. In contrast, magnetite in the Fushan complex is characterized by high
concentrations of Co, Ni, Cr, and V. The results of mineral geochemical
analyses indicate that the Kuangshan complex experienced plagioclase
fractional crystallization and was formed in a low-temperature, high-oxygen
fugacity environment, derived from cognate magma through crystallization
differentiation. The Fushan complex is the product of non-cognate magma
evolution and was formed in a low-oxygen fugacity environment. Therefore, the
chemical composition of magnetite can serve as an effective tool for studying
the enrichment mechanism of skarn-type iron deposits. At the same time, a high
fO2 environment is conducive to the precipitation and migration of Co from
magnetite, which is more favorable for the formation of associated Co deposits
during the later sulfide stage.
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magnetite, magma evolution, oxygen fugacity, Handan–Xingtai area, partial least
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1 Introduction

The Han–Xing (Handan-–Xingtai) region is one of the most
important skarn-type iron ore producers in eastern China.
Currently, more than 100 deposits have been discovered, with
proven reserves of approximately 1 billion tons (Shen et al., 2015;
Deng et al., 2015; Wen et al., 2020). However, there are still many
controversies about ore genesis, mainly focusing on whether
the metallogenic methods involve contact metasomatism or “ore
pulp” penetration and whether the ore-forming materials are from
multiple-sources or a single source (Liu, 1984; Niu et al., 1995; Li
and Santhosh, 2013; Shen et al., 2013).

There are significant differences in the quantity and scale of
deposits formed by different complexes in the Han–Xing region.
The key to determining the controlling factors of mineralization is
to analyze the genesis, evolution, and physicochemical conditions
of these complexes with different metallogenic intensities. Sun et al.
(2015); Sun (2016); Sun et al. (2019) studied the Hongshan complex
and proposed that the main factors affecting metallogenic intensity
are the contribution of continental crust and themagmatic oxidation
state. However, the Hongshan complex is mainly composed of
syenite, which is the only barren complex in the Han–Xing area.The
physicochemical differences between the Hongshan complex and
the ore-forming complex reflect the lithology differences rather than
the key controlling factors of mineralization.

Magnetite is the primary ore mineral in the Handan–Xingtai
region, and it is consistently found in magmatic, sedimentary,
and metamorphic rocks. The chemical composition of magnetite
is influenced by various factors, including temperature, pressure,
oxygen fugacity, sulfur fugacity, paragenetic minerals, and the
surrounding rocks. Therefore, the analysis of the major and trace
elements inmagnetite holds significance for determining the genesis
and evolution of theHan–Xing-type skarn iron deposit (Buddington
and Lindsley, 1964; Ramdohr, 1980; Dupuis and Beaudoin, 2011;
Dare et al., 2012; Dare et al., 2014; Nadoll et al., 2015).

This study collected fresh rock samples with diverse lithologies
from the Kuangshan complex with strong metallogenic intensity
and from the Fushan complex with weak metallogenic intensity.
Drawing on multivariate statistical methods such as partial least
squares discriminant analysis (PLS-DA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) methods, the
differences in magnetite between the complexes with different
metallogenic intensities were identified, the reasons for the
formation of the differences were analyzed, and then the
key restrictive factors controlling the metallogenic intensity
were explored.

2 Regional geology

The Han–Xing region is located in the southwest of Hebei
Province, China, and is part of the Mesozoic southern Taihang
Mountain tectonic–magmatic belt in the central North China
Craton.The study region covers an area of 350 km2 and is separated
by the Taihang Mountain piedmont fault and the Xibaiyu deep fault
in the east and west (Shen et al., 2013; Zhang et al., 2014; Deng et al.,
2015; Jin et al., 2015; Sun et al., 2015). The Han–Xing-type skarn
iron deposits are characterized by high ore grade and large reserves,

and they are the main sources of high-grade iron ore in China
(Chen et al., 2004; Wang et al., 2006; Qian and Hermann, 2010;
Xu et al., 2010; Jin et al., 2015; Huo et al., 2019; Zhang et al., 2020).
The Mesozoic magmatic activities in the region are related to the
destruction of the North China Craton caused by the subduction of
the Paleo-Pacific Plate (Li et al., 2013; Zhu et al., 2012; Li et al., 2013;
Zhang et al., 2014; Shen et al., 2015; Wu et al., 2019; Figure 1A).

The distribution of intrusive rocks in this area is primarily
controlled by NNE- and EW-trending faults. According to the
distribution characteristics of the intrusive rocks, the whole region
is divided into three magmatic rock belts and eight complexes
(Zhu et al., 2012; Li and Santhosh, 2013; Li et al., 2013; Zhang et al.,
2014; Wu et al., 2019; Figure 1B). The three magmatic rock belts
are the western, central, and eastern magmatic rock belts, among
which the central magmatic rock belt is the most important
and significant, where the majority of the large and medium-
sized deposits are distributed. The magmatic rocks mainly consist
of gabbro diorite, hornblende diorite, diorite, diorite porphyrite,
monzonite, and syenite, with emplacement ages ranging from
125 Ma to 135 Ma (Chen et al., 2008; Li et al., 2013; Shen et al., 2013;
Zhang et al., 2014; Sun et al., 2019).

According to previous studies, the central metallogenic belt
may be primarily influenced by the Wu’an fault basin, with a
quantity of iron deposits developed along its “basin edge” (Cai et al.,
1987; Zheng et al., 2006; Shen et al., 2013; Li et al., 2013). Mg-
skarn-type iron deposits are produced in the contact zone between
diorite–monzonite and carbonatite surrounding rocks, and more
than 95% of skarn-type iron deposits are closely related to the
evaporite layer of the Middle Ordovician and are located near
the contact zone of intrusive rocks of the Middle Ordovician
Majiagou, Cixian, and Fengfeng formations (Li et al., 2013;
Zhang et al., 2015; Figure 1B).

The Kuangshan complex is situated in the middle section of
the central metallogenic belt, and it serves as a significant ore-
concentrated area in the Han–Xing region, with an exposed area
of approximately 45 km2. In this region, the Xishimen deposit is
the largest iron deposit currently under exploitation. The orebody
mainly occurs in layered formations and extends in the SE direction.
Mineralization is from the Early Cretaceous Epoch. The intrusive
rocks associated with iron mineralization include monzonite,
diorite, diorite–porphyrite, and syenodiorite. The zircon U–Pb
age indicates that the magmatic intrusive time of the Kuangshan
complex was 127–133 Ma (Chen et al., 2008; Wei, 2011; Sun et al.,
2015; Sun, 2016; Li. 2019; Figure 2A).The Fushan complex is located
in the western metallogenic belt, and the exposed area is larger
than the Kuangshan complex; the area is approximately 58 km2. The
surrounding rocks mainly expose the Cambrian and Ordovician
carbonate strata (Shen et al., 2015). In the Fushan complex,
the crosscut relationships are obvious. The hornblende diorite is
enclosed within the diorite, whereas the syenite intersects through
both the previously mentioned rock types. The zircon U–Pb age
indicates that the magmatic intrusive time of the Fushan complex
was 123–131 Ma, which was formed contemporaneously with the
Kuangshan complex—and slightly earlier than—the Kuangshan
complex (Peng et al., 2004; Chen et al., 2008; Xu et al., 2010;
Wang et al., 2006; Deng et al., 2015; Shen et al., 2015; Sun, 2016;
Li, 2019; Figure 2B).
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FIGURE 1
(A) Geological map of the North China Craton (revised from Wu et al., 2019). (B) Geological map of the Han–Xing region
(revised from Zhang et al., 2015).

3 Sampling and analytical methods

3.1 Sample description

The samples collected from the Kuangshan and Fushan
complexes are detailed in Table 1. Four representative samples
were collected from the Kuangshan complex, namely, diorite
(KS1), diorite (KS2), syenodiorite (KS3), and monzonite (KS4).
The diorite is gray with a medium- to fine-grained texture and
is primarily composed of plagioclase (65 vol%), amphibole (30%
vol%), and K-feldspar (5% vol%). The main accessory minerals
include magnetite, zircon, apatite, and sphene, and ilmenite was
not found. Magnetite with apatite inclusions was associated with

amphibole and sphene (Figures 3A–C). Diorite is gray and is mainly
composed of plagioclase (70 vol%), amphibole (25 vol%), and K-
feldspar (5% vol%). The accessory minerals consist of magnetite,
apatite, zircon, and sphene (Figures 3D–F). The syenodiorite is
grayish-white in color, with medium- to fine-grained texture and
a massive structure, and is mainly composed of plagioclase (60
vol%), K-feldspar (30 vol%), and amphibole (10 vol%). Ilmenite
was replaced by sphene (Frost and Lindsley, 1991; Figures 3G–I).
The monzonite is pale pink in color and consists of K-feldspar
(50 vol%), plagioclase (40 vol%), and amphibole (10 vol%). The
accessoryminerals aremagnetite, apatite, zircon, and sphene. Under
backscattered electron (BSE) imaging, the magnetite has a smooth
surface, and ilmenite occurs as exsolution lamellae (Figures 3J–L).
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FIGURE 2
(A) Geological map of the Kuangshan complex (revised from Jiang et al., 2020). (B) Geological map of the Fushan complex
(revised from Shen et al., 2015).

TABLE 1 Characteristics of the samples from the Fushan and Kuangshan complexes.

No. Complex Lithology Texture Main mineral Accessory mineral

KS1 Kuangshan Diorite Medium- to fine-grained texture Pl (65%) + Amp (30%) + Kfs
(5%)

Mag + Ap + Zrn

KS2 Kuangshan Diorite Medium- to fine-grained texture Pl (70%) + Amp (25%) + Kfs
(5%)

Mag + Ap + Zrn

KS3 Kuangshan Syenodiorite Medium- to fine-grained texture Pl (60%) + Kfs (30%) + Amp
(10%)

Mag + Ap + Zrn

KS4 Kuangshan Monzonite Medium- to coarse-grained
texture

Kfs (50%) + Pl (40%) + Amp
(10%)

Mag + Ap + Sph + Zrn

FS1 Fushan Porphyritic hornblende diorite Porphyritic texture Pl (60%) + Amp (35%) + Cpx
(5%)

Mag + Ap + Sph + Zrn

FS2 Fushan Hornblendite Hypidiomorphic-granular
texture

Pl (60%) + Amp (40%) Mag + Ap + Zrn

FS3 Fushan Diorite Medium- to fine-grained texture Pl (75%) + Amp (25%) Mag + Ap + Zrn

FS4 Fushan Monzonite Medium- to coarse-grained
texture

Pl (50%) + Kfs (35%) + Amp
(15%)

Mag + Ap + Sph + Zrn

The four representative rock samples collected from the Fushan
complex consist of porphyritic hornblende diorite (FS1), hornblende
diorite (FS2), diorite (FS3), and monzonite (FS4). Porphyritic
hornblende diorite is ash-black in color, with porphyritic texture
and massive structure. It is mainly composed of plagioclase (60
vol%), amphibole (35 vol%), and pyroxene (5 vol%). Under BSE

imaging, vanadium-rich magnetite is associated with ilmenite,
indicating low fO2 during the ore-forming process, and a significant
amount of V from the parental magma was incorporated into
the magnetite lattice (Figures 4A–C). Hornblendite is ash-black
in color and has a hypidiomorphic-granular texture, and it is
predominantly composed of plagioclase (60 vol%) and amphibole
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FIGURE 3
Sample features of the Kuangshan complex. (A) Diorite (KS1). (B) Sample under plane-polarized light (KS1). (C) BSE image (KS1). (D) Diorite (KS2). (E)
Sample under cross-polarized light (KS2). (F) BSE image (KS2). (G) Syenodiorite (KS3). (H) Sample under cross-polarized light (KS3). (I) BSE image (KS3).
(J) Monzonite (KS4). (K) Sample under plane-polarized light (KS4). (L) BSE image (KS4). Mineral assemblages include magnetite (Mag), ilmenite (Ilm),
amphibolite (Amp), apatite (Ap), sphene (Sph), quartz (Qtz), and zircon (Zrn).

(40 vol%), where magnetite occurs as euhedral grains wrapped in
amphibole (Figures 4D–F). The diorite is grayish-white in color
and is mainly composed of plagioclase (75 vol%) and amphibole
(25 vol%). The accessory minerals include magnetite, sphene, and
apatite. The magnetite displays a smooth surface and is associated
with amphibole and sphene (Figures 4G–I). The monzonite is light
gray in color and is mainly composed of plagioclase (50 vol%), K-
feldspar (35 vol%), and amphibole (15 vol%). Magnetite can be seen
coexisting with apatite (Figures 4J–L).

3.2 Analytical methods

3.2.1 EPMA analyses
Based on comprehensive petrographic studies, we analyzed

the major element in magnetite from the Kuangshan and Fushan
complexes and obtained a total of 229 EPMA data points. The
analysis was carried out in the EPMA Laboratory of Hebei GEO
University using the JEOL JXA-8230 electron probe micro-analyzer
(EPMA); the operating conditions were 15 kV accelerating voltage
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FIGURE 4
Sample features of the Fushan complex. (A) Porphyritic hornblende diorite (FS1). (B) Sample under plane-polarized light (FS1). (C) BSE image (FS1). (D)
Hornblendite (FS2). (E) Sample under plane-polarized light (FS2). (F) BSE image (FS2). (G) Diorite (FS3). (H) Sample under plane-polarized light (FS3). (I)
BSE image (FS3). (J) Monzonite (FS4). (K) Sample under plane-polarized light (FS4). (L) BSE image (FS4). Mineral assemblages include magnetite (Mag),
ilmenite (Ilm), amphibolite (Amp), apatite (Ap), sphene (Sph), zircon (Zrn), and coulsonite (Cou).

and a beam current of 20 nA, and the beam spot diameter ranged
from 2 μm to 5 μm.

3.2.2 LA–ICP–MS analyses
The trace element composition of magnetite was analyzed

by laser ablation–inductively coupled plasma–mass spectrometry
(LA–ICP–MS). The analysis was completed in the Hebei Key
Laboratory of Strategic Critical Mineral Resources, Hebei GEO
University. The laser ablation (LA) system used is Australian

RESOlution-LR (a high energy ArF2 excimer laser ablation
system), equipped with a Laurin Technic S155 Sample Cell and
GeoStarμGISTM software. The mass spectrometer (ICP–MS) is a
Thermo Scientific iCAP RQ plasma mass spectrometer. The laser
beam spot diameter is 29 μm, the laser energy density is 3 J/cm2,
and the ablation frequency is 8 Hz. A 10-s gap was applied before
ablation, followed by 40 s of ablation and a 20 s purge after ablation
was completed. The carrier gas is high-purity helium, and the
gas flow rate is 0.6 L/min. The auxiliary gas is Ar gas, and the
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FIGURE 5
Diagrams of the genetic discrimination of magnetite. (A) (I). Sedimentary metamorphic-contact metasomatic magnetite, lla.
Ultrabasic–basic–intermediate igneous magnetite, Ilb. Acid–alkaline igneous magnetite (after Chen et al., 1987). (B) (I). Granite field (acidic rock,
pegmatite), II. basalt field (tholeiite, etc.), III. gabbro field (gabbro, peridotite, monzonite, anorthosite-accessory mineral, and iron ore), IV. peridotite field
(periclotite, dunite, pyroxenite, etc., accessory mineral, and iron ore), V1. amphibolite field (including clinopyroxenite), V2. diorite field, VI. kimberlite
field, VII. hydrothermal type and calc-skarn type (hypogene hypothermal type above the dashed line and hydrothermal plus skarn type below the
dashed line), VIII. hydrothermal type and magnesium skarn type (including hypothermal type and hydrothermal metasomatic type, partly), IX.
sedimentary metamorphic, hydrothermal overlapping type, X. carbonatite field (including X1 area-related basic rock and X2 area-related wall rock
alteration), and XI. transitional field (after Wang, 1987). (C) (I). Accessory mineral type, II. Magma immiscible titanomagnetite type, III. Volcanic type, IV.
Contact metasomatic type, V. Skarn type, VI. Sedimentary metamorphic type (after Liu, 1984). (D) Diagram of Fe (wt%) vs. (V/Ti) for
magnetite (after Wen et al., 2020).

gas flow rate is 0.8 L/min. The working conditions of the mass
spectrometer are as follows: cooling gas (Ar) 14 L min−1, auxiliary
gas (Ar) 0.8 L min−1, sample gas (Ar) 0.8 L min−1, and blank
acquisition time 10 s.

3.2.3 Statistical methods
The PLS-DA is currently widely used in various disciplines

and can be used to perform regression modeling on large
amounts of data when there are multiple correlations between

independent variables. Huang (2018) studied the trace-element
composition of magnetite and hematite in IOCG- and IOA-type
deposits by PLS-DA, and it was found that the trace-element
composition of iron oxides is controlled by oxygen fugacity,
temperature, symbiotic minerals, and parent rocks (Huang et al.,
2018). In this study, classified and multivariate statistical
analysis was used to analyze the differences in magnetite
composition between complexes with strong and weakmetallogenic
intensity.
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FIGURE 6
Diagram of Ti vs. (Ni/Cr) in magnetite (after Dare et al., 2014).

OPLS-DA can concentrate classification information primarily
into one principal component, thus simplifying the model
and enhancing the analytical capability and effectiveness,
further obtaining inter-group difference information. The OPLS-
DA analysis incorporates both S-plot and VIP score plots,
wherein variables with VIP >1 are identified as decisive factors
within the model.

4 Result

4.1 Major elements of magnetite

The major element concentrations of magnetite in the
Kuangshan and Fushan complexes are detailed in Supplementary
Table S1. The TiO2 concentration in the Kuangshan complex
(0.01–10.53 wt%, average 0.83 wt%) is higher than that in the
Fushan complex (TiO2 0.02%–17.21 wt%, average 0.48 wt%), while
V2O3 (0.05–0.31 wt%, average 0.16 wt%) and Cr2O3 (0–0.50 wt%,
average 0.08 wt%) concentrations are lower than those in the
Fushan complex (V2O3 0.09–0.33 wt%, average 0.21 wt%; Cr2O3
0.02–6.62 wt%, average 0.71 wt%).

The TiO2–Al2O3–MgO, TiO2–Al2O3–MgO + MnO, and Fe
(wt%) vs. V/Ti diagrams show the differences in the composition
characteristics of magnetite with different genetic types (Liu, 1984;
Chen et al., 1987; Wang, 1987; Wen et al., 2020). The projection
results of 229 major element data points of magnetite obtained
through EPMA indicate that most magnetite falls within the
range of acidic–alkaline magmatic magnetite, which is consistent
with the lithology of the samples (Figure 5A). The magnetite
from the Kuangshan complex is predominantly distributed in
the granite region, mostly belonging to accessory mineral and
magmatic types, while individual magnetite samples from the
Fushan complex are distributed in the hydrothermal type, Ca-
skarn type, and transition area (Figures 5B, C). The Fe (wt%)

vs. (V/Ti) diagram demonstrates that all magnetite samples are
situated within the re-equilibrated andmagmatic magnetite regions,
exhibiting a continuous compositional trend (Figure 5D). In this
study, the majority of samples are well preserved, and the tested
magnetite samples are encapsulated by other minerals, thereby
minimizing their interaction with fluids. These characteristics
suggest that the magnetite crystallized within a water-rich
magmatic system.

4.2 Trace elements of magnetite

The trace elements of magnetite from the investigated
samples are detailed in Supplementary Table S2. A total of
48 data points were obtained. Due to the high number of
inclusions in the FS2 sample from the Fushan complex,
the data accuracy was compromised, rendering the trace-
element analysis applicable only to the remaining three
sample groups.

The concentrations of Ti, Mg, Mn, Al, Cr, V, Ni, Co, Zn,
and Ga in magnetite are crucial parameters for determining the
physicochemical conditions of magnetite formation, providing
significant insights into fluid evolution, ore-forming processes,
and ore genesis (Ye, 1982; Nadoll et al., 2012; Nadoll et al.,
2014). Magnetite from the Kuangshan complex exhibits
higher Ti concentration (1,190.32–9,215.91 ppm, average
4,870.22 ppm) and Mn concentration (173.46–6,351.08 ppm,
average 1,328.44 ppm) than that from the Fushan complex.
Conversely, the concentrations ofV (1915.34–2,860.01 ppm, average
2,353.02 ppm), Cr (119.62–2,533.38 ppm, average 712.10 ppm), Co
(18.06–102.89 ppm, average 60.20 ppm), Ni (44.23–129.09 ppm,
average 70.07 ppm), and Ga (27.82–52.01 ppm, average 43.47 ppm)
are significantly lower than those in the Fushan complex.
These characteristics align with the results obtained from the
EPMA analysis.

The concentrations of siderophile elements such as Ti, V,
Cr, and Ni effectively distinguish magmatic magnetite from
hydrothermal magnetite (Nielsen et al., 1994; Ewart and Griffin,
1994; Li et al., 2018; Javad et al., 2019; Ghaz et al., 2019).
These elements’ concentrations in magnetite are primarily
influenced by temperature, oxygen fugacity, and partition
coefficients. Conversely, the concentrations of lithophile elements
such as Mg, Al, Mn, and Ca are relatively low (Dora et al.,
2020; Chen et al., 2020). The Ti–Ni/Cr diagram of magnetite
indicates that, except for the hydrothermal characteristics
exhibited by magnetite in the diorite of the Kuangshan complex,
the majority of the magnetite samples in this study exhibit
chemical compositions that are typical of magmatic magnetite
(Figure 6).

The element distribution coefficient serves as the primary factor
influencing the incorporation of trace elements from the melt into
magnetite (Dare et al., 2012; Dare et al., 2014). Variations in trace-
element concentrations can be leveraged to analyze the formation
environment of magnetite and reflect the magmatic evolution
process. Comparative boxplot analysis of magnetite compositional
characteristics across various metallogenic complexes and
lithologies reveals that the Kuangshan complex is enriched in Cu,
Mn, Pb, Ti, Zn, and Zr, whereas the Fushan complex is enriched
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FIGURE 7
Diagram of magnetite LA–ICP–MS data. (A–B) Trace-element concentrations in magnetite from the Kuangshan and Fushan complex samples are
shown as box and whisker plots. (C) Chondrite-normalized REE distribution patterns of Kuangshan complex magnetite. (D) Chondrite-normalized REE
distribution patterns of Fushan complex magnetite. The chondrite REE values are from Sun and Mcdonough, 1989.

in Al, Co, Cr, Mg, Ga, Sn, Ni, and V (Figure 7A). The significant
enrichment of Ti in the syenodiorite (KS3) of the Kuangshan
complex suggests that the magnetite in this lithology formed at
relatively high temperatures. In contrast, the continuous variation
in Ti concentrations in the Fushan complex, transitioning frombasic
to intermediate lithologies and from relative enrichment to gradual
depletion, indicates a progressive temperature decrease during
magma migration and continuous crystallization of magnetite
(Figure 7B).

4.3 Rare-earth elements of magnetite

According to the chondrite-normalized rare-earth element
(REE) distribution patterns of magnetite, both the Kuangshan
and Fushan complexes exhibit right-inclined REE characteristics,
indicating LREE enrichment andHREEdepletion. In theKuangshan
complex, ∑LREE was 2.39–535.6 ppm (average 119.62 ppm)
and ∑HREE was 0.98–227.46 ppm (average 36.05 ppm). In
the Fushan complex, ∑LREE was 0.98–362.72 ppm (average
64.67 ppm) and ∑HREE was 0.51–55.23 ppm (average 12.27 ppm)
(Figures 7C, D).

The monzonite sample (KS4) from the Kuangshan complex
displays a distinct magnetite REE distribution pattern compared to

other samples, characterized by pronounced positive Eu anomalies.
Eu anomalies are closely associated with plagioclase separation
crystallization (Bau, 1991; Klinkhammer et al., 1994; Hass et al.,
1995). Temperature and fO2 also significantly influence Eu
anomalies, with high temperature and an oxidation environment
being critical factors for the formation of positive Eu anomalies
(Hass et al., 1995; Yang et al., 2007).Thewhole-rockREEdistribution
patterns do not exhibit significant Eu and Ce anomalies. However,
KS4 displays both positive Eu and negative Ce anomalies, suggesting
that the formation occurred in a relatively oxidized environment
without significant plagioclase separation crystallization (Ding et al.,
2003; Zhao et al., 2007; Hao et al., 2011; Yang et al., 2022;
Figures 7C, D).

4.4 PLS-DA and OPLS-DA results of
magnetite

ThePLS-DA statistical analysis revealed that approximately one-
third of the samples in different ore-bearing complexes exhibited
overlapping characteristics, although the overall separation trend
remained relatively distinct (Figure 8A). Loading plot analysis
indicated that magnetite in the strong metallogenic complex was
enriched in TiO2 and SiO2, whereas magnetite in the weak

Frontiers in Earth Science 09 frontiersin.org

https://doi.org/10.3389/feart.2025.1567728
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Yanan et al. 10.3389/feart.2025.1567728

FIGURE 8
PLS-DA and OPLS-DA of magnetite EPMA data in the Kuangshan and Fushan complexes. (A) Score plot. (B) Loading plot. (C) S-plot. (D) VIP score plot.

metallogenic complex was predominantly enriched in V2O3 and
Cr2O3 (Figure 8B). Through a comprehensive analysis of the S-plot
and VIP score plot, Cr2O3, TiO2, and SiO2 were identified as the
key elements characterizing the compositional features of magnetite
models in complexes with varying metallogenic intensities, with all
VIP > 1 (Figures 8C, D).

The LA–ICP–MS analysis method offers comprehensive
elemental information for magnetite, particularly facilitating
the effective detection of trace elements. This study
selected 18 elements with significant indicative value
for magnetite, including Si, Ti, Mg, Mn, Zn, Cr, V,
Ni, Co, Sn, and Ga, for the PLS-DA and OPLS-DA
model analysis. The results indicate that magnetite in the
Kuangshan complex exhibits positive correlations with Ti
and Cu, whereas magnetite in the Fushan complex shows
positive correlations with V, Ga, and Co (Figures 9A, B).
The primary characteristic elements distinguishing the
metallogenic intensity are Si, Ti, Mg, V, and Cr (VIP>1,
Figures 9C, D).

5 Discussion

5.1 Composition identification of
magnetite in strong metallogeny

According to the fitting results of the PLS-DA and OPLS-
DA models, V2O3 + Cr2O3 + MgO vs TiO2 were selected as
the most significant characteristic elements for distinguishing
between strong and weak metallogeny. A discriminant diagram
for strong and weak metallogenic complexes was constructed,
which effectively differentiates magnetite in ore-bearing complexes
with varying metallogenic intensities. The magnetite in the two
complexes converges toward the origin along the Y-axis and X-
axis, respectively, indicating a gradual decrease in temperature and
an increase in fO2, thereby enhancing the ore-forming potential.
However, significant sample overlap near the origin persists,
preventing complete differentiation. Lithological characteristics
reveal that these overlapping samples primarily consist of diorite and
monzonite from the two complexes (Figure 10).
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FIGURE 9
PLS-DA and OPLS-DA of magnetite LA–ICP–MS data in the Kuangshan and Fushan complexes. (A) Score plot. (B) Loading plot. (C) S-plot. (D) VIP
score plot.

Given the inadequacy of the aforementioned discrimination
diagram in effectively distinguishing between diorites and
monzonites with varying ore-bearing potential, the authors
employed PLS-DA andOPLS-DA for regression analysis on samples
from overlapping regions. The findings indicated that the primary
factor influencing the ore-bearing properties of diorite is the elevated
concentrations of V2O3 and Cr2O3 in the Fushan complex (VIP
> 1, Figures 11A–D), whereas the distinctions in monzonite are
primarily attributed to elevated SiO2 and MnO in the Kuangshan
complex (VIP > 1, Figures 11E–H).

The discriminant diagram in Figure 10 has been supplemented
according to the aforementioned statistical results. The elements
influencing the ore-bearing differences in diorite are V2O3
and Cr2O3, whereas the primary element affecting syenite is
SiO2 (Figure 12). A comparative analysis of magnetite with identical
lithologies across diverse complexes was conducted. The findings

indicate that ironmineralization is a product ofmagmatic evolution,
with varying magmatic processes leading to differences in ore-
forming potential. However, two complexes exhibit an evolutionary
trend toward lower temperatures and higher fO2. Consequently,
the compositional characteristics of magnetite serve as a crucial
indicator for assessing the ore-forming potential of complexes,
providing significant insights into the enrichment mechanisms of
Han–Xing-type skarn iron deposits in this region.

The key indicators of metallogenic intensity include V2O3,
TiO2, Cr2O3, SiO2, MnO, and MgO. To further explore the
evolutionary trends in elemental concentrations, the authors
employed violin plots to illustrate the distribution patterns and
probability densities of magnetite elements in strong and weak
metallogenic intensity complexes. This approach comprehensively
illustrates the enrichment patterns of characteristic elements within
magnetite. Visualization results reveal that the concentration ranges
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FIGURE 10
Illustration of magnetite metallogenic intensity discrimination.

of SiO2, TiO2, and MnO in magnetite from the Kuangshan complex
are significantly broader than those of magnetite from the Fushan
complex, with only a few samples exhibiting high SiO2. Conversely,
MgO and Cr2O3 concentrations remain relatively consistent. In the
Fushan complex, V2O3 and Cr2O3 concentrations are distinctly
divided into two intervals, suggesting substantial variations in fO2
during the magnetite ore-forming process. Additionally, the higher
Cr2O3 concentration points to a greater contribution of deep-source
materials in the Fushan complex (Shen et al., 1979; Qin et al., 2024;
Zhang et al., 2018; Figure 13).

Violin plot analysis of trace elements reveals that the
concentration ranges of Ti, Mn, Cu, and Ba in the Kuangshan
complex are significantly higher than those in the Fushan complex,
whereas the concentration of V is notably lower with a restricted
distribution range. The elevated Cu concentration in magnetite
from the Kuangshan complex may be attributed to the Cu-
enriched characteristics of the parent magma. Early crystallized
magnetite underwent alteration, leading to variations in trace-
element concentrations. Magnetite in the Fushan complex exhibits
enrichment in Al, Mg, Cr, V, Ga, and Co, with Ti, Cr, V, and Co
displaying two distinct enrichment zones.This indicates a prolonged
formation period and significant changes in the mineralization
environment (Figure 14).

5.2 Controlling factors of iron metallogeny
in the Han–Xing area

Magnetite, serving as the primary accessory mineral in various
intrusive rocks and the ore mineral of iron deposits, documents the
evolutionary process of the skarn-type iron deposit metallogenic
complex and the magma-hydrothermal transformation in the
Han–Xing region (Zhang et al., 2014). Previous studies have
demonstrated that the Kuangshan and Fushan complexes belong
to two distinct metallogenic systems. The partial melting of mantle

peridotite was induced by lithospheric thinning, generating basic
magma, which subsequently formed these twometallogenic systems
through different magma evolutions (Depaolo, 1981; Zhang et al.,
2018). The variations in physicochemical conditions within
these metallogenic complexes provide invaluable evidence for
understanding the factors influencing metallogeny.

Eu and Ce are variable valence elements, and their anomalies
reflect the oxidation–reduction environment during diagenesis and
mineralization (Schock, 1979; Liu, 1984; Klinkhammer et al., 1994;
Chen and Chen, 1990). Beyond the redox condition, the separation
crystallization of plagioclase can induce significant Eu anomalies
(Yang et al., 2007; Zhao et al., 2007). Chondrite-normalized spider
diagrams reveal that magnetite in the two complexes exhibits
extremely low REE concentrations. This is attributable to the fact
that the REE partition coefficients of major rock-forming minerals
and accessory minerals in both basic and intermediate-acidic rocks
are less than 1, causing REEs to preferentially enter the melt phase.
With the exception of sample KS4, which displays positive Eu
anomalies and negative Ce anomalies (average δEu = 3.19, δCe =
0.52), other samples exhibit negative Eu anomalies andweak positive
Ce anomalies (average δEu = 0.74, δCe = 1.13). This indicates
that most magnetite was formed after plagioclase crystallization.
In an oxidizing environment, Ce3+ was oxidized to Ce4+, making
it difficult to incorporate it into the magnetite lattice, resulting
in severe Ce depletion in sample KS4 (Figure 7A). However, the
absence of significant negative Eu anomalies in whole-rock samples
suggests that Eu anomalies inmagnetitemay reflect redox conditions
while also indicating themineral crystallization sequence.Magnetite
that crystallizes earlier than plagioclase will not show Eu anomalies,
whereas magnetite that crystallizes later than plagioclase will
exhibit negative Eu anomalies. The similar REE distribution
patterns of monzonite and diorite indicate their close spatial and
temporal association. The considerable compositional variation in
magnetite inmonzonite suggests an extended crystallization history,
potentially influenced by magmatic–hydrothermal processes.

The V vs Ti diagram reveals that the V concentration
in the Kuangshan complex is lower than that in the Fushan
complex, whereas the Ti concentration exhibits minimal variation.
There is a continuous change in the compositional characteristics
among different lithologies, suggesting that the diorite–monzonite
intrusives are the products of fractional crystallization of cognate
magma, with the parent magma exhibiting high fO2 (Yan et al.,
1993; Nadoll et al., 2012 Dupuis and Beaudoin, 2011; Figure 15A).
The Fushan complex generally has a higher V concentration
in magnetite, with no apparent correlation in compositional
characteristics among different lithologies, indicating the evolution
of non-cognate magma. Fan employed amphibole coexisting
with magnetite in the Kuangshan and Fushan complexes as a
geothermobarometer to infer the physicochemical conditions of
amphibole formation.The average oxygen fugacity of theKuangshan
complex calculated by amphibole is ΔNNO+2.16, and that of
the Fushan complex is ΔNNO+1.67 (Fan, 2022). The results
calculated by apatite also show that the oxygen fugacity of the
Kuangshan complex (ΔFMQ+2.41) is higher than that of the Fushan
complex (ΔFMQ+1.77) (Liang et al., 2023).These studies collectively
demonstrate that the Kuangshan complex exhibits a higher oxygen
fugacity value.
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FIGURE 11
PLS-DA and OPLS-DA of magnetite EPMA data in diorite and monzonite within the Kuangshan and Fushan complexes. (A) Score plot of diorite. (B)
Loading plot of diorite. (C) S-plot of diorite. (D) VIP score plot of diorite. (E) Score plot of monzonite. (F) Loading plot of monzonite. (G) S-plot of
monzonite. (H) VIP score plot of monzonite.
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FIGURE 12
Illustration of magnetite metallogenic intensity discrimination in different lithologies. (A) Compositional characteristics of magnetite in Kuangshan and
Fushan complexes. (B) Compositional characteristics of magnetite in diorite. (C) Compositional characteristics of magnetite in monzonite.

FIGURE 13
Violin plots of characteristic elements of magnetite analyzed by EPMA. (A) Violin plots of MgO, SiO2 and V2O3 elements in magnetite. (B) Violin plots of
TiO2, Cr2O3 and MnO elements in magnetite.
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FIGURE 14
Violin plots of characteristic elements of magnetite analyzed by LA–ICP–MS. (A) Violin plots of Al, Ti and Mn elements in magnetite. (B) Violin plots of
Mg, Cr and V elements in magnetite. (C) Violin plots of Cu, Ga, Ba and Co elements in magnetite.

FIGURE 15
Diagram for the relationships of trace elements in magnetite. (A) V vs Ti. (B) V vs Co. (C) Ni vs Co.

In conclusion, the comparative analysis of magnetite
composition between the Kuangshan and Fushan complexes reveals
that the parent magma of the Kuangshan complex exhibits a
higher fO2, and the magnetite composition characteristics display
a continuous evolutionary trend, formed through crystallization
differentiation of the parent magma. The parent magma of the
Fushan complex has lower fO2, with the magnetite elements
across various lithologies showing no correlation, indicating a
discontinuous magmatic evolution. Therefore, it can be inferred
that fO2 is the primary factor controlling the metallogenic intensity
in the early-crystallized magnetite.

5.3 Indicative significance of Co
mineralization in the Han–Xing-type iron
deposit

Co is widely found in the Han–Xing-type iron deposit,
and its occurrence state and enrichment mechanisms remain
to be elucidated (Qin et al., 2024). Co is a compatible element
in magnetite, and the variation in Co concentration within
magnetite of different lithologies in ore-forming complexes
can provide insights into the enrichment processes of Co in

magmatic–hydrothermal systems. This study reveals that the Co
concentration inmagnetite from the Fushan complex is significantly
higher than that in the Kuangshan complex, with substantial
compositional variations and no correlation among samples,
whereas the Co concentration distribution in magnetite from the
Kuangshan complex is relatively concentrated.

Co is a mantle element, and it primarily enters rock-
forming and accessory minerals through isomorphic substitution
during magmatic crystallization, preferentially incorporating into
olivine, followed by pyroxene, ilmenite, and magnetite. The Co
concentration in the four minerals formed during the early stages
of magmatic crystallization is consistently higher than that those
formed during the later stages (Chen et al., 1987). If these minerals
crystallize preferentially, the Co concentration in the extension
magma will decrease, resulting in lower Co concentration in
magnetite. The V vs Co and Co vs Ni diagrams indicate that
the parental magma of the Fushan complex exhibited higher
Co and Ni concentrations than that of the Kuangshan complex
(Figures 15B, C). Magnetite from the Kuangshan and Fushan
complexes demonstrates Co depletion while maintaining relatively
constant Ni levels, which is attributed to the lower partition
coefficient of Co in magnetite compared to Ni, and Co exhibits a
higher propensity for migration. This characteristic is particularly
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pronounced in the porphyritic hornblende diorite (FS1) and
monzonite (FS4) of the Fushan complex, where Co concentrations
decrease sharply, indicating that magnetite underwent fractional
crystallization during this process (Figure 15C).

The compositional differences in magnetite between the
Kuangshan and Fushan complexes indicate that the Co
concentration in the Kuangshan complex exhibits relatively minor
variations and demonstrates a certain degree of continuity. This
phenomenon can be attributed to the substitution reaction between
Co and Fe, which is facilitated by the decrease in temperature and
pressure during the magmatic evolution process. Co migrates in the
form of hydrides, carbonyl hydrides, and carbonyl compounds,
resulting in a decrease in the Co content in magnetite (Zheng
and Zheng, 2010). The relatively higher Co concentration in
magnetite of the Fushan complex suggests a lower abundance of
sulfides during this stage, with the low fO2 environment being
unfavorable for Co migration, leading to more Co being hosted in
magnetite (Figure 15B). Regarding the formation of the associated
Co deposits in the Han–Xing-type skarn iron deposit, the Co
concentration inmagnetite within the Kuangshan complex indicates
that under the early high fO2 environment, Co2+ is oxidized toCo3+,
leading to the exsolution and migration of Co from magnetite.
This process is particularly conducive to precipitation during the
subsequent relatively reduced sulfide stage. The compositional
characteristics of magnetite in the Fushan complex indicate that the
magma itself may possess a high Co background value. A relatively
reducing environment favors the isomorphous substitution of Co2+

for Fe2+, enabling Co to enter the magnetite lattice and thereby
enhancing Co enrichment in magnetite.

Meanwhile, the author posits that high-Co magnetite provides
unique insights into various ore deposit types. For instance, in
magmatic copper–nickel sulfide deposits, Co is predominantly
located within the sulfides. If the Co concentration in magnetite
is high while the concentration of Co in sulfides is low, it may
imply a low-sulfur system or incomplete sulfide dissociation. In
iron oxide–copper–gold (IOCG) deposits, high Co concentration
in magnetite could signify contributions from deep fluids and
magma sources. In summary, the elevated Co concentration in
magnetite serves as a sensitive indicator of magmatic evolution,
the extent of sulfide dissociation, and subsequent hydrothermal
activities. This offers valuable insights for studying other ore
deposit types, although a comprehensive interpretation requires
integration with the geological context, mineral assemblages, and
geochemical analyses.

6 Conclusion

(1) With the PLS-DA and OPLS-DA statistical methods, the
composition characteristics of magnetite in complexes with
different metallogenic intensities are classified and analyzed,
thereby establishing a discrimination diagram for strong and
weakmetallogeny.Themagnetite in the Kuangshan complex is
rich in Ti, Si, Cu, and Mn, while the magnetite in the Fushan
complex is rich in Co, Ni, Cr, and V.

(2) The geochemical research results of magnetite indicate that the
Kuangshan and Fushan complexes originate from two distinct
metallogenic systems. The Kuangshan complex experienced

plagioclase fractional crystallization and formed in a low
temperature, high fO2 environment. The Fushan complex has
characteristics of a deep source and was formed in a high
temperature, low fO2 environment.

(3) The changes in the concentrations of Co and Ni in magnetite
have certain indicative significance for the mineralization of
the Han–Xing-type iron deposit. According to the change in
Ti, V, Co, and Ni concentrations, the Kuangshan complex
comprises the diorite–monzonite rock mass formed through
the crystallization differentiation of cognate magma. The
Fushan complex results from the evolution of non-cognate
magma.The variation in Co concentration withinmagnetite in
skarn-type deposits is crucial for understanding the migration
and precipitation of Co. High fO2 conditions facilitate the
extraction and migration of Co from magnetite, leading
to subsequent precipitation during the sulfide phase under
reducing environments.
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